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Characterization of model automotive exhaust catalysts:
Pd on Zr-rich ceria–zirconia supports
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Model Pd automotive three-way catalysts were prepared with high-surface-area Zr-rich ceria–zirconia powders as support materials,
aged for 12 h at 1050 ◦C under redox conditions simulating automotive exhaust gases, and characterized by a combination of techniques
including oxygen storage capacity (OSC) measurements. Differences in OSC amongst aged catalysts made with materials of similar ceria–
zirconia compositions, but produced by different processes, were weakly correlated with differences in support surface area. Evidence
of encapsulation of Pd particles was found in most of the aged catalysts. The promotional effect of zirconia on ceria reducibility, well
known from previous temperature-programmed H2 reduction studies, was apparent in Ce 3d core-level spectra from X-ray photoelectron
spectroscopy measurements, which showed that both X-ray-induced and H2 reduction become increasingly facile with increasing zirconia
content. A slight Ce enrichment at the surface of the fresh catalysts made with the more Zr-rich powders was found to increase upon
aging.
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1. Introduction

High-surface-area ceria–zirconia is widely used as a sup-
port for precious metals in automotive three-way catalysts,
where its introduction during the middle of the 1990’s led
to Pd-based catalysts of exceptional thermal stability [1–4].
Although materials spanning a wide composition range are
of interest, most attention has been given to Ce-rich mater-
ial, typically containing about 70 wt% ceria, since it tends
to have the largest oxygen storage capacity (OSC) [5]. In
the present study, we examine model Pd catalysts made with
Zr-rich ceria–zirconias and contrast some of their properties
with those of catalysts made with Ce-rich materials [6].

2. Experimental

Model catalysts containing 2 wt% Pd were prepared by
impregnation of various commercial-grade ceria–zirconias
with an aqueous solution of Pd nitrate to incipient wetness,
followed by drying for 12 h at 55 ◦C and calcination at
600 ◦C for an additional 12 h in a standard muffle furnace.
The ceria–zirconia compositions and designations of the
catalysts made with them are contained in table 1.

Catalysts were aged under a laboratory redox cycle de-
signed to simulate air–fuel variations of automotive ex-
haust [6]. Redox aging was carried out for 12 h at 1050 ◦C
(and occasionally at 1150 ◦C) in flowing gases in a tube fur-
nace containing a 3 cm o.d. quartz tube. The powder sam-
ples were distributed as thin layers in quartz boats inserted
into the tube. The gas mixture contained 1 mol% CO/H2

([CO]/[H2] = 3/1), alternating every 10 min with 0.5 mol%
O2, together with 0.002 mol% SO2, 10 mol% H2O, and

balance N2 (total flow rate at STP of 5000 cm3/min). The
redox aging ended with the oxidizing portion of the cycle,
followed by 30 min of natural cooling in flowing N2 to
about 500 ◦C. The N2 flow was then stopped and the sam-
ple was cooled to room temperature with the outlet of the
tube open to air.

The specific surface areas of the powders were deter-
mined by the BET method with a Micromeritics Gemini
2360 surface area analyzer. Samples were degassed un-
der flowing inert gas at 250 ◦C for at least 30 min before
measurement. The estimated error in the measurement is
5% (relative).

Powder X-ray diffraction (XRD) data were obtained
with a Scintag X1 diffractometer, in θ–θ orientation, using
Cu Kα radiation. The samples were held in a cylindrical
cavity, 9 mm in diameter and 0.5 mm deep, cut into the
surface of a zero-background quartz plate.

Oxygen storage measurements were carried out in a flow
reactor system, designed for powder samples, equipped
with solenoid valves for rapid introduction of step pulses

Table 1
Designations, nominal ceria–zirconia compositions, and specific surface

areas.

