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Ceria and zirconia are widely used as supports and
structural and electronic promoters for enhancing the
activity, selectivity, and thermal stability of catalysts
[1]. The most important application area of cerium-
containing materials is redox processes, for the fluorite
structure of ceria can withstand high levels of oxygen
nonstoichiometry without changing its structural type.
These materials have been investigated most compre-
hensively abroad as three-way automotive catalysts. In
spite of the numerous studies carried out in this field,
the structural features and defectiveness of ultrafine
ceria and zirconia and related materials and their
dependence on the preparation method have not been
elucidated in sufficient detail. Because of the widening
of the variety of reactions to which these systems might
be applicable (hydrocarbon and CO oxidation and
organic synthesis), these aspects should not be ignored.

Here, we will discuss models of the defect structure
of nanosized CeO

 

2

 

, ZrO

 

2

 

, and mixed oxides based on
them, namely, Ce–Me

 

1

 

–O (Me

 

1

 

 = Zr, La, Sm) and Zr–
Me

 

2

 

–O (Me

 

2

 

 = Ca, Sr, Ba) prepared by coprecipitation
and polymerized organometallic complex (POC) meth-
ods [2]. These materials have been characterized in
detail by X-ray diffraction, TEM, IR spectroscopy,
Raman spectroscopy, SAXS, DRS, and EXAFS [2–13].
We will provide examples illustrating the effect of
defect structure on the state of supported active compo-
nents and on their properties in the selective catalytic
reduction (SCR) of NO

 

x

 

, methane oxidation into syn-

thesis gas, water–gas shift reaction (as applied to fuel
cells), and limonene diepoxide conversion. We will
summarize the studies supported by Russian and for-
eign grants in 1999–2005.

PURE CERIA AND ZIRCONIA

 

CeO

 

2

 

CeO

 

2

 

 forms an fcc lattice (space group 

 

Fm

 

3

 

m

 

, fluo-
rite type). In this structure (Fig. 1), each cerium cation
is surrounded by eight equivalent oxygen anions
located in the corners of a cube [1]. Each oxygen anion
is tetrahedrally coordinated to four cerium cations. The
fluorite structure has well-defined octahedral holes into
which oxygen can be displaced from its regular posi-
tion to form interstitial oxygen (IO), which is a Frenkel
defect. This type of defect, along with the formation of
an anionic vacancy, is energetically most favorable. The
removal of oxygen from perfect CeO

 

2

 

 is a highly
energy-consuming process requiring at least 800–
900 kJ/mol [14]. The formation of a defect cluster (dis-
placement of part of the oxygen anions from their reg-
ular positions) lowers the energy barrier to oxygen des-
orption. Declining in its oxygen stoichiometry, CeO

 

2

 

forms a number of oxygen-deficient phases of variable
composition, 

 

ëÂ

 

n

 

O

 

m

 

, which result in the relaxation of
the fluorite structure [1]. At a low oxygen nonstoichi-
ometry, one anionic vacancy (Ce

 

3+

 

) can be compen-
sated for by a shift of six octants or more (Fig. 1), pro-
ducing a complex defect. Various preparation proce-
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Some examples of this effect in different types of reactions are provided.

 

DOI: 

 

10.1134/S0023158408060098



 

KINETICS AND CATALYSIS

 

      

 

Vol. 49

 

      

 

No. 6

 

      

 

2008

 

SPECIFIC FEATURES OF THE DEFECT STRUCTURE 841

 

dures and cerium sources have been tested in CeO

 

2

 

synthesis [1]. With inorganic sources of cerium, calci-
nation at 

 

500°ë

 

 yields CeO

 

2

 

 with 

 

S

 

sp

 

 = 100–150 m

 

2

 

/g
[15]. Addition of a surfactant at the synthesis stage
allows the specific surface area to be increased to
200 m

 

2

 

/g [16]. The high stability of the cationic sublat-
tice of the dioxide ensures the formation of the fluorite
structure, no matter what the synthetic procedure. How-
ever, an attempt to achieve a higher degree of dispersion
of the oxide can result in the stabilization of Ce

 

3+

 

 cat-
ions, whose concentration increases significantly as the
particle size decreases below 100 Å. In this case, charge
compensation can be due to the formation of surface

 species [17]. Although no cerium sesquioxide
phase has been detected by X-ray diffraction in CeO

 

2

 

synthesis, there can be residual Ce

 

3+

 

 cations when
cerium(III) nitrate is used as the source of cerium, and
they can appear during heat treatment as well. These
cations affect the defect structure of fluorite by forming
extended defects. These defects are very stable because
the mobility of cerium ions is significant only above

 

800°ë

 

.

CeO

 

2

 

 was synthesized by cerium nitrate decomposi-
tion and by the POC methods. The latter includes the for-

O2
2–

 

mation of chelate-like compounds of metal cations (from
aqueous salt solutions or crystalline hydrates) with citric
acid–ethylene glycol esters. Subsequent heating of these
compounds under oxygen-deficient conditions results in
the formation of a polymer and then a complex carbon-
containing matrix. Controlled oxidation of this matrix
yields the oxide starting at 

 

300°ë

 

. Optimization of the
POC synthesis [2] has demonstrated that this method can
be successfully used in the preparation of fine-particle
mixed oxides (complex Ce- and Zr-containing materials
and perovskites) [2–4, 8].

According to X-ray diffraction data, CeO

 

2

 

 prepared
by these methods at 

 

700°ë

 

 is fluorite with the same unit
cell parameter of 

 

a

 

 = 5.411 

 

Å and a coherent-scattering
domain size of 1000 and 

 

500 

 

Å, respectively. At a resid-
ual Ce

 

3+

 

 content of <1% (according to magnetic sus-
ceptibility data obtained by the standard Faraday tech-
nique [2]), the product does not contain the sesquioxide
phase. The trivalent cerium cations generate extended
defects (Fig. 2a). These are probably located near
microdomain boundaries, because, as 

 

S

 

sp

 

 increases,
their size decreases (Fig. 2a), while their total intensity
increases from 20 to 160 arb. units. According to
EXAFS data, this leads to the occurrence of two Ce–O
distances (2.240 and 

 

2.390 

 

Å [4]) versus a single Ce–O
distance (

 

2.343 

 

Å) in cerium dioxide calcined at

 

‡

 

Cerium
Oxygen

 

O Ce

(‡) (b)

 

Fig. 1.

 

 (a) Fluorite structure of CeO

 

2

 

 and (b) one of the variants of anionic vacancy compensation—coordination defect including
an oxygen vacancy surrounded by an ensemble of six nearest-neighbor octants [1].
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Fig. 2.

 

 (a) Defect size distribution (SAXS data), (b) diffuse reflectance spectra, and (c) H

 

2

 

 TPR spectra for CeO

 

2

 

 prepared by (

 

1

 

)
cerium nitrate decomposition (

 

S

 

sp

 

 = 3 m

 

2

 

/g) and the POC method (

 

S

 

sp

 

 = 19 m

 

2

 

/g). 

