
Promotion of Low-Temperature Reduction
Behavior of the CeO2-ZrO 2-Bi2O3 Solid Solution
by Addition of Silver

Nobuhito Imanaka,* Toshiyuki Masui,
Keisuke Minami, and Kazuhiko Koyabu

Department of Applied Chemistry, Faculty of Engineering,
Osaka UniVersity, 2-1 Yamadaoka,

Suita, Osaka 565-0871, Japan

ReceiVed August 27, 2005
ReVised Manuscript ReceiVed NoVember 10, 2005

Within the field of solid-state chemistry, oxygen storage
and release properties of cerium oxides (CeO2) have played
important roles, especially in terms of automotive exhaust
catalysts.1 CeO2 and its related materials can lower the
ignition temperatures of particulate matters (mainly soot) that
are released from diesel vehicles.2 Soot emission is a
significant component of air pollution and is harmful for both
human beings and the environment. In recent years, therefore,
much attention has been given on the synthesis and charac-
terization of solid solutions based on CeO2. In particular,
studies have focused on CeO2-ZrO2, which possess signifi-
cantly enhanced thermal stability, redox property, and
catalytic activities (comparable to those of pure CeO2).3

Reduction behavior at low temperatures and high degree
of reducibility of CeO2-ZrO2 solid solutions are attractive
properties in regards to automotive exhaust catalysts. Numer-
ous investigations1,3 have been carried out to determine the
optimal composition, structure, and morphology of the
CexZr1-xO2 solid solutions.1,3 Other studies have aimed at
investigating the effect of trivalent dopants such as yttria,2,4,5

lanthana,4 and praseodymia6 on the redox behavior of the
CexZr1-xO2 materials. However, tests show the difficulty for
such conventional materials to retain their reduction behavior
at low temperatures after oxidation at high temperatures
(above 900°C). Surface etching, a known solution to this
problem,7 did not substantially improve the reduction be-
havior of these materials.

Previously, we have proposed that the introduction of small
amounts of Bi2O3 within the CeO2-ZrO2 lattice may
effectively allow the solid solution to maintain its reduction
behavior at low temperatures (below 300°C).8 Unfortunately,
treatment of CeO2-ZrO2-Bi2O3 to repeated cycles of
reduction and reoxidation (redox aging) at 900°C resulted
in an increase in the reduction temperature. Subsequently,
we discovered that the addition of silver, which is well-
known as an oxygen-permeable material,9 into the CeO2-
ZrO2-Bi2O3 solid solution was effective in maintaining the
mixture’s low-temperature reduction behavior. Herein, we
present the effects of silver on the retention of the low-
temperature reduction behavior of CeO2-ZrO2-Bi2O3.

X-ray fluorescence analyses were carried out on Ce0.68-
Zr0.17Bi0.15O1.925 (denoted CZB hereafter), which was syn-
thesized by a coprecipitation method, and on 0.84Ce0.68-
Zr0.18Bi0.14O1.93‚0.16AgCl (denoted CZBAg hereafter), which
was prepared by heating a ball-milled mixture of AgCl and
Ce0.68Zr0.17Bi0.15O1.925obtained by coprecipitation. The X-ray
powder diffraction pattern (XRD) of CZB (Figure 1a)
displayed only diffraction peaks that are attributable to a
cubic fluorite-type structure, whereas the diffraction pattern
for the AgCl-added sample (CZBAg) (Figure 1c) exhibited
a small amount of the AgCl phase as a secondary phase. In
addition, CZBAg was identified as a simple mixture because
the diffraction angles for the fluorite peaks of CZB and
CZBAg coincided, that is, peak shifts were not observed
between the profiles.

The temperature-programmed reduction (TPR) trace of
CZB displayed a reduction peak at 264°C (Figure 2a). The
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Figure 1. X-ray powder diffraction patterns of the Ce0.68Zr0.17Bi0.15O1.925

(CZB) and the 0.84Ce0.68Zr0.18Bi0.14O1.93‚0.16AgCl (CZBAg) catalysts: (a)
as-prepared CZB, (b) Ce0.68Zr0.17Bi0.15O1.925 after 10 cycles of reduction
and subsequent reoxidation treatment (CZB_aged), (c) as-prepared CZBAg,
and (d) 0.84Ce0.68Zr0.18Bi0.14O1.93‚0.16AgCl after 10 cycles of reduction and
subsequent reoxidation treatment (CZBAg_aged).
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oxide resulting from the TPR treatment in Figure 2a was
reoxidized by a pulse technique, in which the oxygen storage
capacity (OSC) value was 696µmol of O2 g-1. The TPR
diagram after 10 cycles of redox aging is shown in Figure
2b. The significant upward shift (in temperature) of the main
reduction peak, relative to the profile of the as-prepared
sample, implies that the reducibility of the sample has
deteriorated considerably. Despite the increase of the OSC
value to 906µmol of O2 g-1, the reduction temperature rose
to 434 °C. After 10 cycles of redox aging, segregation of
Bi2O3 was detected in the XRD pattern of Ce0.68Zr0.17-
Bi0.15O1.925(Figure 1b). This catalyst is termed “CZB_aged”
hereafter. This deposition induced the decreasing of Bi
content in the solid solution, which leads to the rise of the
reduction temperature. On the contrary, the Bi2O3 segregation
correlates with the increase in the oxygen storage capacity
because pure Bi2O3 is easily reduced around 500°C.