Designation Composition (wt%) Surface area (m2/g)

CeO2 ZrO2 Fresh Aged

Pd/ZC1 20 80 50 7
Pd/ZC2 20.1 79.9 80 2
Pd/ZC3 21.2 78.8 77 12
Pd/ZC4 19.4 80.6 61 6
Pd/ZC5 40 60 69 4
Pd/ZC6 50 50 70 3
Pd/ZC7 50 50 86 9

 J.C. Baltzer AG, Science Publishers
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of CO and O2 [6]. Samples were prepared by pressing
the powders into disks, then breaking the disks into small
pieces. The pieces were loaded into a 0.4 cm i.d. quartz
U-tube reactor, located within a furnace. A total gas flow
rate of 500 cm3/min (STP) was employed through a cata-
lyst bed typically 2.2 cm in length, yielding a pressure drop
of about 3.5 kPa (∼0.5 psi) at room temperature. Prior to
an OSC measurement, the sample was first heated in 2.5%
O2/He at 500 ◦C for at least 20 min. The sample was then
exposed to alternating 2.5% O2 and 5% CO pulses (both
in He carrier) at the desired test temperature. Most of the
OSC data reported here involved five sequences of 10 s
pulses with 10 s He pulses interspersed to ensure com-
plete flushing of gas phase species between the O2 and
CO pulses (a few experiments were carried out with 50 s
pulses of CO and O2 with 10 s of He in-between). Ar
was injected along with the CO pulse and was used as an
internal standard for quantification of gas concentrations.
A UTI 100C quadrupole mass spectrometer was used to
monitor CO (mass 28), O2 (mass 32), Ar (mass 40), and
CO2 (mass 44) at 0.2 s intervals during each measurement.
Corrections were made to the mass 28 and 32 signals due
to cracking of CO2. OSC was quantified in terms of micro-
moles of oxygen atoms per gram of catalyst (µmol O/g) by
comparing integrated amounts of CO in the pulses enter-
ing and exiting the reactor. Close agreement was obtained
between oxygen uptakes calculated from consumption of
CO and those calculated from either production of CO2 or
consumption of O2 (during subsequent re-oxidation of the
catalyst).

X-ray photoelectron spectroscopy (XPS) measurements
were performed with a Kratos Axis 165 spectrometer and
coupled reactor, which allowed for sample treatment fol-
lowed by analysis without exposure to air. Samples were
prepared by pressing the powders into pellets. In order to
accelerate outgassing and remove C from the surface, sam-
ples were heated at 450 ◦C for 2 h in flowing O2 before
performing the first set of XPS measurements. A second set
of measurements was performed subsequently, following a
similar treatment in flowing H2. Each set of measurements
included a survey spectrum and the Ce 3d, Zr 3d, and Ce 4d
core-level spectra, which were analyzed following standard
procedures using Kratos-supplied software.

3. Results

The specific surface areas of both fresh and aged cata-
lysts are listed in table 1. Aside from the decrease upon
aging, there are no clear trends, e.g., with variation in com-
position. Within the series Pd/ZC1–Pd/ZC4, each of which
contains approximately 80 wt% zirconia, surface areas af-
ter aging vary by a factor of five, whereas fresh surface
areas are more nearly comparable. A similar difference in
stability exists between Pd/ZC6 and Pd/ZC7, each of which
contains 50 wt% zirconia.

Powder XRD patterns of the fresh catalysts are shown
in figure 1. The patterns of Pd/ZC1 and Pd/ZC4 resemble

Figure 1. XRD patterns of fresh catalysts.

Figure 2. XRD patterns of aged (1050 ◦C redox for 12 h) catalysts.

that of tetragonal ZrO2 [7], distinguishable from the cubic
fluorite-type structure by the splitting of certain peaks, like
the ones near 59◦ and 73◦. The patterns of Pd/ZC2 and
Pd/ZC3 resemble a mixture of tetragonal (or cubic) and
monoclinic ZrO2 [7]. Dissolution of increasing amounts
of ceria into zirconia causes all the peaks of the tetragonal
structure to shift toward lower angles, as can be seen from
a close comparison of the patterns of Pd/ZC4, Pd/ZC5, and
Pd/ZC6. The patterns of Pd/ZC5–Pd/ZC7 resemble that of
cubic ZrO2 (or CeO2) [7].