 

T

 

calcin

 

 = 700

 

°

 

C.
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1300°ë

 

 [18]. For the space group 

 

Fm

 

3

 

m

 

, a single vibra-
tion must be Raman-active (

 

F

 

2

 

g

 

, 465 cm

 

–1

 

) and one tri-
ply degenerate vibration split into transverse and longi-
tudinal optical modes must be IR-active (

 

F

 

1

 

u

 

, 272 and
595 cm

 

–1

 

). Symmetry reduction or the polycrystallinity
of the sample will further complicate the spectra [19].
The Raman spectrum of CeO

 

2

 

 shows, along with a
strong band at 463 cm

 

–1

 

, weak bands at ~400 and
500 cm

 

–1

 

, which are observable when the spectrum is
recorded on an enlarged scale [3]. The broadening of
the IR spectrum of CeO

 

2

 

 [3] caused by a decrease in the
particle size indicates that structure distortions take
place [19]. This is accompanied by an increase in the
concentration of hydrogen-bonded hydroxyls from 3 to
8 arb. units (absorption band at ~3400 cm

 

–1

 

).
The electronic spectra of ceria are very sensitive to

the coordination environment of the cerium cations: the
absorption edge shifts to longer wavelengths as the
symmetry or the coordination number (CN) decreases
[20, 21]. The diffuse reflectance spectrum exhibits a

 

Ce

 

4+

 

–O

 

2–

 

 charge-transfer band at ~37000 cm

 

–1

 

 and an
extra band at 28000–30000 cm

 

–1

 

, whose intensity
grows with an increase in 

 

S

 

sp

 

. This band can arise from
structure distortions. These distortions lower the energy
barrier to oxygen removal, causing the appearance of
weakly bound oxygen (Fig. 2c). A strong low-tempera-
ture reduction peak was also observed foe CeO

 

2

 

 synthe-
sized from 

 

(NH

 

4

 

)

 

2

 

Ce

 

4+

 

(NO

 

3

 

)

 

6

 

 with a large 

 

S

 

sp

 

 value
(170 m

 

2

 

/g) and a smaller particle size (

 

~50 

 

Å) [22]. In
this case, although a Ce(IV) salt is used, the formation
of extended defects is due to either the partial reduction
of the cerium cations or the small particle size.

Thus, the most abundant defects in CeO

 

2

 

 are
extended defects with an effective size of about 20–
40 Å that occur at microdomain boundaries and are
structurally organized as the nonstoichiometric oxides

 

Ce

 

n

 

O

 

m

 

 (Fig. 1). The electroneutrality of the latticed is
ensured by the stabilization of OH groups on the
reduced cerium cations. The defect concentration
depends on the synthesis method and increases as the
particle size of CeO

 

2

 

 decreases. Even a low vacancy
(Ce

 

3+

 

) concentration causes the formation of a defect
module up to the appearence of an extended defect. The
occurrence of a longer Ce–O bond (

 

2.39 

 

Å) implies the
presence of weakly bound oxygen. The shorter Ce–O
bond (

 

2.24 

 

Å) is likely due to structure distortions
rather than interstitial oxygen (IO) formation.

 

ZrO2

ZrO2 forms several polymorphic modifications.
Thermodynamically, the most stable of them is the
monoclinic modification (M), which turns into the tet-
ragonal modification (T) at ~1200–1500°C. The cubic
modification (C) forms only near the melting point
(~2400°C). The phases T and C have a fluorite structure
with corner-sharing coordination polyhedra, and the
M-phase has a baddeleyite structure in which part of the
coordination polyhedra are edge-sharing. As a conse-

quence, this phase has two types of alternating anionic
networks consisting of either tetrahedral or trigonal
oxygen. The samples calcined at medium temperatures
contain the phase T or C along with the phase M, and
their proportions depend on the synthesis method and
conditions and on the starting zirconium salt. This find-
ing was long discussed in the literature. The stabiliza-
tion of the phase T or C and their transformation into
the phase M were attributed to energy factors, to the
formation of the phases M and T/C from different pre-
cursors, and to the effect of defects [23–30]. It was
assumed that the phase M forms from a more hydrated
precursor of ZrO2 (tetramers joined in a sheetlike fash-
ion) in zirconium oxychloride (ZOC) ageing in acid
solutions, while the fine-particle phase T forms from
tetramers joined in a rodlike fashion in precipitate age-
ing in alkali solutions. Various types of defects, namely,
anionic and cationic vacancies, extralattice zirconium
cations, and Schottky defects (zirconium cationic
vacancy plus two anionic vacancies) were observed in
nanodisperse ZrO2 [26–28, 31–34]. However, these
data did not allow the effects of these defects on the sta-
bilization of the phases T and C and on their transfor-
mation into the phase M to be analyzed. The low-tem-
perature phases T and C can be stabilized by introduc-
ing low-valence cations, which decrease the unit cell
parameter ratio c/a (tetragonality) and partially elimi-
nate the internal strain of the lattice [10, 20, 35–37]. No
theory of this stabilizing effect has been developed, but
it is believed that significant factors in stabilization are
the cation content and radius and the presence of oxy-
gen vacancies.

In order to understand the causes of the stabilization
of the low-temperature phases T and C, it is essential to
consider the structures of the most common zirconium
salts—zirconium oxynitrate (ZON) and ZOC—and zir-
conium polyhydroxo complexes that form upon the dis-
solution of these salts in water. The first salt consists of
infinite double (Zr(OH)2NO3(H2O)2  chains, in
which each zirconium cation is dodecahedrally coordi-
nated to four hydroxyls, two water molecules, and one
nitrate ion [38]. These chains are linked together by
hydrogen bonds through extra water molecules and
nitrate groups located between the chains. As for ZON,
it was found that dimer species joined in a rodlike fash-
ion (double chains) form in acid media (according to
SAXS data) [39]. ZOC consists of [Zr4(OH)8(OH2)16]8+

tetramers forming a coordination dodecahedron, and
the Cl– anions are not bonded directly to these tetramers
[40, 41]. The zirconium cation in the tetramer is sur-
rounded by eight oxygen anions arranged as a square
antiprism, of which four belong to bridging hydroxyls
and are located in the vertices of a cube and the other
four belong to terminal hydroxyls/water molecules and
are displaced from the fluorite positions to the cube
edges (Fig. 3a). The tetramer structure persists upon the
dissolution of the salt in water, but its longest Zr–OH2
bonds can consecutively liberate a proton and the

)n
n+
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resulting OH groups can cause further polymeriza-
tion/condensation. The degree of polymerization
increases with an increase in pH. The tetramers can join
through terminal hydroxyls to yield a sheetlike (ribbon-
like) or a rodlike structure (Fig. 3b). It is also possible
that, in the rod, two tetramers are displaced relative to
one another by 45° in one plane. Calculations demon-
strate that these structures are equiprobable [5]. The
SAXS spectrum of fresh and aged aqueous solutions of
ZOC has several inflections, indicating the existence of
a size distribution and, possibly, a geometry distribu-
tion for the zirconium hydroxo complexes [6, 9]. Pro-
cessing of the SAXS data in terms of particle size
(diameter) distribution has indeed demonstrated the
existence of particles of different sizes (Fig. 4a). The
characteristic size of the zirconium hydroxo complexes
(width of the main peak) depends on the ZOC concen-
tration, the type of the alkaline-earth metal (AEM) cat-
ion, the ageing conditions, and the way of preparing the

starting solution. Raising the zirconium salt concentra-
tion or introducing an AEM cation leads to an increase
in the observed particle size from 15–30 to 50 Å. Larger
particles are also observed, whose proportion is partic-
ularly significant after ageing at an elevated tempera-
ture for both the pure ZOC solution and the same solu-
tion containing Sr cations (Fig. 4b). The size distribu-
tion of the large particles definitely has a discrete
character characteristic of ribbon structures (according
to estimates of the radius of gyration).

