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In recent years, much attention has been focused on
so-called three-way catalysts (TWCs,

 

Pt(Pd)/Ce

 

1 

 

−

 

 

 

x

 

Zr

 

x

 

O

 

2 – 

 

x

 

/support), which serve to simulta-
neously convert the hydrocarbons, CO, and 

 

NO

 

x

 

 in
automotive exhaust. The conditions under which these
catalysts operate are specific in that the composition of
the exhaust gas is unsteady because of the variation of
the fuel/air ratio. The catalysts are known to be most
efficient when the ratio between the oxidizing and
reductive components in the gas mixture is stoichio-
metric [1]. Deviations from stoichiometry reduce the
activity of the catalyst [2, 3]. Therefore, new
approaches to the formulation and synthesis of automo-
tive catalysts are necessary. A possible approach is to
promote the cerium–zirconium oxide system with rare-
earth and transition metal cations [4–6] in order to
enhance both thermal stability and activity.

Among the rare-earth metals, yttrium and lantha-
num are the most appropriate for stabilizing the fluorite
structure of the Ce–Zr–O compositions [4, 7]. Introduc-
ing their cations into 

 

Ce

 

1 – 

 

x

 

Zr

 

x

 

O

 

2 – 

 

x

 

 stabilizes the cubic
structure at a low cerium dioxide content (30 mol %).
The resulting solid solutions have a comparative high
oxygen storage capacity, as is indicated by hydrogen
temperature-programmed reduction (TPR) data [4].

The reduction of the cerium–zirconium oxide sys-
tems is also affected by transition metal cations. The
introduction of a transition metal into 

 

ëÂé

 

2

 

 or a Ce–
Zr–Y–O composition decreases the reduction tempera-
ture [5, 8]. Introducing 0.6 wt % NiO into Ce–Zr–O
shifts the reduction peaks to slightly lower tempera-
tures of 270 and 

 

380°ë

 

, and raising the NiO content to
12.4 wt % decreases the corresponding reduction tem-
peratures to 180 and 

 

320°ë

 

 [9]. It is, therefore, likely
that transition metals will increase the number of
vacancies, since their valence is lower than the valence
of the cerium or zirconium cation. Furthermore, the
redox properties of the system will be determined by
both the 

 

Ce

 

4+

 

/Ce

 

3+

 

 couple and the 

 

M

 

3+

 

/M

 

2+

 

 couple.

The purpose of this study was to obtain a fluorite-
type single-phase composition based on the Ce–Zr–Y–
La–O system and promoted by transition metal cations
(M = Mn, Fe, Co) and to study its catalytic and physic-
ochemical properties.

EXPERIMENTAL

Initial systems were precipitated from solutions of
appropriate amounts of metal nitrates with aqueous
ammonia at room and elevated temperatures (~23 and

 

70°ë

 

). The exceptions were the cobalt-containing sys-
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Abstract

 

—The effects of synthetic conditions, component ratios, and the nature of the transition metal on the
physicochemical and catalytic properties of Ce–Zr–Y–La–M–O (M = Mn, Fe, Co) systems are studied. The
Ce–Zr–Y–La–M–O samples precipitated at 

 

~23°C

 

 and calcined at 

 

600°C

 

 are single-phase and are solid solu-
tions with a fluorite structure, which persists upon calcination at 

 

1150°C

 

. The Ce–Zr–Y–La–Fe(Co)–O samples
precipitated at 

 

70°ë

 

 and calcined at 

 

1150°ë

 

 consist of two solid solutions, one cubic, and the other tetragonal.
The specific surface area (

 

S

 

sp

 

) of the samples precipitated at ~23

 

°

 

C and calcined at 

 

600°ë

 

 increases in the order
Ce–Zr–Y–La–O < Ce–Zr–Y–La–Mn–O < Ce–Zr–Y–La–Co–O 

 

≈

 

 Ce–Zr–Y–La–Fe–O. The specific surface
area of the samples precipitated at 

 

70°ë

 

 is independent of M and is ~110 m

 

2

 

/g. Calcination at 

 

1150°ë

 

 reduces

 

S

 

sp

 

 approximately by two orders of magnitude. The TPR of the unpromoted systems in 

 