The XRD patterns shown in figure 2 were obtained from
the aged catalysts. Compared with the patterns of the fresh
catalysts, the peaks are narrower, due to sintering, and
closely spaced peaks are more clearly resolved. The mon-
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Table 2
XRD results: phase compositions, cell parameters, and %Pd encapsulated.

Designation Phasea (cell parameters (nm))b %Pd encapsulated

Fresh Aged (aged)

Pd/ZC1 t t (0.512, 0.522) ∼5
Pd/ZC2 t(/c), m t (0.512, 0.522) ∼20
Pd/ZC3 t(/c), m t (0.512, 0.522) ∼7
Pd/ZC4 t t (0.512, 0.522) 15–20
Pd/ZC5 c t (0.513,−), t′ (−, 0.527) 15–25
Pd/ZC6 c t′ (0.524,−) 20–25
Pd/ZC7 c t′ (0.524, 0.528) ∼0

a m – monoclinic (ZrO2), t, t′ – tetragonal, c – cubic.
b (a, c) of double tetragonal cell.

oclinic ZrO2 has disappeared from Pd/ZC2 and Pd/ZC3,
making the patterns of the series Pd/ZC1–Pd/ZC4 nearly
identical. In fact, cell parameters (a, c) deduced from the
positions of the peaks corresponding to (200) and (002)
reflections of the double tetragonal cell, listed in table 2,
are the same for all four aged catalysts. The patterns of
Pd/ZC6 and Pd/ZC7 are now also seen to be tetragonal
rather than cubic, but their cell parameters are larger than
those of Pd/ZC1–Pd/ZC4, as would be expected due to their
larger Ce content. Further, their c/a ratio is closer to one,
leading to the distinction in labeling of the two tetragonal
phases, t and t′, in table 2. The pattern of Pd/ZC5 appears
to contain a mixture of these two tetragonal phases. Al-
though this variation in phase with composition has been
previously reported [8], the measured cell parameters of
phase t in the present case are smaller (by 0.002 nm) than
expected for the nominal composition (and thus typical of a
more Zr-rich material), implying that the materials in these
aged catalysts are not homogeneous.

In fact, close inspection of the two largest peaks in each
of the patterns from Pd/ZC1–Pd/ZC4 in figure 2, especially
Pd/ZC3, reveals a weak low-angle tail or shoulder, sug-
gesting the presence of another, minor phase. Aging at
higher temperature, 1150 ◦C, leads to the clear develop-
ment of these peaks, as shown by the XRD pattern of
Pd/ZC1 in figure 3. Here, after aging at 1150 ◦C, the
cell parameters of the original phase, t, have decreased
slightly to (0.511,0.521), and the peaks corresponding to
the new phase appear to match those of the more Ce-rich
phase, t′. Additionally, weak peaks corresponding to mon-
oclinic ZrO2 appear. Such thermally induced phase sep-
aration also occurs in Ce-rich ceria–zirconia, but higher
temperatures (by at least 100 ◦C in the case of 70 wt%
CeO2–30 wt% ZrO2) are required. In general, phase sep-
aration is observed at lower temperatures when aging is
performed in air, e.g., [6].

The XRD patterns shown in figure 4, also obtained from
the catalysts aged at 1050 ◦C, but with a higher signal-to-
noise ratio than the patterns in figure 2, span a narrow range
of angles around the (111) peak of Pd, normally centered
at 40.1◦. The additional peak near 40.5◦, present in most
of the patterns, is thought to arise from encapsulated Pd
particles that are under a compressive stress applied by the

Figure 3. XRD patterns of Pd/ZC1 showing progression of sintering and
phase separation with increasing aging temperature.