According to EXAFS data, the Zr–O and Zr–Zr dis-
tances in the starting ZOC solution [6, 9] indicate a dis-
torted tetramer structure: along with the averaged Zr–O
distance of 2.21 Å, three different Zr–Zr distances
(3.34, 3.69, and 4.91 Å) are observed, which corre-
spond to the sides and the diagonal of a distorted square
[40] and coincide satisfactorily with the side (3.56 Å)
and diagonal (5.0 Å) of the regular square in the ZOC
crystal [41]. This suggests that there is weak interaction
between tetramers, which is likely due to hydrogen
bonding. Significant changes in the tetramer structure
take place only in the solutions aged at an elevated tem-
perature (80°ë), including those containing AEM cat-
ions. In this case, the Zr–O distance is shortened from
2.21 to 2.19 Å and a single Zr–Zr distance (3.52–
3.55 Å) corresponding to the side of a regular square is
observed. The small coordination numbers for this dis-
tance, particularly in the presence of Sr or Ba cations,
may be evidence that the plane of the square is distorted
more severely.

Thus, depending on the ZOC concentration, aque-
ous ZOC solutions form aggregates with a dominant
size up to 20–60 Å. These aggregates consist of several
tetramers, which are joined in ribbonlike and rodlike
fashions and interact weakly. This type of structural
organization can be detected owing to the formation of
an outer layer of chloride counterions (similar to the
electrical double layer) counterbalancing the charge of
the aggregate. AEM (Ca, Ba) cations, which are octahe-

(‡) 1

2

3

(b)

Fig. 3. (a) Structure of the Zr4 (µ-OH)8(H2O)8(OH)8 tet-
ramer and (b) some variants of the joining of the planar tet-
ramers into (1) sheetlike, (2) rodlike, and (3) displaced rod-
like structures [5, 6].
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Fig. 4. Particle size distribution for (a) initial and (b) aged (80°ë) zirconium oxychloride solutions doped with Ca, Sr, and Ba cations
and zirconium acetate solutions (according to SAXS data). (a): (1) 0.1 M Zr (ZOC), (2) 0.1 M Zr + 0.011 M Ca, (3) 0.1 M Zr +
0.011 M Sr, (4) 0.1 M Zr + 0.011 M Ba (after 3 days), and (5) 0.1 M ZAc. (b): (1) 0.1 M Zr, (2) 0.1 M Zr + 0.03 M Ca, (3) 0.1 M Zr +
0.03 M Sr, and (4) 0.1 M Zr + 0.03 M Ba.
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drally coordinated by water molecules in aqueous solu-
tions [42], can be localized between terminal hydrox-
yls/water molecules of nearest-neighbor rodlike associ-
ation species (according to the structure conformity
principle) to form weak electrostatic bonding favorable
for the stabilization of the rods. Strontium cations,
which form more complicated structures with water
molecules (having a CN of ≈ 9) [42], are most likely
localized between planar tetramers, thus favoring the
stabilization of ribbonlike and sheetlike association
species. The interaction between the tetramers can be
enhanced by forced hydrolysis. These inferences are

confirmed by data concerning the design of pillared
clays containing ZrO2 nanopillars [5–7, 9, 43], which
are synthesized using ZOC solutions. The difference
between the structural organizations of weakly bonded
polyhydroxo complexes in a pure ZOC solution and the
same solution containing an AEM cation provides
makes it possible to control montmorillonite pillaring
and thereby obtain material with different properties.

The existence of weak interaction between tetram-
ers in the solution even after ageing is confirmed by the
strong dependence of the phase composition, coherent-
scattering domain size, and Ssp of ZrO2 (Table 1) on the
synthesis (precipitation) conditions. This is particularly
true for precipitate aging at high pH values, indicating
that the precipitated zirconium hydroxide is highly
labile. The data presented in Table 1 reveal a linear
dependence of Ssp on the fractions of the phases M and
T (Fig. 5). Extrapolation of Ssp to 100% phases M and
T gives Ssp = 40–50 and ~200 m2/g, respectively. The
samples containing >50% phase M show deviations
from proportionality. The causes of these deviations
will be elucidated below when considering the defect
structure.

For the standard precipitation procedure using a
base, M : T = 1 : 1. If the sheetlike (ribbonlike) and rod-
like structures are the precursors of the phases M and T,
respectively, there ration in the solution also must be
1 : 1. The fraction of the phase M is larger for the age-
ing of a dilute solution and is smaller for a concentrated
solution, but it increases as the duration of ageing at
100°C is extended. As this takes place, the particle size

Table 1.  Influence of the solution and precipitate ageing conditions on the properties of ZrO2 synthesized from zirconium
oxychloride and calcined at 500°C

Sample 
no. Synthetic procedure Ssp, m2/g

Coherent-scatter-
ing domain size 
for the phases M 

and T, Å

Phase M frac-
tion, %

1 Commercial ZrO2 35 500 100

2 Ageing of a 0.1 M solution at pH ~2.0 and 100°C for 50 h followed
by precipitation with NH4OH at pH 10.3

73 75/50 80

3 Ageing of a 0.5 M solution at pH ~1.3 and 100°C for 50 h followed
by precipitation with NH4OH at pH 10.3

81 70/100 60

4 Ageing of a 0.5 M solution at pH ~1.3 and 100°C for 175 h followed 
by precipitation with NH4OH at pH 10.3

91 100/75 70

5 Ageing of freshly precipitated zirconium hydroxide (0.5 M) at Troom 
and pH 10.3 for 250 h under stirring

120 70/95 50

6 Ageing of freshly precipitated zirconium hydroxide (0.5 M) at Troom 
and pH 10.3 for 250 h without stirring

94 – –

7 Ageing of freshly precipitated zirconium hydroxide (0.5 M) at Troom 
and pH 10.3 in the light of a broadband Hg lamp for 12 h under stirring

74 100/<50 90

8 Ageing of freshly precipitated zirconium hydroxide (0.5 M) at 100°C 
and pH 10.3 for 50 h without stirring

150 75/70 40

9 Ageing of freshly precipitated zirconium hydroxide (0.5 M) at 100°C 
and pH 10.3 for 175 h without stirring

196 <50/60 10

50
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Fig. 5. Influence of the ageing conditions on the Ssp and per-
centage of the phase M of ZrO2 (500°ë). The samples are
numbered as in Table 1.
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of the phase M increases and that of the phase T
decreases, which is in agreement with the fact that age-
ing increases the fraction of large discrete association
species whose structure consists of ribbonlike/sheetlike
units (Fig. 4b). The increase in the percentage of the
phase T during the ageing of the hydroxide precipitate
at an elevated temperature is attributed to the increase
of x in the formula {ZrOx(OH)4 – 2x · yH2O}n via olation-
and oxolation-type reactions [25]. The high lability of
the precipitate with respect to UV radiation and other
random factors at lower temperatures can be due to the
mere removal of weakly bonded hydroxyls (water mol-
ecules). This results in a larger fraction of the phase M,
suggesting that the residual (weakly and strongly
bonded) hydroxyls play an important role in the forma-
tion of the phase composition and Ssp of ZrO2.

