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Abstract—The effect of synthesis conditions, the nature of components, and the ratio between the compo-
nents on the phase composition, the texture, and the redox and catalytic properties of the Ce—Zr—0O, Ce—
Zr—M;—0O (M| = Mn, Ni, Cu, Y, La, Pr, or Nd), N/Ce—Zr—O (N = Rh, Pd, or Pt), and Pd/Ce—Zr—M,—
0/Al,0; (M, = Mg, Ca, Sr, Ba, Y, La, Pr, Nd, or Sm) was considered. A cubic solid solution with the fluorite
structure was formed on the introduction of <50 mol % zirconium into CeO,, and the stability of this solid
solution depended on preparation procedure and treatment conditions. The presence of transition or rare
earth elements in certain concentrations extended the range of compositions with the retained fluorite struc-
ture. The texture of the Ce—Zr—O system mainly depended on treatment temperature. An increase in this
temperature resulted in a decrease in the specific surface area of the samples. The total pore volume varied

over the range of 0.2—0.3 cm?/g and depended on the Ce/Zr ratio. The presence of transition or rare earth
elements either increased the specific surface area of the system or made it more stable to thermal treatment.

The introduction of the isovalent cation Zr** into CeO, increased the number of lattice defects both on the
surface and in the bulk to increase the mobility of oxygen and facilitate its diffusion in the Ce,; _ ,Zr, O, lattice.
The catalytic properties of the Ce—Zr—M;—O or N/Ce—Zr—M,—0 systems were due to the presence of

. . .. 2n+ n+ .
anion vacancies and the easy transitions Ce*t == Ce3*, M]" == M, ,and N3+ —~ NYin the case of

noble metals.
DOI: 10.1134/S0023158409060020

INTRODUCTION

Cerium oxides and cerium-based compounds are
used or are going to be used in more than 20 branches
of industry. They are employed in the manufacture of
refractory materials and ceramic powders, radio
ceramics, luminophors, solid electrolytes, supports
and catalysts [1]. CeO, is most widely used in the uti-
lization of harmful emissions [2, 3]. The applicability
of CeO, to perform hydrogenation reactions [4, 5],
steam reforming [6, 7], CO oxidation [8], hydrocar-
bon oxidation [9—11], nitrogen oxide reduction with
ammonia [12], and hydrogen generation by ethanol
reforming [13] has been actively studied. The behavior
of CeO, in the course of soot removal from the exhaust
gases from diesel engines is of considerable interest
[14]. Cerium dioxide is also a key component of three-
way catalysts (TWCs) [15].

CERIUM OXIDES

Cerium forms the following two compounds with
oxygen: Ce,0; and CeO, [16]. The oxide Ce,O; has a
hexagonal lattice of the La,0; type (space group
P3m1l), in which oxygen atoms form closest-packed
cubic structure, and cerium atoms are arranged in
octahedral voids so that two layers are filled and one
layer is empty. The unit cell has the following parame-

ters: @ = 3.88 A and ¢ = 6.06 A [17] or, according to
other data, a = 3.889 A and ¢ = 6.054 A [18]. The ionic
radius of Ce3* is 1.02 or 1.18 A according to Belov—
Bokii or Goldschmidt, respectively [19]. The heat of

formation of Ce,0j; is AH2098 = 182.1 kJ/mol; its spe-
cific density is 6.87 g/cm?, and melting temperature in
an atmosphere of hydrogen is 2433 K. Note that Ce,0;
is instable in air. Usually, it is prepared by the reduc-
tion of cerium dioxide [16]

2C602 + H2 — Ce203 + Hzo; (I)
2Ce0, + C — Ce,0; + CO; (1)
2Ce0, + CO —= Ce,0; + CO.. (111)

The stability of the resulting Ce,O; in air depends
on the conditions of reactions (I)—(III). For example,
Ce,0; prepared in accordance with reaction (I) at
1523—1573 K is spontaneously oxidized in air. How-
ever, if the reduction is performed at 2073—2273 K in
an atmosphere of purified hydrogen, the resulting
oxide becomes stable under ordinary conditions
(760 Torr and 298 K). Leonov [16] demonstrated that
Ce,0; obtained at 1523—1573 K in accordance with
reaction (II) was stable, whereas that obtained via
reaction (IIT) was unstable.
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Cerium dioxide has a face-centered cubic lattice of
the fluorite (CaF,) type (space group Fm3m). The unit
cell parameter a is 5.4110 + 0.0005 [16] or 5.4113 A
[20]. The ionic radius of Ce** is 0.88 or 1.02 A accord-
ing to Belov—Bokii or Goldschmidt, respectively [19].

The heat of formation of CeO, is AHyg =

108.9 kJ/mol; the specific density is 7.3 g/cm?, and the
melting temperature is 2998 K.

A structural peculiarity of fluorite [21] is that the
cationic sublattice remains stable even under condi-
tions when the oxygen matrix is dramatically changed.
The removal of an atom from the anion packing has no
effect on both the face-centered arrangement of the
cations and the coordination of the remaining anions.
Anion deficiency resulted only in a decrease in the
coordination number of individual metal atoms. The
total valence of cations should decrease in order to
retain the total neutrality of the compound. Thus, flu-
orite can be described by the general formula MO, _,
depending on the number of anion vacancies.

According to published data [22], the fluorite
structure is stable only at the ratio between cationic
and anionic radii r./r, > 0.732, whereas this ratio in
CeO, is much smaller. Because the stability of the test
structure suggests the occurrence of a larger cation, it
is believed that an amount of Ce?* cations, whose
ionic radius according to Belov—Bokii is 1.02 A [19],
occurs in the structure along with Ce**. In turn, the
presence of Ce3* results in the appearance of anionic
vacancies (CeO, _,).

The results of XPS studies suggest the occurrence
of various valence states in the structure of CeO,.
According to these results, a partial electron transfer
from the occupied 2p orbital of the O atom to the
unoccupied O* 4f; (Ce*") orbital was observed [23,
24]. However, Wuilloud et al. [25] disputed this state-
ment. Theoretical calculations [26, 27] showed that a
co-valence occurs in the structure of CeO,. Neverthe-
less, for simplicity, it is believed [28, 29] that CeO, is
formally a purely ionic compound, which consists of
Ce** and O? ions, even on the surface. Nonstoichio-
metric oxides CeO, _, (0 <x < 0.5) are readily formed
on heating CeO, in a vacuum or on reducing it with
hydrogen or CO at moderate temperatures [30]. Oxy-
gen vacancies are the predominant defects responsible
for the nonstoichiometry of CeO, [31], which mani-
fests itself in its behavior as an z#-type semiconductor
[32]. According to calculations, the concentration of
oxygen vacancies on the surface is greater than that in
the bulk [33]. Upon the partial removal of oxygen, O~
vacancies appear in the structure of CeQO,; the other
electrons can be localized in the conduction band or
distributed over several Ce®* cations to surround them
so that an O~ vacancy is produced, or they are local-
ized on Ce** to form Ce3* [29]. The complete discrete

IVANOVA

localization of excess electrons of individual Ce3* ions
was most correctly described by Conesa [29].

Thus, the structure of CeO, can accumulate the
major portion of oxygen vacancies with no structural
changes. This corresponds to the transformation
CeO, == CeO,_, + x/20,. This property of CeO, is
responsible for its so-called oxygen storage capacity
(OSC), which is related to the occurrence of the redox
pair Ce**/Ce3*. The key role of CeQ, as the constitu-
ent of TWCs is explained by the fact that, because of its
redox properties, it readily removes CO and hydrocar-
bons from automobile exhaust gases in a deficiency of
oxygen (reactions (IV)—(VI)) and adsorbs and retains
oxygen from O,, NO, and water (reactions (VII)—(IX))
in the subsequent cycles [34]. This makes it possible to
successfully utilize the main pollutants (CO, HC, and
NO) under typical operation conditions of TWCs.