In contrast, the TPR trace of the CZBAg (Figure 2c)
indicated a reduction behavior at around 340°C. Although
the CZBAg was a mixture of CZB and AgCl (Figure 1c),
these compounds were vigorously mixed by mechanical ball-
milling and strongly contacted each other. The AgCl particles
adhered on the surface of the CZB will inhibit the low-
temperature reduction. Consequently, the reduction peak of
the CZB material (264°C) increased to 340°C with the
addition of AgCl. However, this reduction behavior was
unaffected by 10 cycles of redox aging (as depicted in Figure
2d). The redox-aged CZBAg sample is termed “CZBAg_aged”
hereafter.

To identify the origin of the different reduction behaviors
described above, Raman spectra of the compounds were
measured and are shown in Figure 3. The Raman spectrum
of CZB exhibited a strong band at 467 cm-1, which was
assigned to theF2g mode of a cubic fluorite structure, and
two minor peaks at 313 and 573 cm-1. Such spectral features
are indicative of at′′ phase, which is a type of a tetragonal
structure containing oxygen displacement within the fluorite
lattice.10 Although the Raman trace was not affected by the
redox aging, a small amount of Bi2O3 deposition was detected
in the XRD pattern, as shown in Figure 1b. On the other
hand, the Raman spectrum of the CZBAg_aged sample
exhibited a remarkable behaviorsafter 10 cycles of redox

aging, a new strong broad band (539 cm-1) corresponding
to the Ag-O vibration appeared.11

Surface analysis using X-ray photoelectron spectroscopy
(XPS) has been carried out for the CZBAg_aged catalyst.
The result is illustrated in the Supporting Information. The
XPS spectrum shows two Ag(3d5/2) peaks at 367.7 and 368.0
eV, which elucidates that Ag is present both in+1 (367.7
eV) and 0 (368.0 eV) states in the catalyst.12 Although Ag2O
exhibits the Ag(3d5/2) peak at 367.7 eV, Ag2O decomposes
to silver metal at 400°C.13,14Furthermore, the XRD pattern
of the CZBAg_aged sample indicated formation of metallic
silver (Figure 1d), and no Ag2O peaks were observed. Also,
it has been confirmed that XRD peaks of the CZB phase
shifted to higher angles after the redox aging as evidenced
in the inset of Figure 1, by the formation of oxide anion
vacancies accompanying with the silver dissolution. There-
fore, it can be concluded that Ag somewhat dissolves into
the CZB lattice after 10 cycles of redox aging.

The as-prepared CZBAg catalyst was a simple mixture of
CZB and AgCl, and the addition of AgCl induced the
increasing of the initial reduction temperature from 264 to
340 °C. If there are no synergetic effects between silver
dissolved in the solid solution and deposited on the surface
after the redox aging, the aged catalyst should have shown
the same behavior as that observed in the catalyst without
Ag, that is, the reduction temperature will furthermore
increase after the aging process. Accordingly, the retention
of the low-temperature reduction behavior of the CZBAg_aged
could be attributed to the synergetic effects of partial
dissolution of silver into the CZB lattice and the surface
deposition of metallic silver on the solid solution.

The OSC values of the CZBAg and the CZBAg_aged
samples were 951 and 732µmol of O2 g-1, respectively.
The partial dissolution of silver ions into the CZB lattice
produces oxide anion vacancies to maintain charge competi-
tion. The formation of the vacancy will enhance the oxide
anion mobility, but the total amount of oxygen in the lattice
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Figure 2. Temperature-programmed reduction profiles of the catalysts: (a)
CZB, (b) CZB_aged, (c) CZBAg, and (d) CZBAg_aged.

Figure 3. Raman spectra of the catalysts: (a) CZB, (b) CZB_aged, (c)
CZBAg, and (d) CZBAg_aged.
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decreases, which leads to the decrease in the total oxygen
storage capacity.

The oxidation activity of the catalysts was examined from
the standpoint of their ability to lower the combustion
temperature of soot in air, which is about 600°C in the
absence of the catalysts.8 Thermogravimetric (TG) curves
for soot combustion in the presence and absence of the oxide
catalysts are shown in Figure 4. The weight loss on the TG
curves indicates the temperature range for the combustion
of soot particulates.

Our results indicate good correlation between the weight
loss and the reactivity of the bulk oxygen of the catalyst.
Because the reduction temperatures of the initial CZB and
CZBAg catalysts are comparable, combustion of soot occurs

at the same temperature, as depicted in Figure 4a. After 10
cycles of redox aging, however, differences in the combus-
tion temperatures were observed (Figure 4b)sthe soot
combustion temperature for the CZB catalyst increased
slightly because of the higher temperature at which the active
oxygen was released from this sample by aging. These
profiles can be reproduced within the experimental deviation
of (2 °C. As shown in Figure 4, the lattice oxygen of the
catalyst can participate in soot oxidation, and the reactivity
of oxygen in the bulk of the catalyst highly improves the
combustion activities.

In summary, retention of low-temperature reduction be-
havior of CeO2-ZrO2-Bi2O3 was realized by the addition
of silver to the solid solution. On the basis of 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 10
cycles of redox aging.
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Figure 4. Thermogravimetric analysis curves of carbon black combustion
for CZB (0) and CZBAg (b) catalysts: (a) as-prepared samples and (b)
aged samples after 10 cycles of the reduction and subsequent reoxidation
treatment. The symbol× corresponds to the result for the combustion of
carbon black itself in the absence of the catalysts.
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