Zirconia resulting from POC synthesis (in which the
amount of water is smaller than in the precipitation
method) is dominated by the phase M with a small Ssp
(Table 2). The introduction of Ca ions favors the forma-
tion of the phase T or C with a small particle diameter
(Table 2). The unit cell parameter of the calcium-doped
samples (5–10 mol % Ca) is 5.12 Å and is independent
of the promoter content. This possibly means that Ca is
the structure-forming cation preventing the formation
of large ribbonlike and sheetlike association species
(as in the case of the polyhydroxo complexes in solu-
tion). For comparison, consider the sample with the
lowest Ca cation content [10] (Table 2), which was
identified as the phase T with a doubled unit cell param-
eter (10.23 Å, as in the case of Ba cations). As was men-
tioned above, a perovskite-like layered structure forms
in the presence of Sr cations. These data are in full
agreement with the data obtained for ZOC solutions
containing AEM cations. Occupying positions between
rodlike structures, Ca and Ba cations favor the forma-
tion of a more symmetrical structure. Its formation also
requires that the local surrounding of the zirconium cat-
ions be changed from the square antiprism to a fluorite-
like polyhedron. The introduction of Sr cations
increases the proportion of ribbonlike structures
(Fig. 4b). An increase in the symmetry of undoped
ZrO2 is achievable only by prolonged ageing of the
hydroxide precipitate at an elevated temperature.

The stabilization of the phases T and C in going
away from equilibrium conditions and the noticeable
effect of small amounts of promoters on this process
indicate a metastable organization of these phase in
which a significant role cam be played by defects
(residual hydroxyls, oxygen vacancies, and trigonal
oxygen). In order to elucidate their role, we studied zir-
conia samples by IR and Raman spectroscopy and
DRS. The irreducible representations of the optical
modes of different ZrO2 modifications [20] indicate
that the optical spectrum of the phase C is simple, with
one Raman-active vibration and one IR-active vibra-
tion. Symmetry reduction causes an increase in the
number of active modes: for the phase T, there are six
Raman-active modes and three IR-active modes; for the
phase M, 18 and 15, respectively. The IR spectra of
ZrO2 samples prepared under different ageing condi-
tions are presented in Fig. 6a in the order of decreasing
phase M percentages. The spectra of all these samples
have a complicated contour and exhibit absorption
bands typical of the phase M. The intensities of these
bands decrease as the phase T content increases. For the
perfect phase M, there must be well-defined splittings
(doublets) of the tetragonal bands near 435 (445–415)
and 365 (375–360) cm–1 and narrow absorption bands
at 740, 270, and 235 cm–1 [44]. The IR spectra pre-
sented here contain broad absorption bands, which are
evidence that the structure of the phase M has distor-
tions, which are due to, inter alia, the small particle size
of this phase. As the percentage of the phase M
decreases (in the 50–70% range), the intensities of the
most characteristic bands decrease nonlinearly. The IR
spectrum of the sample dominated by the phase T dif-
fers from the IR spectra of the Ca-doped samples even
at low promoter contents (Fig. 6b). The structure of the
phase M actually differs significantly from the struc-
tures of the phases T and C. In the phases T and C, the
zirconium cations are located in the centers of cubes
(CNZr–O = 8) and the O2– ions are in a tetrahedrally sur-
rounded by zirconium cations. In the phase M
(CNZr−O = 7), half of the oxygen atoms have a heavily
distorted tetrahedral environment characterized by
three different Zr–O distances and the other half of the
oxygen atoms have a a planar trigonal environment

 
Table 2.  Effects of the synthetic procedure and the calcium cation content on the Ssp and phase composition of ZrO2 calcined
at 700°C for 2 h

Sample no. Chemical composition* Synthetic method Ssp, m2/g Phase composition/coherent-
scattering domain size, Å

1 ZrO2 POC 8 70% M/310 + 30% T/200

2 2.4CaO–ZrO2 CZON 165 T/80

3 5.0CaO–ZrO2 POC 72 T or C/50

4 10.0CaO–ZrO2 CZON 60 T or C/60

Note: Synthetic methods: POC = Polymerized organometallic compound method using zirconium oxychloride; PZON = precipitation
from zirconium oxynitrate (prolonged ageing) [10].
* The amount of introduced CaO is in mol %.
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[45]. The absorption band at 780 cm–1 was assigned to
asymmetric vibrations of oxygen in the planar triangle
OZr3 [20]. In our case, this band occurs at 740 cm–1. As
the percentage of the phase M decreases, this band, like
the other band characteristic of the phase M, weakens
and its contour becomes more diffuse, indicating that
the phase M is disordered, particularly at high percent-
ages of the phase T.

The Raman spectra obtained using an Nd–YAG
laser (Fig. 7) can be helpful in the identification of only
the phase M, because the phases T and C do not absorb
visible light, as follows from DRS data (Fig. 8a). The
Raman spectra arranged in the order of decreasing
phase M percentages indicate the presence of only this
phase: they show no bands that are assignable to the
phase T and are different from phase M bands (such as

160 and 260 cm–1). As the amount of the phase M falls
below 70%, the intensity of the spectra decreases mark-
edly. This can be due to structure defects consistent
with the IR spectra of the samples.

The bands best defined in the IR spectra of the sam-
ples rich in the phase T are 580, 510, 420, and 360 cm–1,
which are due to this phase [20, 44]. A tendency to a
higher symmetry causes by increasing Ca cation con-
tent (Fig. 6b) is observed for the samples containing 5–
10 mol % CaO. The appearance of extra absorption
bands as shoulders (which are assigned to symmetric
and asymmetric O–Zr–O vibrations [20]) is evidence of
tetragonal distortions in the pseudocubic phase, which
remain partially after the introduction of Ca cations.

The diffuse reflectance spectra are sensitive to the
coordination environment of the zirconium cations.
The absorption edge in these spectra shows a red shift
as the symmetry and the CN of zirconium decrease, so
DRS can be if use in structure analysis of the polymor-
phic modifications of ZrO2 [20, 46]. The absorption
edge position changes in the order C-ZrO2 ~ T-ZrO2 >
M-ZrO2 > SrZrO3 as the CN of Zr4+ changes (8 > 7 > 6)
[20]. Some of the specific features of the electronic
spectra at low energies are usually attributed to defects
(oxygen vacancies, Zr3+, etc.) or trigonal oxygen [20,
47]. Typical diffuse reflectance spectra of zirconia sam-
ples differing in the percentage of the phase T are pre-
sented in Fig. 8a. Along with the strong absorption
band ~40000 cm–1, whose position depends on the
polymorphic modification of ZrO2, extra absorption at
31000 is observed. It intensity is the highest for the
samples rich in the phase M and is the lowest for the
samples with the highest phase T content. In the latter
case the absorption edge shows a blue shift. The inten-
sity of the ~31000 cm–1 band was taken to be a measure
of the amount of the phase M and/or defects. Because
of the large contribution from this band to the reflection
intensity for the samples with a large Ssp value, we
determined the intensity of this band relative to the total
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Fig. 6. (a) IR spectra of ZrO2 prepared by precipitation (arranged in the order of increasing phase M percentages). (b) IR spectra of
ZrO2 doped with calcium cations. Figures 6a and 6b refer to samples from Tables 1 and 2, respectively.
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absorption of the phases M and T at 48000–50000 cm–1.
A satisfactory correlation is observed between the
intensity of the band at ~31000 cm–1 and the phase M
content (Fig. 8b), except for the medium percentages.
This growth of the band intensity can be attributed to
defects/distortions in the phase M causes by the internal
stresses between intergrown particles of the phases M
and T (which is in agreement with IR and Raman spec-
troscopic data). The decreases in the total amount of
bulk hydroxyls (as judged from the intensity of the
absorption band at ~3400 cm–1 in the IR spectrum)
would cause the formation of anionic vacancies and the
transformation of the phase T into the phase M (Fig. 8b,
curve 2), but, because the formation of a reduced zirco-
nium cation is unlikely under these conditions, the flu-
orite structure turns into a baddeleyite structure with
polyhedra sharing not only corners, but also edges. The
faults in the stacking of the anionic layers (Fig. 9a) due
to the synthesis conditions or random factors even at
the solution stage can cause microdistortions because
of the structural mismatch between the anionic net-
works of the two different structure types. In the phase
T-rich samples prepared by high-temperature precipi-
tate ageing, the hydroxyls are bonded more strongly
and are irremovable at 500°C.

