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Abstract
New oxidation catalysts based on CeO2–ZrO2–Bi2O3 solid solutions were synthesized for the effective oxidation of the soot particulates in the

automotive emissions. Temperature programmed reduction and O2 pulses experiments have been performed to examine the redox behavior of the

CeO2–ZrO2–Bi2O3 catalysts. The CeO2–ZrO2–Bi2O3 solid solution showed both oxygen release below 300 8C and high oxygen storage capacity

(OSC) over 1000 mmol O2 g�1, while those of the conventional CeO2–ZrO2 were 594 8C and 482 mmol O2 g�1, respectively. Furthermore, the low

temperature reduction behavior of the CeO2–ZrO2–Bi2O3 solid solution was promoted by the addition of silver, which is an oxygen permeable

component. The mechanism of the behavior was attributed to the synergetic effects of the partial solution of silver into the CeO2–ZrO2–Bi2O3

lattice and the surface deposition of silver on the solid solution. The reactivity of oxygen in the bulk of the catalyst greatly improves the soot

combustion activities at low temperatures.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Oxygen-storage and -release properties of cerium oxide

(CeO2) play important roles in the field of oxidation catalysts,

especially in the automotive catalytic converters [1–3]. CeO2

and its related materials can lower the ignition temperatures of

particulate matters (mainly soot) that are released from diesel

vehicles [4]. Soot emission is a significant component of air

pollution and is harmful for both human beings and the

environment. In recent years, therefore, special attention has

been paid to the synthesis and characterization of solid

solutions based on CeO2 for the cleaning of automotive

emissions including diesel exhaust, because redox properties of

the catalysts can contribute to lower the soot combustion

temperature [5,6]. In particular, studies have focused on CeO2–

ZrO2, which possess significantly enhanced thermal stability,

redox property, and catalytic activities in comparison with

those of pure CeO2 [7–13].

Reduction behavior at low temperatures and high degree of

reducibility of CeO2–ZrO2 solid solutions are significant
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properties in regards to automotive exhaust catalysts, because

they correlate with the catalytic activity of the CeO2-based

catalysts [2]. The lowest reduction temperature and the highest

degree of reducibility are typically considered as desirable

properties [12]. Therefore, a number of investigations have

been carried out to determine the optimal composition,

structure, and morphology of the CexZr1�xO2 solid solutions.

Other studies have aimed at investigating the effect of trivalent

dopants such as yttria [14–17], lanthana [14,15], and

praseodymia [18] on the redox behavior of the CexZr1�xO2

materials. However, it is difficult for such conventional

materials to retain their reduction behavior at low temperatures

after oxidation at high temperatures above 900 8C without

alumina support. Although surface etching is known as one of

the ways to solve this problem [19–21], this process is not a

substantial improvement of the materials. Therefore, develop-

ment of new promoters which show good redox property at low

temperatures and high thermal stability has been required.

In this study, we propose the introduction of small amounts

of Bi2O3 within the CeO2–ZrO2 lattice in order to promote the

reduction of the CexZr1�xO2 materials at low temperatures

below 300 8C. The reasons why Bi2O3 is chosen as the third

component are that (1) Bi2O3 and Bi2O3–Ln2O3 (Ln = Y, La–

Yb) solid solutions show high oxide anion conductivity [22–
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Table 1

Composition, reduction temperature in TPR profiles, OSC, and BET specific surface area of the catalysts

Catalysts Reduction temp. (8C) OSC (mmol O2 g�1) BET surface area (m2 g�1)

Ce0.84Zr0.16O2.0 594 (1st run) 482 (1st run) 3.1

Ce0.73Zr0.17Bi0.10O1.95 250 (1st run), 384 (11th run) 647 (1st run), 709 (11th run) 2.9

Ce0.68Zr0.18Bi0.14O1.93 264 (1st run), 368 (11th run) 696 (1st run), 906 (11th run) 1.7

Ce0.64Zr0.16Bi0.20O1.9 316 (1st run), 344 (11th run) 1036 (1st run), 1004 (11th run) 0.8

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl 336 (1st run), 344 (11th run) 951 (1st run), 732 (11th run) 1.3

Fig. 1. X-ray powder diffraction patterns of the catalysts: (a) Ce0.86Zr0.14O2.0,