H

 

2

 

 proceeds in two steps
at 600–650 and 750–840

 

°

 

C. The introduction of M decreases the reduction temperatures and gives rise to a
lower temperature peak between 150 and 300

 

°

 

C. The most effective promoter is cobalt. The fluorite-type cata-
lysts containing no noble metal are active in NO reduction (

 

X

 

NO

 

 

 

≈

 

 100%) at 

 

T

 

react

 

 = 400–450

 

°

 

C. The cobalt-
containing catalysts are the most active in the oxidation of CO (

 

X

 

max

 

 = 28%) and hydrocarbons (

 

X

 

max

 

 = 4.3%).
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tems, which were precipitated with aqueous KOH (2 N)
for the reason that cobalt ammines are soluble. The
resulting slurries were filtered, and the cakes were
washed with distilled water until the filtrate was free of
the nitrate ion. The resulting solids were dried in air and
then in an oven at 

 

110°ë

 

 for 12–14 h. Next, the solids
were heat-treated in flowing dry air at 

 

600°ë

 

 for 2 h and
then in a muffle furnace at 

 

1150°ë

 

 for 12 h.
The systems were analyzed for main components by

atomic absorption spectroscopy [10]. The constitu-
tional water content was derived from calcination loss
data. The calcination loss was determined as the ratio of
the weight of a sample dried at 

 

110°ë

 

 for 1 day minus
the weight of the same sample calcined at 600 or 

 

900°ë

 

for 4 h to the initial sample weight.
Thermal analysis was carried out in air on a Q1500D

or DTG-60H (Shimadzu) thermoanalytical system. The
sample weight was 500 mg (Q1500D) or 40 mg (DTG-
60H). The samples were heated from 18–21 to 

 

1200°ë

 

at a rate of 10 K/min. The temperature was measured
with an accuracy of 

 

±

 

5 K

 

; weight loss, with an accuracy
of 

 

±

 

1%

 

.
X-ray diffraction phase analysis was carried out

with a URD-63 diffractometer using 

 

Cu

 

K

 

α

 

 radiation fil-
tered with a graphite monochromator in the reflected
beam. Diffraction patterns were obtained by scanning
the 

 

2

 

θ

 

 = 10

 

°

 

–60

 

°

 

 range with 

 

τ

 

 = 0.05 (

 

2

 

θ

 

) increments at
a count time of 5 s per point. Unit 6 cell parameters
were calculated by least squares using the Polikristall
program package. The particle size of phases was deter-
mined by the Selyakov–Scherrer formula primarily
along the (220) direction. Diffraction patterns were
processed using the PCW.2.4 and Polikristall programs
[11, 12].

The specific surface area was determined by the
thermal Argon desorption method [13] with an accu-
racy of 

 

±

 

10%

 

.

Hydrogen TPR was varied out in a flow reactor. The
sample was heated from room temperature to 

 

900°ë

 

 at
a rate of 10 K/min. The hydrogen concentration in
argon was 10 vol %, and the flow rate was 40 ml/min.
The resulting 

 

H

 

2

 

O

 

 was frozen out at 

 

–80°ë

 

. The hydro-
gen was measured using a thermal-conductivity detec-
tor. The catalyst particle size was 0.25–0.50 mm, and
the sample weight was 0.2 g. Prior to reduction, the
samples were conditioned in oxygen at 

 

500°ë

 

 for 0.5 h.
The catalytic properties of oxide systems in CO and

hydrocarbon (

 

C

 

3

 

H

 

6

 

 and 

 

C

 

3

 

H

 

8

 

) oxidation and in NO
reduction were studied in a flow reactor in terms of the
conversion of the substrate into 

 

CO

 

2

 

 and 

 

N

 

2

 

. The reac-
tion mixture, which consisted of 0.16–1.80 vol % O

 

2

 

,
1.00 vol % CO, 0.015 vol % 

 

C

 

3

 

H

 

6

 

, 0.03 vol % 

 

C

 

3

 

H

 

8

 

,
0.35 vol % 

 

H

 

2

 

, 0.15 vol % NO, 10 vol % H

 

2

 

O, and He
as the balance gas, was passed through a catalyst bed
(0.63 cm

 