Thus, the band at ~31000 cm–1 in the diffuse reflec-
tance spectrum of ZrO2 can be assigned to trigonal oxy-
gen in the phase M, which results from the elimination
of hydroxyls and from the partial conversion of the
phase T into the phase M, and to the internal stresses
that develop between intergrown particles of the phases
M and T because of the structural mismatch.

As the Ca cation content is raised, the absorption edge
in the diffuse reflectance spectrum shifts to higher ener-
gies. Extra absorption is observed at 34000–36000 cm–1,
and its relative intensity passes through a maximum at
2.4 mol % CaO and falls off at higher promoter con-
tents (Fig. 10, curve 1). The quantity of residual
hydroxyls also decreases with increasing promoter con-
tent (Fig. 10, curve 2). In this case, this absorption

should be assigned not to oxygen vacancies, but to
structure distortions, whose effect weakens as the pro-
moter content is raised. The calcium cations in ZOC
solutions, located between tetramers, prevent the for-
mation of ribbonlike/sheetlike structures and thereby
direct tetramer linking towards the formation of the
phase T precursor (rodlike structures). In the oxide lat-
tice, these cations likely occupy positions between
ZrO2 crystallites without generating oxygen vacancies.
Interacting with terminal hydroxyls of the tetramer, the
Ca cations reduce the number of free hydroxyls to an
extent proportional to the percentage of the promoter in
the sample, and this is the cause of the well-known ther-
mal stability of doped ZrO2. In pure ZrO2, the terminal
hydroxyls are bonded less strongly and are removed by
calcination, giving rise to a T-to-M phase transition and
crystallite sintering. In particles formed from different
complexes (different precursors of the phases T and M)
in solution, microdistortions due to the structural mis-
match between the phases appear along their inter-
growth boundaries. It is essential for the synthesis of
the metastable phases T and C that the local coordina-
tion environment of the zirconium cation in the starting
salt (oxynitrate or oxychloride) change from the square
antiprism to a fluorite-like polyhedron. This change
requires energy, because it is necessary that half of the
oxygen atoms be shifted from the middle points of the
edges to the corners of the cube. This process can be
carried out efficiently by prolonged ageing of the pre-
cipitate at an elevated temperature. Because of the
larger proportion of ribbonlike association species in
the presence of Sr cations, the layered perovskite struc-
ture is detectable at lower Sr concentrations [10]. The
breaking of Zr–Zr bonds in the tetramer in aqueous
solution can take place only upon the introduction of a
strong complexing agent [48]. In the presence of phos-
phate ions, this causes the formation of framework
structures with a large surface area [49].
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ZIRCONIUM-CONTAINING MIXED OXIDES
WITH A FLUORITE STRUCTURE

There have been many studies devoted to the prepa-
ration of Ce–Zr–O catalysts, their characterization, and
their properties in oxidation processes [1, 35, 50–57].
These studies have been focused on enhancing or con-
serving the oxygen buffering capacity (OBC) and ther-
mal stability of mixed oxides in connection with the
problem of automotive exhaust neutralization. The
increased OBC of Ce–Zr–O solid solutions or com-

pounds is usually attributed to distortions in the fluorite
structure (Fig. 1a) caused by the replacement of Ce4+

cations by Zr4+ cations, which have a smaller ionic
radius. This was reported to generate an interstitial oxy-
gen–anionic vacancy pair and extra anionic vacancies
(Ce3+ cations) [58], but the cause of the formation of the
reduced cations and their number have not been dis-
cussed. There has been no experimental evidence of
distortions taking place in the local environment of
cerium cations. Moreover, the higher OBC of Ce–Zr–O
solid solutions was attributed to distortions in the coor-
dination environment of zirconium cations or to a
decrease in the strength of Zr–O bonds in the laminar
structure [59, 60], although the reduction of zirconium
cations has been detected only under severe conditions
above 800°ë. There is no consensus as to the composi-
tion range in which the OBC is the highest and as to
how OBC depends on whether the material is single-
phase or heterogeneous [14, 58–66]. The defect struc-
ture of Ce–Zr–O materials and its dependence on the
synthetic method are poorly understood issues. In par-
ticular, this is true for the properties of these materials
at the solution-and-precipitate stage of the synthesis.

Dependence of the Defect Structure of the Fluorite-Like 
Ce–Zr–O Solid Solution on the POC Synthesis 

Conditions

According to the phase diagram of the ternary sys-
tem Ce–Zr–O, a number of phases can form in this sys-
tem below 1000°C, depending on the component con-
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centrations [1]. At cerium contents below 10 mol %, the
dominant phase is the phase M of ZrO2. At high cerium
contents of >80 mol %, a CeO2-based fluorite phase is
observed. A number of metastable tetragonal phases
can form in the intermediate region. The boundaries
between these phases are a matter of convention to a
considerable extent, particularly near the equimolar
composition and in the cerium-rich region, because all
of these phases have the same fluorite-type cationic
sublattice in which the oxygen atoms are displaced
from their regular positions. This is manifested as extra
bands in the Raman spectrum. As the lattice symmetry
decreases, the optical mode F2g from the fluorite struc-
ture in the Raman spectrum (465 cm–1) splits into six
active modes (A1g + 3Eg + 2B1g), which are characteris-
tic of the phase T [67]. The situation is less clear for
nanodisperse materials, because the Raman intensity
falls dramatically as the surface is disordered.

According to Vegard’s rule, in the Ce–Zr–O system,
the replacement of Ce4+ cations (ionic radius of 0.97 Å)
by Zr4+ cations with a smaller ionic radius (0.84 Å)
must cause a decrease in the unit cell parameter (unit
cell contraction). For example, the unit cell parameter
decreases from 5.411 to 5.270 ± 0.010 Å as the cerium
content decreases from 100 to 50 mol % [1]. For nano-
disperse samples, the decrease in the unit cell parame-
ter depends on the synthesis method and can be much
smaller (Fig. 11). On the one hand, an obligatory qual-
ity criterion for mixed oxide preparation methods is the
homogeneity of the distribution of the components. On
the other hand, for Ce–Zr–O solid solutions, another
possible criterion is the unit cell parameter, which must
decrease in proportion to the percentage of zirconium
cations, whose ionic radius is smaller. As was demon-
strated above, the kind of the starting zirconium salt
(oxychloride or oxynitrate) or, more exactly, the struc-
ture of the polyhydroxo complexes in the solution can
have an effect on the completeness of the interaction
between the components in the synthesis of mixed
oxides. At the same time, Ce3+ cations, which have a
larger ionic radius and can be stabilized in the synthesis
of ultrafine powders and in the case of incomplete pre-
cursor oxidation, can increase the unit cell parameter of
the solid solution.