CeO, + xCO — Ce0O, _, + xCOy; aIv)

CeO, + HC — CeO, _, + (H,0, CO,, CO, H,); (V)
CeO, + xH, — CeO,_, + xH,0; VD)
CeO,_,+xNO — CeO, + 0.5xN,; (VID)
CeO,_,+xH,0 — CeO, + xH,; (VIII)
CeO,_, + 0.5x0, — CeO,. (IX)

However, at high temperatures, CeQO, is unstable;
this primarily manifests itself as changes in its texture
characteristics. Upon thermal treatment (1000—
1100 K), the specific surface area (Sggr) of CeO, usu-
ally decreased to a few square meters per gram
depending on preparation conditions and calcination
regime [35, 36]. It is of importance that CeQ, is a more
expensive support than Al,O, and SiO,. Therefore,
CeO, is mainly used in combination with other oxides.

The nature and concentration of the introduced
component are crucial factors in the modification of
CeO,. According to published data [37], compositions
with various defects are formed upon the introduction
of cations with higher or lower valences into CeO,:

2MO + Cec, — 2M, + CeO, + 2V,
2M203 + 3cece I 4MCe + 3C602 + 21/0,

where M is a divalent or trivalent cation, Ce, is the
cerium cation in a cerium position in the lattice of
CeO,, M. is the introduced metal cation in a cerium
position in the lattice of CeO,, and ¥, is a vacancy. The
introduction of a trivalent cation increases the mobil-
ity of oxygen to a greater extent than the introduction
of a bivalent cation. CeO, can readily enter into reac-
tions with titanium and zirconium dioxides, as well as
with rare earth elements and transition metals, to form
corresponding solid solutions. The Ce—Zr—O system
has been studied in most detail [38—59].
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Fig. 1. Phase diagrams of the CeO,—ZrO, system: data taken from (a) [39] and (b) [40].

Ce—Zr—0O SYSTEM
Phase Composition

A comparison between the ionic radii of cerium

and zirconium (1% = 0.88 A; r;7 = 0.82 A) and the
structural isomorphism of CeO, and ZrO, allow one to
hypothesize that the introduction of zirconium into
the structure of cerium dioxide will be accompanied
by the formation of solid solutions. Indeed, it follows
from a phase diagram [39] that three types of solid
solutions (monoclinic, tetragonal, and cubic) are
formed in the above system and stoichiometric com-
pounds are absent from this system (Fig. 1a). Accord-
ing to a refined phase diagram [40] (Fig. 1b), a single-
phase region with monoclinic (m) symmetry occurs
below 1273 K, where the mole fraction of CeQO, is
lower than 10%. Only a cubic (c) phase, which was also
mentioned previously [41, 42], is formed at a CeO,
content higher than 80%. The medium region of the
Ce0,—Zr0, phase diagram, where the greatest num-
ber of stable and metastable phases with tetragonal
symmetry was observed, is most complicated and
ambiguous [43—45]. According to published data [40]
based on X-ray and Raman characteristics, three
phases, ¢, ', and ", can be recognized here. The stable
t form results from the occurrence of diffusion pro-
cesses; the formation of the metastable 7' form is a
consequence of diffusion changes, whereas the 7" form
occupies an intermediate position between ¢ and
cubic forms. It is not tetragonal, and an oxygen shift
with respect to the ideal fluorite structure occurs in it.
The ¢" form is often referred to as cubic because,
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according to a diffraction pattern, it is indexed in the
cubic structure with spatial symmetry Fm3m [46].
According to published data [40], the region of
Ce, _,Zr,0, compositions in which this form occurs is
broad (0.1-0.2 < x < 0.30—0.35). According to Vlaic
et al. [47], it can be formed at a CeO, content of 50—
60 mol %. Thus, depending on the CeO, content, five
modifications (one monoclinic, three tetragonal, and
one cubic) can occur in the Ce—Zr—O system.

The occurrence of metastable phases in the
medium part of the phase diagram essentially depends
on the method of synthesis of mixed oxides and kinetic
factors: the lability or inertness of the system. This was
supported by Turko et al. [48], who found that samples
with close chemical compositions but precipitated at
different temperatures (293 and 343 K) exhibited dif-
ferent phase compositions. As can be seen in Fig. 2 and
Table 1, the sample precipitated at room temperature
was single-phase, and it can be described in terms of
both cubic and tetragonal structures (the tetragonal
distortion is small, a/c = 0.99). The above data are
consistent with the results of published studies [47,
49], in which it was found that a tetragonal phase is
formed in the region of Ce/Zr = 1, and this phase can-
not be distinguished from a cubic phase in terms of
XRD analysis. The Ce/Zr ratio, which was found from
unit cell parameters (Table 1), was similar to the
chemical composition of the tetragonal structure.

An increase in the precipitation temperature to
343 K resulted in the formation of two phases: one of
them was a cubic phase with a high cerium dioxide
content (Ce, _,Zr,0,_5, where x = 0.20—0.27), and
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Fig. 2. (a) Diffraction patterns of cerium—zirconium samples with Ce/Zr ratios of (/) 1.08 and (2) 1.17 precipitated at (/) 293
and (2) 343 K and calcined at 1173 K. (b) Comparison of the experimental diffraction pattern of a cerium—zirconium sample
with the ratio Ce/Zr = 1.08 calcined at 1173 K with the calculated diffraction patterns of (O) cubic Ce 73Zr( 2,0, and (x) tet-

ragonal Ce 37Zr 60, [48].

the second phase can be interpreted in two manners,
as in the case of a single-phase sample. In Table 1, it
can be seen that the R factor, which characterizes the
discrepancy between the experimental diffraction pat-
terns and diffraction patterns theoretically calculated
based on well-known structures taken from the ICDS
structural database with consideration for diffraction
line profiles, was lower for this sample, and a better
agreement between the resulting Ce/Zr ratio and the
chemical composition suggested the formation of a
tetragonal structure.

Different chemical compositions of samples pre-
cipitated at different temperatures can be due to dif-
ferent rates of hydrolysis of the starting nitrate salts. As
a result of this, for example, the concentrations of

nitrates in the resulting systems were different. Previ-
ously, it was found [50—52] that the occurrence of
anionic groups in the structure of ZrO, or CeO, facil-
itated the stabilization of their fluorite-type cubic
structures.

The samples prepared by a ceramic method (the
thermal treatment of cerium and zirconium dioxides
at 1873 K for 1 h) and containing from 10 to 50 mol %
CeO, consisted of a mixture of phases: tetragonal +
monoclinic or tetragonal + cubic. The samples con-
taining more than 50 mol % CeO, were single-phase;
only a cubic phase was present in them [53]. With the
use of a sol—gel method or the coprecipitation of com-
ponents, the solid solutions of a cubic structure were
formed after treatment at lower temperatures.
No. 6
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Table 1. Phase composition of Ce,; _ ,Zr, O, samples precipitated at various temperatures [48]

Precipitation . Phase composition * Refined phase
temperature, K Composition at 1173 K RP ajc composition
293 C30‘522r044802 100% cubic 1683 — CeO.66zr0.34

100% tetr. 16.35 0.99 Ceg 4921y 5

343 Ceo_54ZrO.4602 15% cubic 16.64 — CeO.SSZrO.IS

85% cubic Ceo'562r0_44

32.7% cubic 10.40 0.99 Ceg 78210 22

673% tetr. Ceo_37zr0.63

* R, factor characterizes the discrepancy between experimental and calculated data.