3

 

; particle size, 0.25–0.50 mm) at a VHSV of
48000 h

 

–1

 

. The reaction temperature was 400 or 450

 

°

 

C.
The initial reaction mixture and the products were ana-
lyzed on a Tsvet-500 chromatograph (Russia); NO and

 

NO

 

2

 

 were determined using an ECOM-Omega chro-
matograph with NO and 

 

NO

 

2

 

 detectors. We used the
Katana program to control all reactor units and to col-
lect and process reactor operation and chromatographic
data. Catalysts were tested at different values of the
redox potential 

 

R

 

 defined as

RESULTS AND DISCUSSION

 

Chemical and Phase Composition

 

Table 1 lists chemical composition data for samples
with different component ratios along with their short
designations. The constitutional water content of these

R
9 C3H6[ ] 10 C3H8[ ] CO[ ] H2[ ]+ + +

2 O2[ ] NO[ ]+
----------------------------------------------------------------------------------------.=

 

Table 1.  

 

Effect of the catalyst composition on the constitutional water content

Sample composition

 

T

 

precip

 

, 

 

°C Designation
H2O, mol/(mol solid)

∆, mol/(mol solid)
110–600°C 110–900°C

Ce0.18Zr0.69Y0.09La0.04O1.94 ~23 Ce0.18Zr0.69(23) 0.76 0.92 0.16

Ce0.21Zr0.64Y0.09La0.04Mn0.03O1.92 Ce0.21Zr0.64Mn(23) 0.77 0.86 0.09

Ce0.20Zr0.64Y0.09La0.04Fe0.03O1.92 Ce0.20Zr0.64Fe(23) 0.80 0.83 0.03

Ce0.22Zr0.61Y0.10La0.04Co0.03O1.91 Ce0.22Zr0.61Co(23) 0.80 0.83 0.03

Ce0.35Zr0.51Y0.10La0.04O1.93 Ce0.35Zr0.51(23) 0.72 0.90 0.18

Ce0.34Zr0.49Y0.09La0.04Mn0.04O1.92 Ce0.34Zr0.49Mn(23) 0.85 0.95 0.10

Ce0.33Zr0.51Y0.09La0.04Fe0.03O1.92 Ce0.33Zr0.51Fe(23) 0.83 0.91 0.08

Ce0.32Zr0.52Y0.09La0.04Co0.03O1.92 Ce0.32Zr0.52Co(23) 0.88 0.90 0.02

Ce0.30Zr0.55Y0.07La0.05Mn0.03O1.93 70 Ce0.30Zr0.55Mn(70) 0.95 1.15 0.20

Ce0.29Zr0.57Y0.07La0.04Fe0.03O1.93 Ce0.29Zr0.57Fe(70) 0.95 1.11 0.16

Ce0.30Zr0.57Y0.07La0.04Co0.02O1.94 Ce0.30Zr0.57Co(70) 0.96 1.07 0.11
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samples, determined from weight loss data in two tem-
perature ranges, depends on the composition and syn-
thetic conditions. It increases as the cerium dioxide
content is increased and as the precipitation tempera-
ture is raised (Table 1). The constitutional water con-
tents determined at 600 and 900°ë differ. The differ-
ence ∆ depends on the nature of the transition metal
(Table 1), decreasing in the order Mn  Fe  Co
for series of samples with similar compositions (Ce0.20–

0.22Zr0.61–0.64M or Ce0.32–0.34Zr0.51–0.55M). Furthermore,
introducing a transition metal into the Ce–Zr–Y–La–O
system favors the dehydroxylation of the surface, since
most of the constitutional water is eliminated at lower
temperatures (110–600°C) in the presence of a transi-
tion metal.

According to thermoanalytical data, the thermal
genesis of Ce0.35Zr0.51(23) and Ce0.34Zr0.49Mn(23) gives
rise to a low-temperature endotherm at 120°ë, which is
due to the elimination of physically adsorbed water,
and to exotherms at 340 and 480°ë for Ce0.35Zr0.51(23)
(Fig. 1a) and at 520°ë for Ce0.34Zr0.49Mn(23) (Fig. 1b).
The weight losses of these samples differ only slightly,
being 26 and 25% for Ce0.35Zr0.51(23) and
Ce0.34Zr0.49Mn(23), respectively. Thus, the phase transi-
tions in the materials examined are complete at ~500°ë
(Fig. 1).