Making use of the effect of POC synthesis parame-
ters (crystalline hydrate of a salt or solution, ratio
between the metal cations and the chelating agent) on
the phase composition of Ce- and Zr-containing cata-
lysts, we were able to determine the conditions afford-
ing an ultrafine product with a sufficiently homoge-
neous component distribution, as is evident from the
unit cell parameter data for the fluorite-like solid solu-
tion in a wide composition range (Fig. 11, curve 2) [2].
The hydroxyl concentration in this solid solution is
higher than is observed in pure CeO2 (Fig. 11, curve 3).
The Ce3+ concentration in the solid solution calcined at
700°C is no higher than 1%. Figures 12 and 13 illus-
trate the effect of the degree of homogeneity of solid
solutions of different compositions on the size and

intensity of extended defects and on distortions in the
local environment of the cerium cations. For Ce0.8Zr0.2,
as the degree of homogeneity increases, the intensity of
the defects pertaining to the nonstoichiometric oxides
ëÂnOm decreases because of the changes in the struc-
ture of interdomain boundaries and the diluting effect
of zirconium. The red shift of the defect band and the
blue shift of the charge transfer band (CTB) are evi-
dence that there are marked distortions in the environ-
ment of the cerium cations. This fact is partially due to
the formation of a short Ce–O bond upon the replace-
ment of an oxygen atom to, e.g., an interstitial site. For
the equimolar composition, the defect size is reduced to
10–25 Å and the defect intensity increases substantially
with an increasing degree of homogeneity (Fig. 13).
This is accompanied by strengthening of distortions
around the cerium cations. As a result, the low-fre-
quency edge of the CTB is redshifted, the band itself is
closer to the defect band, and there is a large amount of
weakly bonded oxygen. The unit cell parameter a for
this composition is 5.280 Å, which is in satisfactory
agreement with its theoretical value of 5.260–5.270 Å
and with the a values that were observed for the solid
solutions obtained using more complicated synthesis
methods and more expensive starting compounds.
Thus, the defect structure is governed by the degree of
homogeneity of the solid solution. Under optimal con-
ditions, when ZOC solutions are used, the formation of
chelates with an appropriate stoichiometry (metal : cit-
ric acid = 1 : 6–10) [2] makes it possible to hamper tet-
ramer condensation substantially and to obtain fine-
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particle mixed oxides with a sufficiently homogeneous
component distribution.

Dependence of the Defect (Real) Structure of the Solid 
Solution Ce0.5Zr0.5 on the Synthesis Method

Examination of nuclei of equimolar phases prepared
by coprecipitation (with precipitate ageing at 90°ë for
0–22 h) and by the POC method (at various polymer-
ization stages) from aqueous solutions of cerium nitrate
and ZOC or zirconium acetate (ZAc) (which had simi-
lar particle size distributions (Fig. 4a)) demonstrated
that significant Ce3+ oxidation in the mixed hydroxide
precipitate at 90°ë occurs after 10-h-long ageing, as is
indicated by the precipitate turning yellow. After 22 h,
the unit cell parameter of the solid solution is a =
5.326 Å (coherent-scattering domain size of 20 Å),

which is somewhat larger than a for the samples cal-
cined 300–500°ë (5.289 Å). The increased value of a
may be due to the residual Ce3+ cations and hydroxyls.
The Raman spectrum of the precipitate is similar to the
spectrum of the calcined sample with tetragonal distor-
tions, but it has a much lower intensity because of the
heavily disordered anionic sublattice. It shows extra
bands at 780 and 1040 cm–1, which are assignable to
vibrations of low-coordinated, octahedral Zr/Ce cations
(as in BaZrO3 [68]) and to bending vibrations of the
Zr−O−H fragment [69], respectively. The ageing of the
precipitate includes both the oxidation of cerium cat-
ions and changes in their local environment. EXAFS
data for the local structure of aged precipitates (Zr–Zr
and Zr–O distances) are in close agreement with the
structure parameters of the tetramers and with those of
nanoparticles in pillared clay [6, 7]. This suggests that
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the solid solution has a higher degree of dispersion than
crystalline fluorite [3, 4]. For the Zr–Ce sphere, the
averaged Ce–Ce distance (≈3.4 Å, CN = 0.5–0.7) is
radically different from the same distance in CeO2 (Ce–
Ce ≈ 3.7–3.8 Å, CN = 8.0–8.5) [3, 4].

Nearly the same defect size distribution is observed
for the phase nuclei forming during the coprecipitation
and POC procedures (Fig. 14a), which is similar to the
distribution characterizing formed mixed oxides cal-
cined at 700°C. The position of the main peak, 18 Å,
indicates the region of an increased electron density
due to the defects located around Zr4 oxide clusters (or
around tetramers in the solution) surrounded by cerium
cations. This value is fairly consistent with the size of
the Zr4 oxide cluster formed from the tetramer (~10 Å)
and with the double Ce–O distance (2.4 × 2 ~ 5 Å).

Thus, the structure of the nuclei of the fluorite phase
of the mixed oxide is based on the Zr4 oxide cluster/tet-
ramer, which is bonded with cerium cations through the
oxygen atoms of terminal hydroxyls. The basic changes
taking place in the course of ageing are the ultimate
oxidation of cerium cations, an increase of CN to 8, and
the change of the coordination environment of the zir-
conium cations from a square antiprism to a fluorite-
like polyhedron.

The unit cell parameter of the calcined samples pre-
pared by coprecipitation is 5.304 and 5.294 Å for ZAc
and ZOC, respectively, and is somewhat different from
that of the sample prepared by the POC method (a =
5.280 Å). The increased a value is due not to the pres-
ence of Ce3+ cations, since their amount is as small as
~0.6 wt %, but to the presence of unbound ZrO2 unde-
tectable by X-ray diffraction (which was, however,
detected by FTIR spectroscopy; Fig. 15a). Although the
defect sizes in the samples prepared by coprecipitation
and POC method are similar, the distortions in the local

environment of the zirconium cations are better defined
in the POC sample (Fig. 14b).

Thus, fine-particle solid solution phases with similar
unit cell parameters result from the two synthetic pro-
cedures. The POC method yields a more defective
material owing to the more homogeneous component
distribution. In part, this is also due to the fact that, in
this method, the oxidation of cerium cations to Ce4+ in
the mixed oxide takes place at a higher temperature
(~300°ë) upon the burnout of the organics and the car-
bon component. For increasing the OBC of the Ce–Zr–
O phase, the samples prepared by conventional meth-
ods should be kept under reductive conditions (1100°ë)
and then reoxidized at a lower temperature (500°ë) [59,
63, 65]. Because of the low mobility of the cations, the
low-temperature reoxidation of the reduced mixed
oxide likely yields a defect structure similar to the
structure initially resulting from the POC synthesis.
Note that, although there have been numerous studies
of Ce–Zr–O fluorites, TEM data have not revealed any
distinctions between the defect structures of the sam-
ples examined.