Typical diffraction patterns of a solid solution con-
taining from 67 to 100 mol % CeO, and calcined at
973 K (Fig. 3a) are characterized by the presence of
broad reflections [49]. This suggests a low degree of
crystallinity of the particles; however, these particles
have a cubic structure based on CeQO,. The diffraction
pattern of a solid solution containing 16 mol % CeO,
exhibited reflections corresponding to a tetragonal
phase. The samples calcined at 1173 K (Fig. 3b) were
better crystallized, and the intensity of reflections in
their spectra was higher. The unit cell parameter a,
which was calculated from the corresponding indices
of a cubic lattice, depended on the composition of the
solid solution (Fig. 4). The value of a linearly
decreased as the ZrO, content was increased from 0 to
33 mol % ZrO,; that is, Vegard’s rule was obeyed,

(a)
W w
'\ A 16/84
oy L 475
Q : :

g )‘ A i 67/33
20 30 40 50 60 70
20, deg

according to which the introduction of a cation with a
smaller radius (r, .. = 0.82 A, whereas I = 0.88 A)
causes the above change in this parameter. This sug-
gests that solid solutions up to Ce, 4,Zr1, 530, are crys-
tallized in cubic or pseudocubic structures, as noted by
Vlaic et al. [47]. At the same time, because the diffrac-
tion signals of the Ce4;Zr,3;0, sample calcined at
1173 K were somewhat asymmetric, it is believed that
this composition can consist of a mixture of phases.
Indeed, the samples containing 47 mol % CeO, con-
tained a mixture of tetragonal and cubic phases; this is
consistent with published data [53]. After hydrother-
mal treatment at 1273 K, the solid solutions remained
cubic up to a CeO, concentration of 75 mol % (Fig. 5).
The (111) reflection remained asymmetric at a CeO,
concentration of 67 mol %, although reflections due

(b)
w w
2
2
2
RS
: 100/0
20 30 40 50 60 70
20, deg

Fig. 3. Diffraction patterns of Ce—Zr—O solid solutions calcined at (a) 973 and (b) 1173 K [49]. The CeO,/ZrO, ratios are spec-

ified in the spectra. Tungsten was added as an internal standard.
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Fig. 4. Dependence of the unit cell parameter a on the
cerium content of solid solutions calcined at 1173 K [49].

to a tetragonal phase were not observed in this case.
Undoubtedly, the solid solution containing 47 mol %
CeO, was a mixture of cubic and tetragonal phases,
whereas it was purely tetragonal at a CeO, concentra-
tion of 16 mol %. The results obtained by Hartridge
and Bhattacharya [54] provided an additional support
to the fact that only a cubic solid solution was formed
in the region of Ce, _,Zr,O, _ 5 compositions with x <
0.3 over a temperature range from 373 to 1273 K; the
crystallite size in this solid solution changed from 3.5
to 5.5 nm.

Table 2 shows the effects of the synthesis proce-
dure, the nature and ratio between the initial compo-
nents, and the treatment temperature on the phase
composition of the Ce—Zr—O system. As can be seen,

W W
JL , A

i 47/53

Intensity

b l A L 6733
L L A 75725

20 30 40 50 60 70

Fig. 5. Diffraction patterns of Ce—Zr—O solid solutions
aged at 1273 K [49]. The CeO,/ZrO, ratios are specified in

the spectra.

the resulting solid solution had a fluorite-type cubic
structure regardless of the above parameters at CeO,
concentrations of >80 mol %, and this structure
remained stable up to 1673 K.

Texture Characteristics

Texture formation in the Ce—Zr—O system occurs
simultaneously with changes in the phase composi-
tion. The specific surface area of cerium—zirconium
samples depends on preparation conditions, CeO,
content, temperature, and atmosphere in which ther-
mal treatment is performed (Table 3) [49, 55, 58, 62].
Composition and treatment temperature play a deci-
sive role in surface formation. Upon the introduction
of zirconium into CeQO,, in the majority of cases, an
increase in the Sy of binary samples was observed. If
the treatment temperature was no higher than 823 K,
Sger was 100—120 m?/g (Table 3) regardless of the
ratio between the components. An increase in the
treatment temperature caused a decrease in Sggy in
any synthetic procedure [63]. In particular, the spe-
cific surface area of samples calcined at 973 K was as
low as 50—70 m?/g.

After treatment under hydrothermal conditions at
1273 K for 24 h, Sger decreased most significantly
[49]: it decreased to 3—8 m?/g in the case of binary
samples. In addition to calcination temperature, treat-
ment time had a considerable effect on the specific
surface area [64]. The greatest decrease in Sggr
occurred in the first hours of calcination during which
it decreased from 40—50 to 10—15 m?/g. A further
increase in the calcination time up to 16 h had almost
no effect on Sper.

The formation of the pore structure of Ce—Zr—O
compositions has received little attention. Note that,
as applied to these systems, the following regularity
characteristic of oxide systems was retained: more
macroporous compositions are also more thermally
stable. As can be seen in Fig. 6, both unimodal and
bimodal pore-size distributions can be observed in the
samples of the same composition. The samples of the

dV/d(log D)
0.8 0.8
0.6 @ o6l ®)
0.4+ 0.4+
0.2+ 0.2+
0 0 1 ! |
1 10 100 1000 1 10 100 1000
D, nm

Fig. 6. (a) Unimodal and (b) bimodal pore-size distribu-
tion in Ceo‘zzrolgoz [65]
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Table 2. Effect of synthesis conditions and procedure and calcination temperature on the phase composition of the Ce—Zr—0O

system
Method Initial components terE;eeE}tarPuerI;E K gg?_pfzsﬁgz Structure* References
Sol—gel Z1r(OC;H7),4 + Ce(INO3); 873 0<x<0.25 C [55]
x=0.25 C
0.25<x<0.5 C+T,
x=0.84 T
Zr(O—Bu), + Ce(acac), 773 x=0.50 C+T [56, 57]
Precipitation ZrO(NO3), + Ce(NOj3); or 873 0<x<0.5 C+T, [55]
ZrOCl, + Ce(NO3); x=0.84 T
ZrO(NO3), + Ce(NO3)5 973 0<x<0.11 C [58]
0.11<x<0.50 C+C,
0.5<x<0.66 C+C,
0.66 <x<0.90 C,
Zr(NOj), + Ce(NO3y); 1173 x<0.20 C [59]
0.20<x<0.50 C+T,
0.85<x<0.99 T
Mixing CeO, + Zr0O, 1673 x<0.2 C [40, 60, 61]
0.20 <x<0.80 T
x>0.80 M
* C, cubic; C,, cubic based on ZrO,; T, tetragonal; T, tetragonal ZrO,; and M, monoclinic ZrO,.
Table 3. Effect of calcination temperature on the specific surface area of CeO,—ZrO, samples
Sger (m?/g) after calcination at temperature, K
CeO,; content, 873 [54] 673 [57] 973 [57] |973 [48]|1173 [48]|1273* [48]
mot 7 823[61] from from from from
Z1(OC;H,),| ZIO(NOy), | ZIOCL, | ZrO(NOs), + Ce(NOy), |Tom ZrOMNO3); + Ce(NOs);
100 100 - 47 47 40 25 49 14 1
90—89.5 - 75 46 40 120 50 — — —
80—83 111 - — — — — 58 27 3
75 - 63 57 53 - — 61 29 5
67—68 100 - — — — — 70 26 8
60 — 71 73 65 - — — — —
47-50 106 56 46 44 130 60 62 19 3
333 — - — — 140 60 — — —
15—16 95 46 74 49 — — 84 43 1
10 — - — — 150 90 — - —
0 — 21 87 36 180 32 57 31 8

* Hydrothermal aging for 24 h in an atmosphere of 5 vol % O,, 10 vol % H,0, and 85 vol % N,.
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Fig. 7. Degree of reduction of Ce,Zr _, O, samples after
treatment with a mixture of 5% H, with 95% Ar at low

(700—900 K, dashed line) and high (1300 K, solid line)
temperatures under TPR conditions: (/) samples with low
SgeT and (2) samples with high SggT [72].

latter type, which were characterized by a larger average
pore diameter, exhibited a higher thermal stability [65]:

Calcination = Sggrofaunimodal Sggt of a bimodal
temperature, K sample, m?/g sample, m?/g
973 65 76
1273 9 20
1373 — 9

The character of changes in the texture character-
istics of the samples is of importance in performing
reduction cycles [62]: on going from fresh to reduced
samples, the isotherms of adsorption changed from
type IV to type II. In all cases, porosity decreased after
a reductive treatment. The specific surface area
decreased in the course of consecutive reduction
cycles; however, the degree of this decrease depended
on the ratio between the components in the Ce—Zr—0O
system. After performing consecutive reduction
cycles, the texture characteristics of compositions with
the ratios CeO,/ZrO, = 80 : 20 and 50 : 50 were con-
siderably impaired, whereas these changes were insig-
nificant at the ratio CeO,/ZrO, = 15 : 85.