(b) Ce0.73Zr0.17Bi0.10O1.95, (c) Ce0.68Zr0.18Bi0.14O1.93, (d) Ce0.64Zr0.16-

Bi0.20O1.9, and (e) 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl.
26], (2) Bi2O3 is easily reduced to release oxygen [23], and (3)

oxygen vacancies have to be produced within the lattice to keep

charge balance because Bi3+ has lower valence (trivalent) than

Ce4+ and Zr4+ (tetravalent). Furthermore, we have succeeded in

retaining the low temperature reduction behavior by the

addition of silver, which is well known as an oxygen-permeable

material [27–30], into the CeO2–ZrO2–Bi2O3 solid solution.

2. Experimental

The CeO2–ZrO2–Bi2O3 solid solutions were prepared via

co-precipitation. A mixture of 1 mol L�1 Ce(NO3)3, 1 mol L�1

ZrO(NO3)2, and 0.1 mol L�1 Bi(NO3)3 aqueous solutions was

added dropwise into a 0.5 mol L�1 aqueous oxalic acid solution

with stirring. The Ce:Zr:Bi molar ratio was set at 72:18:10,

68:17:15 and 64:16:20. The solution was adjusted to pH 3.2 by

dropwise addition of 3 mol L�1 ammonia water. After stirring

overnight, the precipitate was collected by filtration, then

washed with deionized water several times and dried at 80 8C
overnight. The dried powder was ground in an agate mortar and

was calcined at 1000 8C in air for 1 h to obtain a CeO2–ZrO2–

Bi2O3 solid solution. In addition, a binary CeO2–ZrO2 solid

solution (Ce:Zr = 85:15) was also prepared by the same

procedure for comparison.

Subsequently, one of the CeO2–ZrO2–Bi2O3 catalysts

(Ce:Zr:Bi = 68:17:15) obtained by calcination was mixed with

AgCl. The molar concentration of silver was 15 mol% in the

mixture. The powders were ground and mixed by ball-milling

treatment for 6 h, and the mixture was then calcined at 900 8C
for 1 h to obtain a 0.85CeO2–ZrO2–Bi2O3–0.15AgCl sample.

The calcination temperature of the sample after AgCl addition

was carried out at lower temperature by 100 8C than that before,

because about half of AgCl is vaporized at 1000 8C.

The samples obtained were characterized using X-ray

powder diffraction (XRD, Rigaku MultiFlex), X-ray fluores-

cence analysis (XRF, Rigaku ZSX100e) and Raman spectro-

scopy (Kaiser Optical Systems Inc., Holoprobe). Reduction

behavior was studied using temperature-programmed reduction

(TPR) in a pure hydrogen flow (80 mL min�1) at a heating rate

of 5 8C min�1 using a thermal conductivity detector of a gas

chromatography instrument (Shimadzu, GC-8A). Oxygen

storage capacity (OSC) was measured after the TPR measure-

ment by a pulse injection method at 427 8C. Before the oxygen

injection, the sample was outgassed under a helium flow. Pulses

of oxygen (0.2 mL) were injected into the flow of helium

passing through the sample until the breakthrough point was

attained. The combustion temperature of soot (CABOT

ELFTEX@ 125, carbon black) was evaluated by thermogravi-
metric (TG) analysis using samples that contain 2 wt.% of soot

in a flow of air (20 mL min�1).

3. Results and discussion

X-ray fluorescence analyses were carried out on the CeO2–

ZrO2–Bi2O3 materials, which was synthesized by a co-

precipitation method, and on the AgCl-added CeO2–ZrO2–

Bi2O3 sample, which was prepared by heating a ball-milled

mixture of AgCl and CeO2–ZrO2–Bi2O3 obtained by co-precipi-

tation. The sample composition of these catalysts determined by

the X-ray fluorescent analysis was in good agreement with the

theoretical value (within � 1 mol%), which corresponds to the

molar ratios of starting materials, as tabulated in Table 1.

Fig. 1 shows the X-ray powder diffraction patterns (XRD) of

the catalysts. The Ce0.86Zr0.14O2.0, Ce0.73Zr0.17Bi0.10O1.95,

Ce0.68Zr0.18Bi0.14O1.93, and Ce0.64Zr0.16Bi0.20O1.9 catalysts

displayed only diffraction peaks that are attributable to a

cubic fluorite-type structure, whereas the diffraction pattern for

the AgCl-added sample exhibited a small amount of the AgCl

phase as a secondary phase.