The higher degree of imperfection/disorder of the
Ce–Zr–O solid solution prepared by the POC method
as compared to the sample prepared by coprecipitation
is also evident from FTIR spectroscopic data. It mani-
fests itself as a higher concentration of surface hydrox-
yls (absorption bands at 3680 and 3665 cm–1) and
hydrogen-bonded bulk hydroxyls (3200–3500 cm–1)
[3] (Fig. 15a). Free hydroxyls actually do not character-
ize the real surface composition. They are species
remaining after the partial dehydroxylation of the sam-
ple during its conditioning in vacuo before recording a
spectrum. Therefore, the quantity of surface hydroxyls
characterizes the strength of their bonds with cations.
The much lower intensity of the absorption bands from
free hydroxyls for the samples prepared by coprecipita-
tion is evidence that these hydroxyls are weakly bonded
to the cations. The band at 3790 cm–1, which is assigned
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to vibrations of the terminal OH groups in partially sta-
bilized ZrO2 [70], is due to the presence of ultrafine free
ZrO2 undetectable by X-ray diffraction. The formation
of bound bulk hydroxyls in the POC method (absorp-
tion band at 3500 cm–1) is possible at domain sintering
boundaries (e.g., through domain superimposition, as is
clear from TEM images [3]), and this is favorable for a
higher thermal stability of the solid solution. In the
region of the vibrations of surface carbonyls bonded
with coordinatively unsaturated sites (isolated Ce4+ or
Zr4+ cations), the absorption band at 2180 cm–1 [3] for
the sample prepared by coprecipitation remains weak
even after the adsorption of 10 Torr of CO (Fig. 15b),
indicating that the surface concentration of these carbo-

nyl groups in the coprecipitated sample is lower than is
observed in the POC sample. The specific features of
the defect structure of the surface have an effect on the
state of platinum supported by impregnation. Sup-
ported platinum is stabilized as oxide cations
(2180 cm−1), mixed metal oxide clusters (2130 cm–1),
and metal clusters 20–40 Å in size (2040–2070 cm–1

[3]), as is demonstrated in Fig. 16. The higher degree of
imperfection of the most homogeneous fluorite favors
the stabilization of mixed platinum clusters in surface
layers in the vicinity of extended defects (as is indicated
by the SAXS signal being weaker after the supporting
of platinum [3]), which are masked by adsorbed CO,
but make lattice oxygen highly mobile [3].

Effects of the Radius and Oxidation State of Cations
on the Microstructure and Defectiveness

of the Ce–Me–(Zr)–O Solid Solution

The introduction of lower valence ions in CeO2 gen-
erates two types of defects: pure anionic vacancies form
upon the introduction of MeO, and trimers containing
two cerium cations and an anionic vacancy result from
doping with Me2O3 [1]. The stability of a defect cluster
in which a vacancy is located near a doping cation
depends on the radius of the cation. A significant effect
on the bond energy is exerted by the relaxations due to
the introduction of a promoter: small cations reduce the
CN, and large cations (including Ce3+) shift away from
the cluster defect of the promoter without breaking any
bonds. This changes the Ce–O and Ce–Ce bond
lengths.

The formation of a statistical solid solution implies,
first of all, a homogeneous distribution of the intro-
duced component in the host matrix. The solubility
limit of a cation with an ionic radius larger than that of
Ce4+ in CeO2 typically does not exceed 20–30 mol %
[1, 3, 8, 11–13, 71]. At higher cation concentrations, the
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effect of the structural features of the promoter itself
strengthens. Lanthanide cations have large ionic radii,
and their stable oxidation state is +3, except for the
praseodymium ion, which is stable in the oxidation
states +3 and +4. In passing from praseodymium to
gadolinium, samarium, neodymium, and lanthanum,
the ionic radius of the cation increases from 1.03 to
1.18 Å. While cerium shows a strong tendency to CN =
8, these cations can have a larger CN. The cations with
an ionic radius below 1.0 Å tend to nave a smaller CN.
For transition metal cations with an ionic radius of
~0.6 Å, the most stable oxygen coordination polyhedra
are an octahedron and a tetrahedron.

An analysis of the literature [71–74] demonstrates
that, in the introduction of lanthanide cations into the
CeO2 fluorite structure, the unit cell parameter changes
in proportion to the amount of promoter introduced,
irrespective of the heat-treatment temperature (500–
1500°C) and the synthesis method (provided that the
synthesis method ensures a uniform distribution of the
components). At a fixed promoter concentration, the
larger the cation radius, the larger the unit cell parame-
ter (Fig. 17). Upon the introduction of zirconium, the
unit cell parameter decreases because the zirconium ion
has a smaller radius. For small cations (such as copper,
manganese, and aluminum), it remains unchanged even
at very high promoter concentrations [75, 76]. For
example, in CeO2 + 50–75 mol % Al2O3 synthesized by
the POC method, even after calcination at 700°ë, X-ray
diffraction reveals only a fluorite phase with an invari-
able unit cell parameter, while aluminum oxide is
present as a finely divided phase. The coherent-scatter-
ing domain size for CeO2 is 20–25 Å, and Ssp = 116–
185 Å. The small cations are “diluents” with respect to
CeO2. The introduction of large cations of a lanthanide
or zirconium into CeO2 diminishes the coherent-scat-
tering domain size from 500 to 70–150 Å for the sam-
ples calcined at 500–700°C [3]. Therefore, the uniform
distribution of the dopant cations, which is indicated by
the changes in the unit cell parameter (X-ray diffraction
data), may be accompanied by the formation of interdo-
main boundaries within the fluorite structure that have
different properties and prevent the formation of larger
particles. This is consistent with the familiar concept
that the fluorite structure is an open system capable of
tolerating high degrees of disorder. At the same time,
this indicates that fluorite is the structure-forming sys-
tem favoring a decrease in the particle size [3, 4].

The introduction of Sm or La cations reduces the
particle size (resulting in a coherent-scattering domain
size of 70–150 Å) and diminishes the size of extended
defects to 10–25 Å [3]. An extended defect is a module
based on the nonstoichiometric oxide åenOm (Me =
Ce3+, Sm3+, La3+) that can be located not only at an
interdomain boundary, as in the case of CeO2, but, most
likely, within a fluorite particle. An analysis of the dis-
tortions in the fluorite structure caused by the introduc-
tion of Sm, La, and Zr cations demonstrates that the
larger the radius of the cation, the greater these distor-

tions, and this is confirmed by DRS data and by the
decrease in the Raman intensity at a fixed promoter
content because of the disordering of the anionic sub-
lattice (Fig. 18). The introduction of Sm shifts the fluo-
rite band from 463 to 457 cm–1, and the introduction of
the same amount of Zr shifts this band to 472 cm–1,
indicating a weakening and strengthening of the Me–O
bond, respectively. This results in a larger fraction of
weakly bonded oxygen for Sm and La (according to ç2
TPR data). The increase in the degree of disorder and
distortion taking place as the Zr (not Sm) concentration
is raised to 50 mol % allows this concentration to be
increased further (Figs. 18b, 18c). EXAFS spectros-
copy is less sensitive to the fine defect structure: it indi-
cates the existence of two averaged Ce–O distances not
only in CeO2, but also in Ce–Sm–O and Ce–Zr–O sam-
ples [2, 3]. According to secondary ion mass spectrom-
etry (SIMS) data, an increase in the relative promoter
concentration in the surface layers is observed upon the
introduction of Sm (5–40 mol %) or Zr (50 mol %) into
CeO2 [3]. These changes can be due to the variation of
the composition and density of extended ëÂ(Sm)nOm
defects within the fluorite structure and to the existence
of structural modules with a locally increased cation
concentration in the Zr4 oxide cluster.

Thus, the chemical nature of the promoter has an
effect on the fluorite microstructures and on the Ce–O
bond strength. The weakening of the Ce–O bonds both
at interdomain boundaries and in the bulk facilitates the
reduction of surface oxygen (peak at 400–500°ë) and
bulk oxygen (600–900°ë), particularly in the lantha-
num- and samarium-modified samples (Fig. 18b). For
zirconium cations, as compared to Sm (La) cations,
bulk reduction begins at a higher temperature. The frac-
tion of reduced surface oxygen in this case is somewhat
larger, but the corresponding peak is shifted to 500–
600°ë. Estimation of the total amount of oxygen
removed from mixed oxide samples per gram of CeO2
in an ç2 TPR run (20–900°C) demonstrated that, irre-
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spective of the Me3+ promoter concentration, this
amount is similar to the amount characteristic of the
pure dioxide [3]. The amount of removed oxygen is
somewhat larger for La than for Sm because of the
more pronounced weakening of the Ce–O bonds in the
latter. A much larger amount of oxygen is removable
from Zr-modified ceria. Thus, the anionic vacancies
resulting from the doping of CeO2 with cations in a
lower oxidation state cause a much greater disordering
of the anionic sublattice, facilitating oxygen removal,
but do not increase the total amount of removable oxy-
gen. The microstructure and composition of the domain
sintering boundaries have a strong influence on oxygen
removal from modified binary fluorite.