Redox Properties

The capability to reduction and OSC are very
important characteristics of Ce, _,Zr,0,_5 systems
[53, 62, 66—68]. There are two peaks in the spectrum
of the temperature-programmed reduction with
hydrogen (H, TPR) of fresh CeO,; one of them corre-
sponds to surface reduction (~773 K), whereas the

IVANOVA
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Fig. 8. OSCs of various cerium—zirconium oxides mea-
sured at 673 K after the introduction of the first pulse of O,

[73].

other corresponds to bulk reduction (~1073 K) [67,
69, 70]. After reductive aging at 1323 K, the signs of
low-temperature reduction, which corresponded to
about 20% surface, were retained.

The reduction pattern of a Ce,_,Zr,O,_5 solid
solution was different: in this case, the low-tempera-
ture peak remained unchanged after high-temperature
aging, although Sy considerably decreased. A peak
at ~950 K appeared in the H, TPR spectrum upon the
reduction of the Ce (Zr, ,O, solid solution, which was
prepared by mixing the corresponding components
followed by thermal treatment at 1873 K for 1 h [71].
The total H, uptake was 8.2 ml/g and corresponded to
the final empirical formula Ce ¢Zr,, 4O, o4. The coeffi-
cient & in the equation

Cel _erx02 + 6H2 = Cel _erx02 -3 + 8H20 + 81/0

X)
depends on the ratio between components in the solid
solution and is almost independent of the surface area
(Fig. 7) [72]. A higher degree of reduction resulted in
an increase in the intensity of oxygen exchange in solid
solutions, as compared with a pure oxide [53]. The
total degree of reduction characterized the relative
concentration of oxygen thermodynamically accessi-
ble at a given temperature.

The specific activity of the Ce—Zr—O composition
can be better described by the amount of oxygen
absorbed and released by the system in a pulse mode
(the consecutive treatment of a sample with oxidizing
and reducing mixtures) under real conditions, for
example, in the operation of an automobile engine.
The results indicate that solid solutions with an inter-
mediate composition can accumulate, store, and
release O, (OSC) to the greatest extent. As an exam-
ple, Fig. 8 shows the behavior of Ce—Zr—O solid solu-
tions upon the dosed supply of dynamic pulses of oxy-
gen for the oxidation of CO [73]. The Ce;sZr, 0,
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composition is considered an optimum. The reason
can be that a balance between the number of reduced
centers (Ce atoms) and structural characteristics
occurred in this composition. Moreover, it was found
[74] that OSC increased with x in the series of
Ce,_,Zr,0,_;5 samples. In fact, the OSC of the
Cey 321,370, sample was higher than the correspond-
ing value for CeO, by a factor of about 4. As a rule, an
optimum value of OSC was observed in the range of
0.2<x<0.4[74]. A comparison (Fig. 9) showed that
the value of OSC at 673 K was proportional to the
number of surface oxygen sites. Ce 4321 3,0, exhib-
ited a maximum number of surface superoxide sites.

Thus, we can conclude that sites of the O, type can
participate in oxygen transfer and storage. Descorme
et al. [75] used IR spectroscopy to study the following
three different superoxide sites on the surfaces of CeQO,

and Ce, (321, 3,0,: '°0;, '°0"°0", and "*0;. Theoretical
calculations and the results of previous experiments

[76, 77] suggest that the states *0"0" and 180; can be
responsible for absorption bands at 1094 and
1062 cm™!, respectively. Surface superoxide sites can
be formed as a result of the interaction between molec-
ular oxygen and the reduced Ce?* site. Interactions of
this type will result in the reoxidation of Ce3* to Ce**

followed by the formation of O, sites.
Lietal. [76, 77] observed the formation of peroxide

sites (05‘) on a prereduced surface. They believed that
this could be a consequence of interactions between
molecular oxygen and two neighboring Ce3* sites. In
fact, superoxides can be considered as virtual interme-
diates in the full cycle of Ce, _,Zr,O, _ s reoxidation, in
which surface electrons were intensely transferred to
the oxygen molecule [75]:

02 gas 02 ads O2ads (SuperOXIde)

— Oj(peroxide) —= 20,4, — 201 ice-

Ce—Zr—M—0O SYSTEMS
Ce—Zr— M—0O Systems with Transition Metals

It is well known that CeO, reacts with the transition
metal oxides MnO,, NiO, and CuO to form solid solu-
tions [78—84]. Cerium dioxide forms a solid solution
with the fluorite structure with cations with smaller
ionic radii (Cu**, Mn3**, and Mn**) in a limited region
of compositions.

The phase composition of CeO,—MnO, prepared
by precipitation and calcined at 650°C depended on
the ratio between the components [79—82]: at
Mn/(Ce + Mn) <£0.5, a cubic solid solution with the
fluorite structure was formed, whose particle size of
increased with treatment time, whereas an additional
phase of Mn,0O; appeared at Mn/(Ce + Mn) >0.75. At
the same time, the ratio between the components
affected only slightly the texture characteristics of the
No. 6
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Fig. 9. Correlation between OSC at 673 K and the concen-
tration of superoxides formed after oxygen adsorption on
the series of preoxidized Ce,Zr _ O, oxides at room tem-

perature [74]. The concentration of superoxides was deter-

mined from an absorption band at 1126 cm™! in the IR
spectrum.

samples [80, 81]: as the fraction of manganese was
increased from 20 to 50%, the value of Sy increased
from 48 to 74 m?/g, and the pore volume and the aver-
age pore diameter remained within the ranges of 0.11—
0.14 cm?/g and 64—98 A, respectively.

Lamonier et al. [83] studied the series of CeM,O,
(M = Ni or Cu) oxides prepared by precipitation and
calcined in air at 573 and 1073 K. The introduction of
small amounts of Ni or Cu facilitated an increase in
Sger- Depending on the nickel content, the oxides
CeNi,O, can be subdivided into two groups [83, 84]: at
x < 0.5, solid solutions were formed with Ni** ions
inserted into the lattice of CeO,, whereas composi-
tions in which NiO was crystallized along with a solid
solution were formed at x > 0.5. The Cu/Ce atomic
ratio on the surface of CeCu, O, oxides depends on the
depth of analysis. The experimental results can be
explained by the formation of CuO and/or small par-
ticle size of CuO and the insertion of the Cu?* ion into
the cerium dioxide matrix. At a low copper content
(x< 0.5), CuO was not formed; this oxide appeared
along with CeCu,O, at a higher Cu/Ce ratio.

The introduction of Ni** or Cu?* into cerium diox-
ide decreased the temperature of reduction, as com-
pared with pure CeO,. Because, according to pub-
lished data [84], the reduction of a solid solution
resulted in the coexistence of M?, M+, M2+, Ce3*, and
Ce**, it is believed that the process passed through the
following steps:

(1) M?*, which occurred in the structure of a solid
solution, was reduced to M+ or M?;

(2) as a result of water release, new anionic vacan-
cies in the lattice of CeO, were generated;
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Table 4. Effect of rare earth element additives on the stability of the Ce—Zr—O system [91]

SBET (m?/g) after calcination at temperature, K
Composition, wt %

1173 1273 1373 1473
70Ce0,—30Zr0O, 45 20 <1
58Ce0,—427r0O, 45 19 4 <1
60Ce0,—30Zr0,—3La,05—7PrcOy; 56 40 23 6
20Ce0,—75Zr0,—2.5La,0;—2.5Nd, 0, 65 44 10 <1

(3) the simultaneous reoxidation of M? or M* was
accompanied by the reduction Ce** — Ce?*;

(4) anionic vacancies were occupied by H, with the
possible formation of hydride complexes.