Figure 2 shows the X-ray diffraction patterns from
samples containing different transition metals, all
obtained by precipitation at ~23°ë followed by heat
treatment at 600°ë. The diffraction patterns from the

Ce–Zr–Y–La–O materials show sets of reflections
characteristic of a cubic phase with a fluorite structure.
The unit cell parameter is 5.217 and 5.268 Å (Table 2)
for Ce0.18Zr0.69(23) (Fig. 2a) and Ce0.35Zr0.51(23)
(Fig. 2b), respectively; that is, the unit cell parameter
increases with increasing cerium dioxide content
(because  = 5.09 Å and  = 5.41 Å). Introduc-

ing a transition metal (Mn, Fe, Co) into the Ce–Zr–Y–
La–O system does not cause the formation of a new
phase; the diffraction pattern indicates the presence
only of a cubic phase (Fig. 2). However, the unit cell
parameter of this phase is smaller than the initial unit
cell parameter. This can be explained in terms of transi-
tion metal cations being incorporated into the lattice to
form a solid solution based on the Zr–Ce–Y–La–M–O
system. Raising the calcination temperature to 1150°ë
does not lead to any structural changes in the
Ce0.18Zr0.69 solid solution either, resulting only in a
slight decrease in its unit cell parameter (Table 2).

aZrO2
aCeO2

E
xo

E
nd

o

(‡)

120°C

340°C
480°C

T
DTA

DTG

TG

26%(b)520°C

120°C

T

DTA

DTG

TG

25%

Fig. 1. Thermoanalytical data for (a) ëÂ0.35Zr0.51 and (b)
Ce0.34Zr0.49Mn.
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Fig. 2. X-ray diffraction patterns from samples calcined at
600°C: (a) (1) Ce0.18Zr0.69, (2) Ce0.21Zr0.64Mn, (3)
Ce0.20Zr0.64Fe, and (4) Ce0.22Zr0.61Co; (b) (1) Ce0.35Zr0.51,
(2) Ce0.34Zr0.49Mn, (3) Ce0.33Zr0.51Fe, and (4)
Ce0.32Zr0.52Co.
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More profound structural changes are observed in
the samples precipitated at 70°ë (Figs. 3, 4, Table 2).
Ce0.30Zr0.55Mn calcined at 600 and 1150°ë is again a
fluorite-type solid solution (Fig. 3), but its unit cell
parameter is substantially larger than the unit cell
parameter of a similar sample precipitated at room tem-
perature (Table 2). The introduction of iron or cobalt
causes changes in the phase composition of the Ce–Zr–
Y–La–O system (Fig. 4, curves 2, 3), specifically, the
formation of a tetragonal phase with unit cell parame-
ters similar to those of the equilibrium Zr0.8Ce0.2O2 solid

solution. The proportion of the tetragonal phase is
higher in the presence of iron. No iron or cobalt oxide
phase was detected (Fig. 4, Table 2).

The determination of the phase composition of the
multicomponent systems obtained under different con-
ditions demonstrated that precipitation at ~23°ë fol-
lowed by heat treatment at 600°ë yields single-phase
materials with a fluorite structure. Raising the heat-
treatment temperature to 1150°ë causes no structural
changes. Precipitation at 70°ë followed by heat treat-