In the XRD patterns of Ce0.86Zr0.14O2.0 (Fig. 1(a)) and three

CeO2–ZrO2–Bi2O3 samples (Fig. 1(b)–(d)), all diffraction peaks

shifted to higher angles with increasing the Bi3+ content,

suggesting that Bi3+ dissolves into the CeO2–ZrO2 lattice to form

solid solutions. On the contrary, 0.84Ce0.68Zr0.18Bi0.14O1.93–
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0.16AgCl was identified as a simple mixture of Ce0.68Zr0.18-

Bi0.14O1.93 and AgCl, because the diffraction angles for the

fluorite peaks of Ce0.68Zr0.18Bi0.14O1.93 (Fig. 1(c)) are coincided

with those of 0.84Ce0.68Zr0.18Bi0.14O1.93–16AgCl (Fig. 1(e)).

The lattice parameters calculated from the XRD patterns calibra-

ted with a-alumina were 0.5373 nm for Ce0.86Zr0.14O2.0,

0.5387 nm for Ce0.73Zr0.17Bi0.10O1.95, 0.5379 nm for Ce0.68Zr0.18

Bi0.14O1.93, 0.5402 nm for Ce0.64Zr0.16Bi0.20O1.9, and 0.5376 nm

for 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl, respectively.

Reduction temperature and OSC value of the Ce0.86Zr0.14O2.0,

Ce0.73Zr0.17Bi0.10O1.95, Ce0.68Zr0.18Bi0.14O1.93, and Ce0.64Zr0.16-

Bi0.20O1.9 samples were determined from the TPR profiles

(Fig. 2) and the subsequent O2 pulse injection as summarized

with BET specific surface area in Table 1. Although the reduction

temperature and OSC increased with the increase in the amount

of Bi3+ content, all CeO2–ZrO2–Bi2O3 catalysts were reduced at

considerably lower temperatures (250–316 8C) than that of

Ce0.86Zr0.14O2.0 (594 8C). Furthermore, OSC of the Ce0.64Zr0.16-

Bi0.20O1.9 catalyst (1036 mmol O2 g�1) was more than twice that

of the conventional Ce0.86Zr0.14O2.0 material

(482 mmol O2 g�1). The reason for such characteristics was

that Bi2O3 was reduced to metallic Bi easily and that both Ce4+

and Bi3+ were reduced simultaneously [31].

However, the reduction temperature of the CeO2–ZrO2–

Bi2O3 catalysts increased when the reduction and re-oxidation
Fig. 2. Temperature programmed reduction profiles of the CeO2–ZrO2–Bi2O3

catalysts: (a) as-prepared Ce0.86Zr0.14O2.0, (b) as-prepared Ce0.73Zr0.17-

Bi0.10O1.95 (1st run), (c) Ce0.73Zr0.17Bi0.10O1.95 after 10 cycles of reduction

and subsequent re-oxidation treatment (11th run), (d) as-prepared Ce0.68Zr0.18-

Bi0.14O1.93 (1st run), (e) Ce0.68Zr0.18Bi0.14O1.93 after 10 cycles of reduction and

subsequent re-oxidation treatment (11th run), (f) as-prepared Ce0.64Zr0.16-

Bi0.20O1.9 (1st run), and (g) Ce0.64Zr0.16Bi0.20O1.9 after 10 cycles of reduction

and subsequent re-oxidation treatment (11th run).
process was repeated 10 times at 900 8C (redox aging process),

as evidenced in the 11th run of the TPR profiles in all samples.

For example, the initial temperature-programmed reduction

(TPR) trace of Ce0.68Zr0.18Bi0.14O1.93 displayed a reduction

peak at 264 8C (Fig. 2(d)), but the significant upward shift in

temperature of the main reduction peak, relative to the profile of

the as-prepared sample, was observed after ten cycles of redox

aging (Fig. 2(e)). This behavior implies that the reducibility of

the sample has been deteriorated considerably.