The reduction of M?* or M* in a solid solution
occurred at lower temperatures, as compared with the
reduction of Ce**, to facilitate the formation of a
greater number of anionic vacancies [85]. Takeguchi
etal. [86] studied the reducing properties of the
NiO/Ce0O,—Zr0, system and found that, upon the
addition of a small amount (0.6 wt %) of NiO, the
peak of H, absorption in the TPR spectrum of the
NiO/Ce 521, 50, sample shifted toward lower tem-
peratures (from 653 to 543 K). As the fraction of NiO
was increased to 12.4 wt %, a further increase in the
reduction temperature to 453 K was observed. Take-
guchi et al. [86] believed that NiO promoted the
reduction of the sample. The low-temperature reduc-
tion of the support also occurred in the simultaneous
occurrence of Ni and platinum group metals; usually,
this was explained by the effect of hydrogen spillover
[87, 88].

Ce—Zr—M—0O Systems with Rare Earth Elements

It was demonstrated above that, as a rule, the
Ce, _,Z1,0,_ 5 systems with x from 0.2 to 0.4 exhibited
the highest oxygen capacity. However, because CeQO, is
comparatively expensive, the recent trend has been
toward decreasing its concentration in the test compo-
sitions on condition that the fluorite structure is
retained. From a phase diagram, it follows that the for-
mation of a solid solution with a tetragonal structure
became possible as the fraction of cerium dioxide was
decreased; consequently, the fluorite structure should
be additionally stabilized. It is well known [89] that
alkaline earth or rare earth element ions can serve as
stabilizers. Of rare earth elements, Y. La, and Pr are
best suited for the preparation of solid solutions with
cerium—zirconium oxides [67, 90].

The introduction of the trivalent cations Y>* or
La** into the lattice of a Ce—Zr—O solid solution
makes it possible to retain its cubic structure at a low
CeO, content (30 mol %). All of the resulting samples
exhibited relatively high Sget (70—75 m?/g) and con-

sisted of particles of size 5—7 nm; that is, modification
had almost no effect on the above characteristics.

The introduction of lanthanum cations decreased
the consumption of hydrogen in the course of TPR,
whereas the introduction of yttrium increased it. At
the same time, the temperature at which a maximum
rate of reduction was reached (T,,,,) did not depend on
the presence or absence of a trivalent cation.

The Ce—Zr—Pr—O composition containing 70 wt %
CeO,, 30 wt % Zr0,, and 5 wt % Pr,0,, was more sta-
ble than the above system with no Pr [67]. In this com-
position, unlike Ce—Zr—O, phase segregation did not
occur after aging in air at 1323 K, and Sgpt remained
unchanged or even somewhat increased after reduc-
tion and aging. The simultaneous introduction of lan-
thanum and neodymium or lanthanum and praseody-
mium into the Ce—Zr—O system even greater
increased its thermal stability (Table 4) [91]. However,
an increase in thermal stability was not accompanied
by an increase in the OSC of the Ce—Zr—Pr—O com-
position, as compared with the Ce—Zr—O oxide.
Thus, the introduction of ~5 wt % praseodymium into
the Ce—Zr—O system stabilized the fluorite structure
more efficiently than the introduction of yttrium or
lanthanum, but it had no effect on the character of
reduction and, consequently, on the value of OSC.

The simultaneous yttrium and lanthanum promo-
tion of Ce—Zr—O compositions with the Ce/Zr ratios
from 0.26 to 0.62 facilitated the formation of a single-
phase solid solution with the fluorite structure at
873 K, which was retained after heating at 1423 K
[48]. On the one hand, the stabilization effect of the
fluorite structure upon the simultaneous introduction
of Y>* and La3* cations was due to their ionic radii,
which are greater than the ionic radii of Ce** and Zr**
and approach the ionic radius of Ce3*. On the other
hand, the above cations form solid solutions with the
fluorite structure with cerium and zirconium dioxides
[90, 92].

The specific surface area of (Ce, Zr, Y, La)O,_,
solid solutions also mainly depends on treatment tem-
perature: Sgpr = 50—80 and 0.6—0.8 m?/g at 873 and
1423 K, respectively. The temperature-programmed
reduction of samples calcined at 873 K with hydrogen
occurred in two steps; this may be explained by the ini-
tial occurrence of surface reduction and then bulk
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Fig. 10. Diffraction patterns of cerium—zirconium samples from series M [101].

reduction. The samples with the ratios Ce/Zr = 0.26
and 0.40 calcined at 1423 K were reduced in a single
step at 980 and 859 K, respectively; in this case, the
lower the Ce/Zr ratio, the higher the degree of reduc-
tion.

The additional introduction of transition metal
cations (Mn, Fe, and Co) into this complex composi-
tion did not change the structure of the samples if they
were precipitated at room temperature [93]. In the
samples of Ce—Zr—Y—La—Fe(Co)—O precipitated at
343 K and calcined at 1423 K, two solid solutions with
cubic and tetragonal structures were formed. The
presence of transition metal cations in Ce—Zr—Y—
La—M—0 samples facilitated a decrease in the reduc-
tion temperature and the appearance of a low-temper-
ature peak in the H, TPR spectrum in the range of
423—573 K. Cobalt is the most efficient additive. An
analogous effect was also observed in the samples con-
taining platinum group metals.

N/Ce—Zr—0 Systems with Rh, Pd, and Pt

According to published data [94—98], the
Ce, _,Zr1,0, solid solution is a good support for plati-
num group metals, which serve as catalysts for the
reactions of complete methane oxidation, methane
and ethanol reforming, etc. The reduction of cerium—
zirconium compositions containing these metals
occurred at lower temperatures. That is, the presence
of platinum group metals, as well as transition metals,
facilitated the low-temperature reduction of the bulk
of solid solution because of the spillover of hydrogen,
which was transferred from the metal additive to the
Ce-containing component [99, 100]. The degree of
this effect depends on both the Ce—Zr—O preparation

KINETICS AND CATALYSIS  Vol. 50
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method and the supporting and concentration of a
platinum group metal.

Ho et al. [101] compared the properties of
Pd/Ce, Zr, _, 0O, catalysts with a Pd content of 0.8 wt %,
which were different in support synthesis procedures.
The cerium—zirconium supports were prepared by two
procedures: (1) template synthesis from a mixture of
Zr(OC;H;), + (NH,),Ce(NO;), in the presence of
cetyltrimethylammonium bromide (CTAB) (series
M) and (2) coprecipitation of the solutions of CeCl,
and ZrCl, (series C). The prepared samples were dried
and calcined at 973 K. Palladium was supported by
impregnating the support followed by thermal treat-

111

L | | 1 | |
27 28 29 30 31 32
20, deg

Fig. 11. Diffraction patterns of Pd/Ce ¢Zr; 4O, samples
from series M and C.
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Table 5. Effect of treatment temperature and preparation procedure on the texture characteristics of Pd/Ce ¢Zr, 40, samples [101]

Sample ten{;ﬁgﬁé& K SBET> m?/g V,cm3/g Pore diameter, nm
Pd/Ce ¢Zr( 40, (ser M) 773 131 0.14 4.2
873 103 0.18 7.0
973 69 0.16 10.0
1073 57 0.14 10.1
Pd/Ce ¢Zr1( 40, (ser C) 973 21 0.05 10.8

Table 6. Structure, texture, and catalytic properties of Pd/Ce ¢Zr, 40, samples prepared by various methods [101]

Preparation method

Rate of CO oxidation at 60°C, mols~! g~!