Table 2.  Phase composition of samples prepared under different conditions

Sample Tprecip, °C Tcalcin, °C Phase Unit cell parameters, Å D220, Å

Ce0.18Zr0.69 ~23 600 Cubic solid solution with
a fluorite structure

5.217 – 53

1150 – 5.213 780

Ce0.21Zr0.64Mn 600 5.211 – 52

Ce0.20Zr0.64Fe 5.214 – 50

Ce0.22Zr0.61Co 5.210 – 51

Ce0.35Zr0.51 5.268 – 43

Ce0.34Zr0.49Mn 5.273 – 44

Ce0.33Zr0.51Fe 5.265 – 40

Ce0.32Zr0.52Co 5.262 – 43

Ce0.30Zr0.55Mn 70 600 Cubic solid solution with 5.312 – 40

1150 a fluorite-type structure – 5.219 760

Ce0.29Zr0.57Fe 89% cubic, – ac = 5.236 680

11% tetragonal at = 3.637

ct = 5.238 540

Ce0.30Zr0.57Co 96.5% cubic, – ac = 5.228 800

3.5% tetragonal at =2.628

ct = 5.227 320

111

200

220
311

222
2

1

30
2θ, deg

40 50 60

Fig. 3. X-ray diffraction pattern from Ce0.30Zr0.55Mn pre-
cipitated at 70°C and calcined at (1) 600 and (2) 1150°C.
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Fig. 4. X-ray diffraction pattern from samples precipitated
at 70°C and calcined at 1150°C: (1) Ce0.30Zr0.55Mn, (2)
Ce0.29Zr0.57Fe, and (3) Ce0.30Zr0.57Co.



KINETICS AND CATALYSIS      Vol. 48      No. 1      2007

DEPENDENCE OF THE PROPERTIES OF Ce–Zr–Y–La–M–O SYSTEMS 147

ment at 1150°ë yields two-phase materials consisting
of solid solutions with a cubic and a tetragonal structure
(the only exception is the manganese-containing sys-
tem).

The particle size (D220) in the solid solution forming
upon calcination at 600°ë ranges between 40 and 50 Å.
As the calcination temperature is raised, D220 increases
to 700–800 Å (Table 2).

Specific Surface Area

According to adsorption data, the specific surface
area Ssp of the systems examined depends on the syn-
thetic and calcination temperatures. For the precipita-
tion temperature of ~23°C and the calcination tempera-
ture of 600°C, Ssp increases in the order Ce–Zr–Y–La–
O < Ce–Zr–Y–La–Mn–O ≈ Ce–Zr–Y–La–Fe–O < Ce–
Zr–Y–La–Co–O (Fig. 5) and is almost independent of
component ratios. Raising the precipitation tempera-
ture to 70°ë increases Ssp to ~110 m2/g. These data indi-
cate that introducing a transition metal increases Ssp in
all cases. Calcination at 1150°C dramatically reduces
Ssp to 0.6–0.8 m2/g for the samples precipitated at
~23°C and to 0.05–0.08 m2/g for the samples precipi-
tated at 70°C. This difference is explained by the fact
that smaller particles are more readily sinterable.

Temperature-Programmed Reduction

The hydrogen TPR data obtained in this study are of
special interest. The TPR spectra have a complicated
shape (Figs. 6, 7): reduction proceeds in two or three
steps, depending on the sample composition, the nature

of the transition metal, and the precipitation and calci-
nation temperatures.

Figure 6a shows TPR profiles for samples precipi-
tated at ~23°C and calcined at 600°C. The samples con-
taining no transition metal are reduced in two steps, as
is indicated by their reduction curves having two peaks
(Figs. 6a, 6b, curves 1) at 600 and 750°C for Ce0.18Zr0.69
and 660 and 840°C for Ce0.35Zr0.51. The peak at 600 or
660°C is due to the reduction of surface Ce4+ ions, and
the peak at 750 or 840°C is due to Ce4+ reduction in the
sample bulk [4, 6, 14, 15]. The introduction of transi-
tion metal cations into the cerium–zirconium oxide sys-
tem brings about a low-temperature peak (Fig. 6,
Table 3), whose position is determined by the transition
metal.

The TPR spectrum of Ce0.21Zr0.64Mn calcined at
600°C (Fig. 6a, curve 2) shows three peaks at 270, 550,

50
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samples precipitated at (1, 2) 23 and (3) 70°C and calcined
at 600°C.
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Fig. 6. TPR profiles for samples precipitated at 23°C and
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and 740°C. As demonstrated in earlier studies [16, 17],
the reduction of MnO2 to Mn2O3 proceeds as follows:

The Mn3O4 phase was reported to form at 320°C;
the MnO phase, at 400°C [16]. Obviously, the MnO2
and Mn2O3 reduction temperatures may be different
because the reducibility of the oxides depends on their
modification (α, β, or γ), on the particle size, and on the
nature of the salt from which the oxides were synthe-
sized. The reduction of β-MnO2 gives rise to peaks at
350 and 515°C, and α-MnO2 is reduced at 320 and
400°C [18]. Evidently, all of the reduction temperatures
are above 270°C. Therefore, in view of the reported
data, it can be inferred that manganese cations form a
surface compound that is reduced at a lower tempera-
ture than the oxides. Note that the manganese cations
decrease the second peak temperature by 50°C and do
not significantly shift the third peak relative to the same
peak for the unpromoted sample (Table 3). In the reduc-
tion of Ce0.34Zr0.49Mn, the extra peak is observed at
215°ë (Fig. 6b, curve 2; Table 3) and the two other
peaks occur at temperatures 40–70°C lower.

The iron-containing systems are similar in reduction
behavior to the manganese-containing systems. The
TPR reduction spectrum of Ce0.20Zr0.64Fe shows three
peaks at 205, 450, and 730°C (Fig. 6a, curve 3). The
reduction of iron oxide is a two-step process:
Fe2O3  Fe3O4  α-Fe [19]. The first-step reduc-
tion temperature ranges between 300 and 400°C,

Mn3O4 MnO.
MnO2

Mn2O3

depending on the nature of the support; the second-step
reduction temperature varies between 400 and 600°C.
Therefore, iron in the systems examined is in a state
other than oxide. The Ce0.33Zr0.51Fe sample is reduced
at higher temperatures of 500, 780, and 840°C (Fig. 6b,
curve 3; Table 3).

The introduction of cobalt gives rise to a low-tem-
perature peak at 140°C (Figs. 6a, 6b, curves 4), irre-
spective of the cerium content of the sample, and shifts
the second peak to lower temperatures by 170–190°C
relative to the same peak for the unpromoted sample.
The third-peak temperature changes only slightly
(Table 3). Therefore, cobalt reduction also proceeds in
two steps. This assumption is supported by the report
that cobalt-containing perovskite is reduced in two
steps taking place at 387 and 527°C [20]:

Co3+  Co2+, (I)

Co2+  Co0. (II)

The reduction behavior of the systems depends on the
conditions under which they were synthesized. In par-
ticular, the manganese-containing sample precipitated
at 70°C and calcined at 600°C is reduced in three steps.
However, all three reduction peaks occur at lower tem-
peratures than the peaks for a sample of similar compo-
sition precipitated at ~23°C (Table 3). A different
dependence is observed for iron-containing samples of
similar compositions. An analysis of their TPR profiles
(Fig. 7) shows that the iron-containing sample precipi-
tated at ~23°C is reduced at temperatures approxi-
mately 100°C lower (605 and 650°C) than the sample
prepared at 70°C (710°C).

Table 3.  Effects of composition and synthesis temperature on the reduction behavior of the Ce–Zr–Y–La–O catalysts

Sample Tprecip, °C Tcalcin, °C Reduction
temperature, °C

H2 consumption,
mmol H2/g Extent of reduction*

observed calculated (α)

Ce0.18Zr0.69 23 600 600 750 1.05 0.69 (1.52)

Ce0.21Zr0.64Mn 270 550 740 1.14 0.91 (1.25)

Ce0.20Zr0.64Fe 205 450 730 1.11 1.13 0.98

Ce0.22Zr0.61ëÓ 140 430 730 1.16 1.19 0.97

Ce0.35Zr0.51 – 656 841 1.31 1.24 (1.06)

Ce0.34Zr0.49Mn 215 590 800 1.37 1.34 (1.02)