In order to avoid such deterioration, we have developed a

new material which can retain the low temperature activities by

adding an oxygen permeable component, silver, to the

Ce0.68Zr0.18Bi0.14O1.93 solid solution [32], because it is

expected to promote the reduction of the sample. TPR curves

of the as-prepared (1st run) and the redox-aged (11th run)

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl catalysts are shown in

Fig. 3. The initial TPR trace of 0.84Ce0.68Zr0.18Bi0.14O1.93–

0.16AgCl (1st run, Fig. 3(a)) indicated a reduction behavior at

around 340 8C, which was slightly higher than that of the

Ce0.68Zr0.18Bi0.14O1.93. In contrast to the results observed in the

CeO2–ZrO2–Bi2O3 catalysts, however, this reduction behavior

was unaffected by 10 cycles of the redox aging process (11th

run, Fig. 3(b)). The OSC values of the as-prepared and the aged

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl samples were 951 and

732 mmol O2 g�1, respectively.

In order to identify the origin of the different reduction

behaviors described above, Raman spectra of the catalysts were

measured as depicted in Fig. 4. The Raman spectrum of

Ce0.68Zr0.18Bi0.14O1.93 exhibited a strong band at 467 cm�1,

which was assigned to the F2g mode of a cubic fluorite

structure, and two minor peaks at 313 and 573 cm�1

corresponding to B1g and A1g modes of the partially stabilized

tetragonal zirconia structure, respectively. Such spectral

features are indicative of a t00 phase, which is a type of a

tetragonal structure containing oxygen displacement within the
Fig. 3. Temperature programmed reduction profiles of the CeO2–ZrO2–Bi2O3–

AgCl catalyst: (a) as-prepared 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl (1st run)

and (b) 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl after 10 cycles of reduction and

subsequent re-oxidation treatment (11th run).
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Fig. 4. Raman spectra of the Ce0.68Zr0.18Bi0.14O1.93 and the 0.84Ce0.68Zr0.18-

Bi0.14O1.93–0.16AgCl catalysts: (a) as-prepared Ce0.68Zr0.18Bi0.14O1.93, (b)

Ce0.68Zr0.18Bi0.14O1.93 after 10 cycles of reduction and subsequent re-oxidation

treatment, (c) as-prepared 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl, and (d)

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl after 10 cycles of reduction and subse-

quent re-oxidation treatment.
fluorite lattice [33]. Although the Raman profile was not

affected by the redox aging, a small amount of Bi2O3 deposition

was detected in the XRD pattern, as shown in Fig. 5(a). This

deposition induced the decreasing of Bi content in the catalysts

on account of vaporization of metallic bismuth produced by the

reduction of Bi2O3, because the melting point of metallic Bi is

271.3 8C. Indeed, vaporization of Bi after ten cycles of redox

aging results in a 4% decrease in the amount of Bi in the sample.

The decreasing of Bi content in the solid solution will be
Fig. 5. XRD patterns of the catalysts after 10 cycles of reduction and sub-

sequent re-oxidation treatment: (a) Ce0.68Zr0.18Bi0.14O1.93 and (b)

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl.
resposndibe for the deterioration of the reducibility, that is, the

rise of the reduction temperature.

On the other hand, the Raman spectrum of 0.84Ce0.68Zr0.18-

Bi0.14O1.93–0.16AgCl exhibited a remarkable behavior. After

10 cycles of redox aging, a new strong broad band

corresponding to the Ag–O vibration [34,35] appeared at

539 cm�1. This suggests that a part of silver ions can dissolve

into the Ce0.68Zr0.18Bi0.14O1.93 lattice. Since the reoxidation

process carried out at 427 8C, which was above the

decomposition temperatures of AgO (100 8C) and Ag2O

(400 8C) [28], the Ag–O band at 539 cm�1 should not be

observed if Ag did not dissolve into the Ce0.68Zr0.18Bi0.14O1.93

lattice. The partial dissolution of silver ions into the

Ce0.68Zr0.18Bi0.14O1.93 lattice produces oxide anion vacancies

to keep charge balance. The vacancies will contribute to the

oxide anion mobility, which results in the retention of the low

temperature reduction around 340 8C. However, the oxygen

storage capacity decreased from 951 to 732 mmol O2 g�1 by

the dissolution of silver ions because of the decrease in the total

amount of oxide anions in the lattice.