Ts5o, K
T905 K
Sger at 973 K, m?/g

Crystal structure

M C
5.3x 1077 1.9 x 1077
338 370
348 393
69 21
cubic cubic + tetrahedral

ment. According to XRD data, the supporting of pal-
ladium onto the Ce—Zr—O composition from series M
did not cause structural changes in the samples (Fig.
10); the structure depended on the CeO, content. An
increase in the fraction of CeO, from 20 to 80% was
accompanied by a structural transformation from tet-
ragonal to cubic; the PdO phase was absent. However,
the structures of Pd/Ce, (Zr, 40, samples from series
M and C were different (Fig. 11): (111) peak asymme-

H, uptake

i

500 600 700 800
Temperature, K

Il
300 400

Fig. 12. H, TPR curves of samples prepared by the precip-
itation of palladium (17% Pd) [102]: (1) Pd/CeO,, (2)
Pd/CeygZry0,,  (3)  Pd/CeisZry,0,, (9
Pd/CeO_SZr0.502, and (5) Pd/Zr02

try in the spectrum of the sample from series C sug-
gests the presence of a tetragonal solid solution based
on ZrO,, whereas this peak in the spectrum of the
sample from series M had a symmetric shape, which
suggests the formation of a cubic solid solution based
on CeO,. The texture characteristics of samples pre-
pared by both of the procedures were different (Table
5). In samples from series M, Sggr decreased with
treatment temperature; the average pore diameter
increased, and the pore volume nonmonotonically
changed. The specific surface area and pore volume of
samples from series M and C calcined at 973 K dif-
fered by a factor of about 3, whereas the average pore
diameters were similar. Consequently, the introduc-
tion of CTAB at the support preparation stage allowed
one to prepared more dispersed and thermally stable
Pd-containing catalysts, which had an increased
activity (Table 6). The temperatures at which 50 and
90% conversions were reached (75, and Ty, respec-
tively) were 338 and 348 K, respectively, for this sam-
ple. In this case, the rate of CO oxidation on this cat-
alyst was higher by a factor of 2.8 than that on the sam-
ple whose support was prepared by coprecipitation.

An increase in the Pd content to 17 wt % and a
change in the supporting procedure from precipitation
(prec) to impregnation (impr) resulted in changes in
the phase composition and the redox properties of the
Pd/Ce, _,Zr,0, catalyst [102]. According to XRD data,
the Pd/Ce, _,Zr,O,(prec) and Pd/Ce,_ Zr,O,(impr)
with a Pd content of 17 wt % dried at 373 K for 24 K
and calcined at 723 K for 3 h had the fluorite structure
[102], whose unit cell parameter is a = 5.412 A. The
exception is the Ce,3Zr,,0, catalyst, in which a =

KINETICS AND CATALYSIS  Vol. 50

No. 6 2009



PHYSICOCHEMICAL AND CATALYTIC PROPERTIES OF SYSTEMS BASED ON CeO,

5.364 A. Note that the structures of ZrO, and PdO are
different from cubic. The PdO phase was detected
only in the Pd/Ce, 3Zr, ,O,(impr) sample rather than
in Pd/CeO,(prec) and Pd/Ce, ¢Zr, ,0,(prec). The pro-
cedure of supporting Pd strongly affected its average
particle size [102]: it was 5—6 nm in the
Pd/Ce, 3Zr,,0,(prec) sample; this size is smaller than
that in Pd/Ce 3Zr,,0,(impr) and Pd/CeO,(prec).

After the reduction of the Pd/CeO,(prec),
Pd/Ce, ¢Zr, ,0,(prec), and Pd/Ce,Zr,,0,(impr) at
673 K for 1 h, the XRD spectrum exhibited a peak due
to Pd’. The unit cell parameters of Pd/Ce,(Zr,,0,
(prec) and Pd/Ce ¢Zr, ,0, (impr) became somewhat
larger, and those of Pd/CeQO, (prec) remained almost
unchanged.

The H, TPR curves of Pd/Ce, _,Zr,0, (impr) (x =
0, 0.1, 0.2, 0.5) show a peak in the temperature range
from 373 to 423 K, which is assignable to Pd** reduc-
tion (Fig. 12) [102]. Moreover, upon the reduction of
samples with different Ce/Zr ratios prepared by palla-
dium precipitation, peaks in the region of 600—700 K
appeared; these peaks suggest the partial reduction of
the support Ce,_,Zr,0, (Ce*" — Ce*"). The H,
TPR curves of the Pd/CeO,(prec) and Pd/ZrO,(prec)
samples exhibited no peaks due to the reduction of
Ce(Zr)0O, at temperatures higher than 873 K (Fig. 12).
Thus, as the Zr** content was increased, the Ce** re-
duction peak shifted toward lower temperatures. The
introduction of the Zr** cation into the CeO, lattice
facilitated the formation of defects both on the surface
and in the bulk, and these defects increased the mobil-
ity and diffusion of oxygen in the lattice; in turn, this
facilitated the reduction of Ce*" in the CesZr,,0,
solid solution [10]. According to published data [103,
104], the joint action of Zr** and Pd?* facilitated the
reduction of Ce*" in the Pd/Ce ¢Zr,,0,(prec) sample
at 600—700 K.

The character of reduction of N/CecZr1 3,0,
samples, where N = Rh, Pd, or Pt, also depends on the
nature of the metal [105]. The predominance of low-
temperature reduction was typical of all of these sam-
ples. In the -case of Pd/Cej¢”Zr1,5,0, and
Rh/Ce ¢sZr1, 5,0,, this was related to the previous
reduction of a supported platinum group metal oxide,
which made possible the spillover of hydrogen to facil-
itate the reduction of the support. In the
Pt/Ce 4321, 3,0, sample, the reduction of the support
occurred at a higher temperature because surface plat-
inum oxide is more difficult to reduce [106].

Let us consider the effect of the nature of the plati-
num group metal on an important characteristic of
cerium—zirconium systems such as OSC. Hickey et al.
[105] studied the N/Ce ¢3Zr, 3,0, and CeO, catalysts
and found that the mechanism of formation of their
ability to absorb, store, and release oxygen also
depends on the nature of the reducing agent (H, or
CO). With the use of H, as a reducing agent, consider-
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Fig. 13. IR spectra of CO adsorbed on (7) Ce gZr;,0,,
(2) 17% Pd/CeOy(prec), (3) 17% Pd/Ce( gZry ,0,(prec),
and (4) 17% Pd/Ce sZrj s0,(prec) after pumping at
room temperature for 30 min [102].

able values of dynamic OSC with the formation of
H,O were reached at room temperature. This was due
to the ability of hydrogen to spillover in the presence of
a metal that activates H,. In this respect, Rh, Pd, and
Pt were the most efficient. The higher thermal stability
of Ce, _,Zr,0, systems, as compared with CeO,, indi-
cated that the value of OSC remained significant even
after considerable reductive aging.

If CO was the reducing agent, the dynamic OSC
exhibited a complex behavior because the adsorption
and desorption of CO occurred in the course of surface
reduction. On the fresh (oxidized) Pt/Ce¢sZr, 3,0,
catalyst with a high Sygr, considerable values of OSC
were reached only at temperatures higher than 473 K.
If the catalyst was prereduced at 500 K, a noticeable
OSC effect with the participation of CO was observed
even at 373 K. At the same time, the OSC effect was
not detected on samples with low Syt below 673 K.
Unlike platinum and palladium, rhodium promoted
the reduction of the support with carbon monoxide.