Ce0.33Zr0.51Fe 500 780 840 1.55 1.57 0.99

Ce0.32Zr0.52ëÓ 140 405 840 1.39 1.49 0.93

Ce0.30Zr0.55Mn 70 600 178 505 765 1.04 1.22 0.85

Ce0.30Zr0.55Mn 1150 – 765 840 0.85 1.22 0.70

Ce0.29Zr0.57Fe – 710 – 0.80 1.46 0.55

Ce0.30Zr0.57Co 376 761 – 0.91 1.35 0.67

* In the calculation of α, we took into account the amounts of H2 consumed in the reduction of CeO2 to Ce2O3, Mn4+ to Mn2+, Fe3+ to
Fe0, and Co3+ to Co0.
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Furthermore, the reduction behavior of the systems
depends strongly on the calcination temperature. For
the Ce0.30Zr0.55Mn sample, raising the calcination tem-
perature from 600 to 1150°C causes the disappearance
of the low temperature peak at 180°C and shifts the two
other peaks to higher temperatures, one from 505 to
765°C and the other from 760 to 840°C (Table 3). This
increase in the reduction temperatures is possibly due
to the fact that the specific surface area decreases
greatly at 1150°C, implying that reduction will prima-
rily involve bulk phases, whose reduction temperatures
are higher.

Thus, the above data suggest that the most effective
reducibility-enhancing component is cobalt. Further-
more, a transition metal introduced into the cerium–zir-
conium oxide system facilitates the reduction of surface
Ce4+ ions and does not affect the reduction of Ce4+ in
the bulk.

According to the equation 2CeO2 + H2  Ce2O3 +
H2O, the reduction of 1 g of CeO2 requires 2.92 mmol
of H2. Based on this value, we calculated the amount of
hydrogen necessary to reduce the CeO2 present in the
catalysts (Table 3). In similar ways, we calculated the
amounts of hydrogen necessary for the reduction of the
manganese, iron, and cobalt oxides in the catalysts,
assuming that the manganese cation is reduced to Mn2+

and the iron and cobalt cations are reduced to metals.
Table 3 lists the observed and calculated amounts of
hydrogen consumed in the reduction of the samples.
Clearly, hydrogen consumption is raised by introducing
a transition metal into the cerium–zirconium oxide sys-
tem. Furthermore, it increases with increasing cerium
content and decreases with increasing precipitation and
calcination temperatures. The extent of reduction (α) of
the samples calcined at 600°C decreases in the order
CeZr  CeZrMn  CeZrFe  CeZrëÓ, irrespec-
tive of the component ratios. Note that α > 1 for some
samples calcined at 600°C. It is likely that this effect
arises from the fact that the fluorite-type solid solution
formed at this temperature consists of very small parti-
cles (D ≈ 40–50 Å) and has a larger unit cell parameter
than is observed for the sample calcined at 1150°C
(Table 2). Accordingly, the above differences in α are
due to the contribution from the surface into the reduc-
tion of these samples.

Since the overall hydrogen consumption character-
izes the relative amount of oxygen thermodynamically
available at a given temperature [21], its increase sug-
gests that the catalysts based on the cerium–zirconium
oxide system promoted with a transition metal will be
more efficient.

Catalytic Properties

The catalytic properties of the samples calcined at
600°C were studied in the oxidation of hydrocarbons
(HC) and CO and in the reduction of NO at various val-
ues of the redox potential R. Figure 8 plots the HC, CO,
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Table 4.  Catalytic properties of cerium–zirconium systems promoted with transition metals*