The effects of the nature and ionic radius of the pro-
moter in more complex oxides (Ce–Zr–Me–O) are
determined by the Ce/Zr ratio and have some specific
features for cerium-rich compositions (up to the
equimolar composition), as well as for zirconium-rich
compositions [4]. Cations with a small ionic radius
form oxide clusters around Ce–Zr–O nanodomains,
and the large cations of lanthanides mainly replace
cerium cations in the structural module (Fig. 9c) and/or
stabilize the metastable phases T and C. For example
La (Y) cations introduced into zirconium-rich Ce–Zr–
O compositions in the synthesis by coprecipitation
enhance the thermal stability of these compositions
[77–79] according to the model presented in Fig. 9b.

Identification of Interstitial Oxygen
in the Ce-Containing Fluorite-Like Solid Solution

The energetically most favorable type of defect in
fluorites is IO, whose formation is accompanied by the
formation of a short Me–O bond. If there are distortions
in the local environment of cerium and zirconium cat-
ions (defect band in DRS, two short and two long Ce−O
and Zr–O bonds, EXAFS data) [3], IO formation in
cerium-containing materials can be detected as an 
signal (e.g., the 1126 cm–1 absorption band in the IR

O2
–

spectrum) [3]. In an earlier work [58], the appearance
of  was attributed to the stabilization of molecular
oxygen in vacant regular positions generated by the dis-
placement of oxygen to interstices in the presence of
Ce3+ cations. In the Ce–Sm–O and Ce–Zr–La–O sys-
tems (Fig. 19), the amount of IO in the surface layers is
proportional to the concentration of isolated anionic
vacancies generated by the lower valence promoter
with a larger ionic radius (Sm3+, La3+, Ce3+) at small
perturbations in the fluorite structure (promoter con-
tents of ≤10 mol %) [3]. In CeO2 and in equimolar Ce–
Zr–O fluorite prepared by the POC method, in spite of
heavy distortions, no IO formation was detected, but
the IO concentration is higher in the samples prepared
by coprecipitation. It is likely that the presence of Ce3+

cations is not a necessary condition for IO formation,
because, in all samples in these systems, the Ce3+ con-
centration is below 1%. This can be due to the nonaddi-
tive character of the structural features of extended
defects and of their concentration in the Ce–Zr–O fluo-
rites as a function of composition. For the Ce–Sm–O
system, it was shown that the oxygen diffusion rate
(rate of oxygen removal in helium at 900°C) is propor-
tional to the surface IO concentration.

Effect of the Defect Structure on the State
of the Supported Active Component

and on Its Catalytic Properties

The defect structure of the nanomaterials examined
determines the forms in which the supported active
component is stabilized by the formation of clustered
species (islands) around the defects. This has an influ-
ence on the catalytic properties of the materials in low-
and medium-temperature reactions not involving the
oxygen of the catalyst, as well as in high-temperature
processes because of the dependence of the mobility of
lattice oxygen on the state of the active component. The
highest activity in limonene diepoxide conversion (Tr =
25°C, CH2Cl2 as the solvent) is exhibited by sulfated
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ZrO2, which is characterized by a high degree of imper-
fection (microdistortions) as compared to phases M and
C [80]. As the extent of sulfation is increased, isolated
sulfate ions (Lewis sites) turn into Brønsted-like clus-
ters in spite of the large fraction of the free surface. This
shows itself as changes in the selectivities with respect
to limonene conversion products. The clusters of Pt
(1.4 wt %) resulting from the supporting of platinum on
the phase T of ZrO2 are more active than the same clus-
ters on the phase M or C in the water gas shift reaction
(10% CO + 20% H2O + 68% H2) at 300°C owing to the
higher concentration of nearest-neighbor hydroxyls,
which are involved in this reaction. The higher activity
of the platinum-containing Ce–Zr–O fluorites in this
reaction is due to platinum metal clusters and anionic
vacancies, which are mainly reoxidized by water mole-
cules (coprecipitation method). It is not due to highly
mobile lattice oxygen as in the case of samples pre-
pared by the POC method [3]. The defect structure of
fluorite, which depends on the preparation procedure,
determines the state of supported platinum, which
influences the methane activation rate, the reactivity of
the surface, and the mobility of lattice oxygen [3, 11–
13]. The ultrafine clusters of metallic platinum afford
the highest rate of methane activation. The catalyst with
the optimum oxygen mobility ensure highly efficient
syngas synthesis by combining a high rate of partial
methane oxidation with a high rates of methane steam
and carbon dioxide reforming.

The higher NOx SCR activity of the catalysts based
on pillared clays (which contain discrete ZrO2 nanopil-
lars) compared to ultrafine bulk ZrO2 [6, 39] is
explained by the fact that these catalysts differ in terms
of the structure of the surface clusters of the active com-
ponent (CuO + Pt). Even supporting a small amount of
copper (0.2 wt %) on ZrO2 results in the stabilization of
three-dimensional copper clusters on the surface [10].
At high percentages of supported metal, these clusters

can be partially dispersed by special chemical treat-
ment. At comparable concentrations copper on pillared
clays is mainly stabilized as dimer oxide clusters. The
more discrete form of the active component in the latter
case (after subsequent supporting of 0.2 wt % Pt) opti-
mizes the strength of nitrate/nitrite complex binding to
the surface and the reactivity of hydrocarbons, reducing
the contribution of nonselective combustion. This is the
cause of the high low-temperature NOx SCR activity of
the catalysts based on pillared clays [5, 6, 8–10].

CONCLUSIONS

By widely varying the synthesis methods and condi-
tions and characterizing the resulting fluorites by a vari-
ety of physicochemical methods, it was possible to con-
struct models for the defect structure of CeO2, ZrO2,
and related materials. The formation of the T- and C-
modifications of ZrO2 at medium calcination tempera-
tures is due to their metastable structural organization,
which is different from the structures of the known
equilibrium phases. The phase composition of ZrO2-
based materials at the solution-and-precipitate stage is
determined by the change of the local eight-atom envi-
ronment of the zirconium cations in the tetramer from a
square antiprism into a fluorite-like polyhedron through
displacement of terminal oxygen anions and obeys the
structure conformity principle in modification. The
effects of the promoter radius and oxidation state on the
structural features and defectiveness of cerium-contain-
ing fluorites of complex compositions were system-
atized. The distortions in the oxygen environment of
the cerium cations are responsible for the presence of
weakly bonded oxygen in these materials. The defect
structure of the support/substrate determines the state
of the supported active component and its catalytic
properties. In the analysis of defect structure models of
the nanomaterials, methods using low-energy radiation
(SAXS, DRS, IR and Raman spectroscopy) are the
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most informative, while X-ray diffraction allows only
the structural type of the material and the coherent-scat-
tering domain size (three-dimensional order of the cat-
ionic sublattice) to be determined.
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