The IR spectra of CO adsorbed on Ce¢Zr,,0,,
Pd/CeO,(prec), Pd/Ce 3Zr,,0,(prec), and
Pd/Ce sZr, ;0,(prec) were somewhat different
(Fig. 13). Upon the adsorption of CO on Ce ¢Zr, ,0,,
an absorption band at 1617 cm~! appeared, which cor-
responds to the formation of surface carbonates [107].
The introduction of Pd changed the character of CO
adsorption: the spectrum of Pd/CeQO,(prec) exhibited
absorption bands at 2072, 2099, 2030, 1955, 1840, and
1777 cm™'. The first five bands belong to the vibrations
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Fig. 14. Diffraction patterns of the following samples
[111]: (1) Pd/Al-Ce—O, (2) Pd/Al-Ce—La—0, (3)
Pd/Al-Ce—Ca—0, (4) Pd/Al-Ce—Zr—0O, and ()
Pd/Al-Ce—Mg—O.

of linear monocarbonyl, symmetric and asymmetric
dicarbonyls, and bridging CO, which was formed as a
result of a transformation of the linear form of this
oxide [108], whereas the absorption band at 1777 cm™!
can be attributed to the CO molecule bound to surface
palladium through an oxygen atom [109]. Upon the
adsorption of CO on Pd/Ce,4Zr,,0,(prec) and
Pd/Ce, sZr, s0,(prec), analogous absorption bands
appeared; however, the band due to linear CO com-
plexes shifted to 2088 and 2084 cm™', respectively.
Thus, the character of CO adsorption on the surfaces
of the test samples depended on the Ce/Zr ratio.

Pd/ALO; Pd/Al—Ce
Ty, °C: 349 346

Similar results were obtained in studies of the more
complicated 0.5% Pd/Ce—Zr—M/Al,O; systems
(M = Mg, Ca, Sr, Ba, Y, La, Pr, Nd, and Sm) [112,
113], in which the concentration of a cerium—zirco-
nium component (Ce/Zr = 1 : 4) was 18 wt %, which

Pd/Al-Ce—Mg Pd/Al—Ce—Zr
345 344 340 318

Pd/Ce—Zr—M—0/Al,0; Systems with Alkaline Earth
and Rare Earth Elements

The cerium—zirconium composition in combina-
tion with aluminum oxide is of considerable practical
importance. A typical TWC consists of a honeycomb
cordierite support and a supported layer several tens of
micrometers in thickness (washcoat), which contains
Al,0; as a support for noble metals, mainly Pt(Pd) and
Rh in a ratio of 5 : 1 and a Ce—Zr—O composition as
an oxygen buffer material [110]. Therefore, attention
has been focused on studying the formation of these
complex systems.

Xiao et al. [111] prepared 2% Pd catalysts by the
deposition of palladium onto a support precalcined at
873 K; the support contained 70 wt % Al,O; + 30 wt %
(Ce0,—MO,), where M = Mg, Zr, Ca, or La. In turn,
the support was synthesized by the precipitation of
cerium nitrates and a corresponding component (at
the ratio Ce/M = 4) onto suspended y-Al,O; followed
by washing, drying, and calcination. Reflections due
to PdO or MO, were absent from the diffraction pat-
terns of the samples (Fig. 14). The general view of the
spectra suggests the formation of a solid solution with
the fluorite structure, whose unit cell parameters
increased with the ionic radius of the introduced M:
Pd/Al-Ce—Mg—O < Pd/Al-Ce—Zr—O < Pd/Al—
Ce—0O < Pd/Al-Ce—Ca—O < Pd/Al-Ce—La—O.
Moreover, although the fraction of Al,O; in the given
composition was higher than the fraction of a Ce-con-
taining component, the Al,O; peak intensity was insig-
nificant. As was found using XRD analysis, the parti-
cle size of the solid solution in the Pd/Al—Ce—O sam-
ple was 12 nm, and it decreased to 7.6 nm upon the
introduction of La. The palladium particle size, which
was measured using the chemisorption of CO, also
decreased from 5.1 to 2.9 nm upon the introduction of
promoting additives in the order Pd/Al,O, < Pd/Al—
Ce—O < Pd/Al-Ce—Mg—0O < Pd/Al-Ce—Zr—0O =~
Pd/Al-Ce—Ca—0O < Pd/Al-Ce—La—O. Thus, the
introduction of promoting additives into a Ce-con-
taining component increased the degree of dispersion
and, consequently, the activity of Pd [111]. Indeed,
the activity of catalysts in the reaction of CH, oxida-
tion changed in the same order as the degree of disper-
sion of Pd:

Pd/Al-Ce—Ca Pd/Al—Ce—La

is lower than that in [111] by a factor of ~1.7. More-
over, the concentration of M was also lower. The cata-
lysts were prepared by the impregnation of the support
calcined at 1173 K with a solution of H,PdCl, fol-
lowed by drying and calcination at 773 K. The support
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Table 7. Specific surface areas of supports and Pd/Ce—Zr—M—0/Al,O5 catalysts [112, 113]

Support calcined at 1173 K SBET» m?/g Catalyst calcined at 1373 K SBET» m?/g
Al,O3 98 Pd/Al,0O; 25
Ce—Zr—0/Al,05 106 Pd/Ce—Zr—0O/Al,04 49
Ce—Zr—Mg—0/Al,04 111 Pd/Ce—Zr—Mg—0/Al,04 52
Ce—Zr—Ca—0/Al, 03 112 Pd/Ce—Zr—Ca—0/Al, 04 54
Ce—Zr—Sr—0/Al,04 116 Pd/Ce—Zr—Sr—0O/Al,04 60
Ce—Zr—Ba—0/Al,0, 118 Pd/Ce—Zr—Ba—0/Al,0, 63
Ce—Zr—Y—0/Al,04 116 Pd/Ce—Zr—Y—0/Al,0O; 60
Ce—Zr—La—0O/AlL,04 111 Pd/Ce—Zr—La—0/Al,04 58
Ce—Zr—Pr—0/Al,0; 115 Pd/Ce—Zr—Pr—0/Al,0, 54
Ce—Zr—Nd—0O/Al,04 118 Pd/Ce—Zr—Nd—0O/Al,O4 55
Ce—Zr—Sm—0/Al, 0, 116 Pd/Ce—Zr—Sm—0O/Al,04 56
Table 8. Effect of catalyst composition on catalyst reduction under H, TPR conditions [112, 113]
a peak [ peak Y peak
Catalyst calcined at 773 K H, uptake, K H, uptake, _— H, uptake, K
mmol/g o mmol/g B> mmol/g v
Pd/Al,O; 46.1 284 - - - -
Pd/Ce—Zr—0/Al,04 24.5 308 13.5 318 8.5 375
Pd/Ce—Zr—Mg—0/Al, 0, 17.1 291 13.8 317 14.9 370
Pd/Ce—Zr—Ca—0/Al,04 38.5 290 — — 14.6 374
Pd/Ce—Zr—Sr—0/Al,04 17.5 291 14.9 321 15.0 374
Pd/Ce—Zr—Ba—0/Al, 0, 17.9 291 15.3 313 14.8 373
Pd/Ce—Zr—Y—0O/Al,0; 12.2 291 21.8 321 13.8 376
Pd/Ce—Zr—La—0/Al,04 37.6 312 - - 7.3 378
Pd/Ce—Zr—Pr—0O/Al,04 28.5 308 3.6 316 14.8 371
Pd/Ce—Zr—Nd—O0/Al,04 3.5 288 28.8 316 12.5 371
Pd/Ce—Zr—Sm—0/Al,0, 5.2 291 28.2 318 12.5 372

was prepared by the impregnation of pseudoboehmite
with a mixed solution of Ce, Zr, and M nitrates in a
specified ratio. As can be seen in Table 7, the introduc-
tion of Ce—Zr—O or Ce—Zr—M—0 components into
Al,O; facilitated an increase in the Sppr of not only the
support but also the catalyst. In this case, the specific
surface area only slightly depended on the nature of M.

According to XRD data, these catalysts did not
contain Pd or PdO phases; this was likely due to the
low palladium content of the catalysts. The supports
calcined at 1173 K were a combination of cubic and
tetragonal solid solutions and y-Al,O;. An increase in
the treatment temperature to 1373 K only increased
the degree of crystallinity of the solid solutions and led
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to the formation of 6-Al,05. Thus, the introduction of
Ce—Zr—0 or Ce—Zr—M-0O compositions into alu-
minum oxide stabilized the low-temperature alumina
species and prevented the formation of a-Al,O; and
CeAlO;.