Furthermore, the XRD pattern of the redox treated

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl suggests surface deposi-

tion of metallic silver (Fig. 5(b)), because the melting point of

AgCl is 455 8C and the liquid AgCl was impregnated on the

surface of Ce0.68Zr0.18Bi0.14O1.93. The lattice parameter of the

fluorite phase slightly decreased from 0.5379 to 0.5365 nm

after the redox aging, which was probably due to both the Ag

dissolution and the loss of Bi. The AgCl component in the

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl sample was reduced to

metallic Ag by the initial reduction process in the TPR

measurement. No chroline was detedced by the X-ray

fluorescent analysis after the end both of the initial and the

11th redox cycles.

In contrast to the results for Ce0.68Zr0.18Bi0.14O1.93

(Fig. 5(a)), no phase separation to form Bi2O3 was observed

in 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl and the decreasing

percentage of Bi after ten cycles of redox aging was only 0.8%.

An alloying effect between Ag and Bi is suggested for the

suppression of Bi vaporization, because metallic silver can

react with bismuth to form Ag–Bi alloys under reducing

conditions and the melting points of the alloys are higher than

800 8C in the region of Ag > 80%) [36]. Accordingly, the

retention of the low temperature reduction behavior of

0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl could be attributed to

the synergetic effects of partial dissolution of silver into the

Ce0.68Zr0.18Bi0.14O1.93 lattice to form a substitutional solid

solution and the surface deposition of metallic silver, which can

prevent the vaporization by alloying to form Ag–Bi alloys.

The oxidation activity of the catalysts was examined from

the standpoint of their ability to lower the combustion

temperature of soot, which is in the range of 450–600 8C in

the absence of the catalysts [4]. Thermogravimetric (TG)

curves for soot combustion in the presence and the absence of

the oxide catalysts are shown in Fig. 6. The weight loss on the

TG curves indicates the combustion of soot particulates.

Our results indicate good correlation between the weight

loss and the reactivity of the bulk oxygen of the catalyst. The
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Fig. 6. Thermogravimetric analysis curves of carbon black combustion for

Ce0.86Zr0.14O2.0 (*), Ce0.68Zr0.18Bi0.14O1.93 (&) and 0.84Ce0.68Zr0.18-

Bi0.14O1.93–0.16AgCl (*) catalysts: (a) as-prepared samples and (b) aged

samples after 10 cycles of the reduction and subsequent re-oxidation treatment.

The symbol (�) corresponds to the result for the combustion of carbon black

itself in the absence of the catalysts.
soot oxidation temperature of the Ce0.68Zr0.18Bi0.14O1.93 and

the 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl catalysts was appre-

ciably lower than that of the conventional CeO2–ZrO2. Because

the reduction temperatures of the initial Ce0.68Zr0.18Bi0.14O1.93

and 0.84Ce0.68Zr0.18Bi0.14O1.93–0.16AgCl catalysts are com-

parable, combustion of soot occurs at the same temperature

(Fig. 6(a)). However, differences in the combustion tempera-

tures were observed after ten cycles of redox aging (Fig. 6(b)).

The soot combustion temperature for the Ce0.68Zr0.18-

Bi0.14O1.93 catalyst increased slightly, because of the higher

temperature at which the active oxygen was released from this

sample by the redox aging. As demonstrated in Fig. 6, the active

oxygen released from the catalyst correlates with soot

oxidation, and the reactivity highly improves the soot

combustion activities.

4. Conclusions

Reduction temperature of the CeO2–ZrO2 catalysts

decreased remarkably by the doping of bismuth oxide into

the lattice to form ternary solid solutions. The CeO2–ZrO2–

Bi2O3 solid solutions can store a larger amount of oxygen at low

temperatures than the conventional CeO2–ZrO2 catalyst. The

soot oxidation temperature of the CeO2–ZrO2–Bi2O3 catalysts

appreciably decreased in comparison with the conventional

CeO2–ZrO2, because active oxygen molecules can be released

from the bulk at lower temperatures.
Furthermore, retention of low temperature reduction

behavior of CeO2–ZrO2–Bi2O3 was realized by the addition

of silver to the solid solution. Based on our results, it can be

suggested that the synergistic effects of the partial solution and

surface deposition of silver are responsible for maintaining the

activity, in which the oxygen permeability of silver enhances

low temperature reduction, even after ten cycles of redox

aging.
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[12] R. Di Monte, J. Kašpar, Catal. Today 100 (2005) 27.
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