Sample Treact , °C R
Conversion, %

C3H8 CO NO

Ce0.18Zr0.69 400 3.53 3.1 4.1 100

2.62 3.4 3.9 100

2.19 3.2 4.0 100

1.21 2.9 4.5 100

0.73 3.2 4.2 100

0.44 3.0 4.4 100

Ce0.21Zr0.64Mn 400 3.93 2.9 3.6 100

1.23 2.9 3.2 100

0.42 2.7 3.5 100

450 0.42 2.8 3.4 100

Ce0.20Zr0.64Fe 400 3.46 0 6.3 100

1.14 0 5.4 100

0.39 0 6.0 100

450 0.43 0 13.1 100

Ce0.22Zr0.61Co 400 4.09 1.6 10.1 100

1.43 2.5 10.6 100

0.50 2.9 9.2 100

450 0.49 4.3 19.2 100

Ce0.29Zr0.64 400 3.64 0.0 0.2 100

1.34 0.7 0.4 100

0.49 0.0 1.2 100

450 0.48 0.1 0.0 100

Ce0.30Zr0.55Mn 400 4.03 1.2 11.2 100

2.52 2.3 12.4 100

1.41 2.7 15.1 100

0.51 2.3 15.0 100

450 0.51 0.0 17.0 100

Ce0.30Zr0.57Co 400 4.38 0.9 13.5 100

3.37 0.3 15.2 100

1.58 0.5 15.7 99.9

0.59 0.7 15.9 99.9

450 0.57 1.7 28.3 99.9

* The samples were calcined at 600°C.
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and NO conversions versus R for catalysts differing in
component ratios and transition metal. The correspond-
ing numerical data are presented in Table 4. The data
listed in Table 4 suggest that the catalysts with a fluorite
structure that contain no noble metal show low activity
in HC and CO oxidation and are active in NO reduc-
tion. Irrespective of the catalyst, the NO conversion at
400 and 450°C is ~100%. The HC and CO conversions
are governed by the catalyst composition.

For the unpromoted catalyst Ce0.18Zr0.69, the HC and
CO conversions at 400°C are 3.2 and 4.2%, respec-
tively, and are independent of R (Table 4). The
Ce0.29Zr0.64 sample, which is richer in cerium, is almost
inactive in HC and CO oxidation at both 400 and
450°C.

Introducing a transition metal into the cerium–zir-
conium oxide systems changes their activity in HC and
CO oxidation, which, however, remains independent
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450°C.



152

KINETICS AND CATALYSIS      Vol. 48      No. 1      2007

TURKO et al.

of R. For catalysts with similar Ce/Zr ratios, the HC and
CO conversions at 400°C changes in the following
order (Table 4):

çë: Ce0.21Zr0.64Mn ≈ Ce0.22Zr0.61ëÓ > Ce0.20Zr0.64Fe;

CO: Ce0.22Zr0.61ëÓ > Ce0.20Zr0.64Fe > Ce0.21Zr0.64Mn.

Raising the reaction temperature to 450°C increases the
CO conversion only on the Co- and Fe-containing cat-
alysts (Table 4) and exerts no effect on the CO conver-
sion on the Mn-containing catalyst. These activity
trends are also observed for samples with a higher
cerium content (Ce0.30Zr0.55Mn and Ce0.30Zr0.57Co): the
HC conversion on these catalysts is nearly the same as
the HC conversion on the catalysts with a lower cerium
content (Ce0.21Zr0.64Mn and Ce0.22Zr0.61ëÓ), while the
CO conversion is as high as 15%. Figure 9 compares
HC and CO conversions at R = 0.5 and T = 400 and
450°C. The cobalt-containing catalysts are the most
active: Ce0.22Zr0.61ëÓ is the most active in HC oxida-
tion; Ce0.30Zr0.57Co, in CO oxidation. These data are in
agreement with our TPR data, which indicate that other
conditions being equal, the first-peak temperature
decreases in the order

that is, the higher the reducibility of the catalyst, the
higher the probability of weakly bound oxygen present
on the catalyst surface and, accordingly, the higher the
extent of total HC and CO oxidation.

Thus, our study has demonstrated that the cerium–zir-
conium systems promoted not only with a rare-earth metal
(Y or La) but also with a transition metal (Mn, Fe, or Co)
are more active in hydrocarbon and carbon monoxide oxi-
dation than the systems containing no transition metal.
Therefore, in the synthesis of Pt(Pd)/Ce1 − xZrxO2/support
three-way catalysts, it is pertinent to use transition
metal–containing systems of composition
Pt(Pd)/Ce1 − x − y − zZrx(Y,La)y MzO2 − δ/support (M = Mn,
Fe, Co). As is noted above, three-way catalysts are
most active at a stoichiometric fuel/air ratio. Chang-
ing the reducer-to-oxidizer ratio (R) in the reaction
mixture from 3.5–4.0 to 0.39–0.50 does not cause
any appreciable changes in the activity of the
Ce1 − x – y – zZrx(Y,La)yMzO2 – δ systems. Two plausible
explanations are suggested for this fact. Firstly, the sys-
tems are less readily reduced with the reaction mixture
than with H2 and, as a consequence, are insensitive to
the R value. Secondly, the absence of a noble metal,
which would enhance the reducibility of both M3+ and
Ce4+ [22–24], also diminishes the efficiency of the cat-
alysts.
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