Yue et al. [112, 113] performed electron-micro-
scopic studies and found that the average particle sizes
of Pd in the Pd/Ce—Zr—Ca—0/Al,O; and Pd/Ce—
Zr—0/Al,O; samples calcined at 773 K were 8 and
10 nm, respectively. After treatment at 1373 K, these
sizes increased to 14 and 25 nm, respectively. Conse-
quently, the additive of Ca inhibited the agglomeration
of Pd particles. With the use of H, TPR, it was found
(Table 8) that Pd/Al,O; was readily reduced at 284 K.
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Table 9. Effect of catalyst composition and treatment temperature on catalytic activity in the reaction of methane oxidation

[112, 113]

Catalyst calcined at 773 K Tso, K Catalyst calcined at 1373 K Ty, K
Pd/Al,O4 629 Pd/Ce—Zr—Y—0/Al,0, 641
Pd/Ce—Zr—Ca—0/Al,04 633 Pd/Ce—Zr—Sm—0/Al,04 651
Pd/Ce—Zr—Y—0/Al,04 633 Pd/Ce—Zr—Ca—0/Al,O; 663
Pd/Ce—Zr—Ba—0/Al,0, 641 Pd/Ce—Zr—Nd—0/Al,O; 663
Pd/Ce—Zr—Mg—0/Al,0, 647 Pd/Ce—Zr—Pr—0/Al,O; 668
Pd/Ce—Zr—Sr—0/Al,05 647 Pd/Ce—Zr—Mg—0/Al,04 678
Pd/Ce—Zr—Sm—0/Al,04 647 Pd/Ce—Zr—Sr—0/Al,04 678
Pd/Ce—Zr—Nd—0O/Al,O; 651 Pd/Ce—Zr—0/Al,04 683
Pd/Ce—Zr—0/Al,0, 663 Pd/Ce—Zr—Ba—0/Al,0, 683
Pd/Ce—Zr—Pr—0/Al,04 663 Pd/Ce—Zr—La—0/Al,04 683
Pd/Ce—Zr—La—0/Al,04 668 Pd/Al,04 723

The H, TPR curves of the Pd/Ce—Zr—M—0/Al,0,
samples exhibited three peaks in the temperature
ranges of 288—312, 316—321, and 370—378 K (a, B3,
and y peaks, respectively). Yue et al. [112, 113]
assumed that the o peak corresponds to the reduction
of PdO supported on the Al-containing component,
the B peak corresponds to the reduction of PdO on the
Ce—Zr component, and the y peak corresponds to the
reduction of Pd stabilized by zirconium dioxide. An
analysis of data given in Table 8 indicated that, upon
the introduction of Ce—Zr—0O or Ce—Zr—M—0 com-
positions (M = La or Pr) into Al,O;, the temperature
at which the a peak appeared (7,,) increased, whereas
the introduction of Ce—Zr—M—0, where M = Mg,
Ca, Sr, Ba, Y, Nd, or Sm, decreased this temperature
to 288—391 K. Thus, in the majority of cases, the pres-
ence of M in a Ce—Zr composition facilitated the
reduction of PdO distributed over the Al-containing
component.

The activity of the catalysts in the reaction of meth-
ane oxidation depended on the nature of the intro-
duced components and on the treatment temperature
(Table 9) [112, 113]. The temperature at which 50%
CH, conversion was reached varied from 629 to 668 K
depending on the nature of the catalyst calcined at
773 K. The most active catalyst was Pd/Al,O;. Upon
the introduction of Ce—Zr—Ca(Y)—O additives into
Al,Os, the activity of the catalyst became comparable
to the activity of Pd/Al,O5; Ce—Zr—Pr(La)—O addi-
tives were less effective. A comparison of the activity of
these samples with their reducing properties suggests a
correlation between Ty, and T,: the lower T, the
higher the activity and vice versa. In turn, a decrease in
T, can be due to an increase in the degree of dispersion
of PdO, which depends on the nature of the intro-
duced additive. An increase in the catalyst calcination
temperature to 1373 K changed the catalyst activity

order: the Pd/Ce—Zr—Y—0/Al,O; catalyst became
the most active, whereas Pd/Al,O; became less active.
Thus, the introduction of a Ce—Zr—Y—0 additive into
aluminum oxide allows one to obtain an active and
stable Pd-containing catalyst for CH, oxidation.

Thus, the results of the above studies allow us to
make the following conclusions:

(1) A cubic solid solution with the fluorite structure
is formed in the Ce, _,Zr, O, system at x < 0.5, and the
stability of this solid solution depends on preparation
procedure and treatment conditions (temperature and
atmosphere). The subsequent introduction of transi-
tion metals (Mn, Ni, and Co) or rare earth elements
(La, Y, Pr, and Nd) in a certain concentration into the
Ce—Zr—O0 binary system facilitates the formation of a
single-phase solid solution with the fluorite structure
and extends the region of its occurrence. The intro-
duction of platinum group metals (by precipitation or
impregnation methods) has no effect on the structure
of the solid solution.

(2) The texture characteristics of the Ce—Zr—O
system mainly depend on thermal treatment condi-
tions: the Syer of the samples decreases with calcina-
tion temperature; in this case, the main decrease
occurred in the first hours of treatment. The action of
steam at 1273 K results in a dramatic decrease in Sggr
to 3—5 m?/g. A decrease in the specific surface area is
also observed after reduction cycles. The total pore
volume of fresh samples depends on the Ce/Zr ratio
and treatment temperature and varies over the range of
0.2—0.3 cm3/g. Upon the introduction of transition
metals or rare earth elements, Sgpr increases or
remains unchanged on the thermal treatment of the
samples.

(3) The introduction of the isovalent Zr** cation
increases the amount of lattice defects both on the sur-
face and in the bulk of CeO,. The presence of defects
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facilitates an increase in the mobility of oxygen and its
diffusion in the lattice to stimulate the reduction of
Ce*t in the Ce, _,Zr,0, solid solution. The amount of
hydrogen consumed for the reduction of the sample
depends on the composition, but it is independent of
Sget- The value of OSC for Ce, _,Zr, O, samples with
0.2 < x £ 0.4 is higher than the OSC of individual
cerium dioxide by a factor of about 4. The introduc-
tion of M"* into the lattice of Ce, _,Zr, O, _; facilitates
a decrease in the reduction temperature of the com-
plex oxide system because of the formation of anion
vacancies. In this case, the reoxidation of M* or M° to
M"+ facilitates the reduction of Ce** to Ce3*. The
introduction of rare earth elements into the lattice of
Ce, _,Zr,0,_; has almost no effect on the reduction
temperature of the complex oxide composition,
whereas a low-temperature peak due to the reduction
N3+ — NV appears in the TPR curves upon the intro-
duction of platinum group metals.

(4) The adsorption and catalytic properties of the
Ce—Zr—M—0O and N/Ce—Zr—O (N is a platinum
group metal) systems depend on the presence of anion
vacancies and the ease of the transitions Ce*t == Ce3*
and M+ — N+ Charged oxygen species are formed
upon the adsorption of molecular oxygen. Surface car-
bonate structures are formed upon the adsorption of
CO on Ce, _,Zr,0,; a considerable energy is required
to destroy these structures because the degradation
involves oxygen—oxide bond rupture. At elevated tem-
peratures, the decomposition of surface carbonates
with the formation of CO, occurs rapidly. Upon the
adsorption of CO on N/Ce, _ ,Zr,0,, linear monocar-
bonyl complexes; bridging CO sites; and, probably, the
complexes of carbon bound to palladium on the sam-
ple surface through the oxygen atom appear. The
decomposition of these groups occurs at a lower tem-
perature.
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