Figure 4. XRD patterns of aged catalysts over narrow range of 2θ spanning
Pd(111) diffraction peak.

ceria–zirconia [9]. The other structure comes from ceria–
zirconia (producing a peak near 42.6◦ in Pd/ZC1–Pd/ZC4
but closer to 42◦ in the more Ce-rich compositions) and
PdO (producing a broad, weak peak at 41.9◦). The en-
capsulated Pd can be observed more clearly by heating the
aged sample in air at 700 ◦C for 2 h, in order to oxidize any
metallic Pd that is not encapsulated, and the encapsulated
fraction can then be deduced by comparison of its peak in-
tensity with that of the reduced sample, where all PdO has
reverted to Pd and the stress on encapsulated Pd particles
has been removed. These steps are illustrated for Pd/ZC1
in figure 5, which also shows the pattern from aged ZC1
with no Pd in order to demonstrate the absence of any other
structure in the background. In this case, approximately 5%
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Figure 5. XRD patterns of Pd/ZC1 showing separated structure due to dif-
fraction from free and encapsulated Pd particles, PdO, and ceria–zirconia
(ZC). The labels, aged/ox and aged/re, refer to aged catalysts which have
subsequently been heated in air at 700 ◦C for 2 h or heated in 0.5% H2

at 500 ◦C for 0.5 h, respectively.

Table 3
Oxygen storage capacities derived from fifth pulse sequence after aging.

Designation Oxygen storage capacity (µmol O/g)

350 ◦C 500 ◦C 700 ◦C

Pd/ZC1 160 160 390
Pd/ZC2 20 110 270
Pd/ZC3 220 260 400
Pd/ZC4 50 140 260
Pd/ZC5 150 400 670
Pd/ZC6 150 420 730
Pd/ZC7 470 570 970

of the Pd appears to be encapsulated. Estimates of the en-
capsulated fraction of Pd for all the aged catalysts are listed
in table 2. Generally, these values tend to be relatively high
in catalysts in which the surface area is relatively low, as
noted previously [9]. Application of the Scherrer relation
to the (111) peak of Pd indicates that the Pd particles are
about 40 nm in diameter.

Results of the OSC measurements are listed in table 3.
The order in which the measurements were performed was
500 ◦C, then 700 ◦C, and finally 350 ◦C. While changing
temperature, the catalyst was continuously exposed to 2.5%
O2/He. The values listed were deduced from the fifth of
the multi-pulse sequences and are taken as characteristic
of steady state. (The first pulse sequence typically yielded
between 60 and 100 µmol O/g more OSC than the fifth at
both 350 and 500 ◦C, but there was little difference between
them at 700 ◦C.) Within each of the two series of catalysts
having similar compositions, the ordering of OSC for all of
the temperatures basically follows that of specific surface
area. The values for the catalyst with the highest OSC
from each series are listed in table 4 together with those

Table 4
Steady-state oxygen storage capacities of aged catalysts.a

Designation CeO2 Oxygen storage capacity (µmol O/g)

(wt%) 350 ◦C 500 ◦C 700 ◦C

Pd/ZC3 21.2 220 260 400
Pd/ZC5 40 150 400 670
Pd/ZC7 50 470 570 970
Pd/CZ3b,c 70.1 630 810 1070
Pd/CZ1d,c 89.6 300 460 620
Pd/C2c 100 20 30 80

a Fifth short pulse for Pd/ZC3,5,7 and Pd/CZ3, long pulse for others.
b 70.1 wt% ceria–29.9 wt% zirconia.
c Catalysts described in [6].
d 89.6 wt% ceria–10.4 wt% zirconia.

for comparable catalysts made with Ce-rich ceria–zirconias
(Pd/CZ1 and Pd/CZ3) and pure ceria (Pd/C2) that were
the subject of an earlier investigation [6]. These results
provide confirmation that the maximum OSC, on a weight
basis, occurs near the center of the Ce-rich side of the
composition range.

The two catalysts made with the Ce-rich ceria–zirconias,
listed in table 4, were also examined by XPS, together
with a subset of the catalysts made with the Zr-rich ceria–
zirconias. Figure 6 shows the Ce 3d spectra from the fresh
catalysts after both the oxidative and reductive treatments.
The spectrum from Pd/CZ1 after the oxidative treatment is
characteristic of Ce4+, while that after the reductive treat-
ment is characteristic of a mixture of Ce4+ and Ce3+ [10].
As the Zr content increases, the relative amount of Ce3+

increases, both after the oxidative and reductive treatments.
In the case of the oxidative treatment, Ce3+ is not expected
to be stable, and its presence is attributed to X-ray-induced
reduction of Ce4+ to Ce3+, e.g., [11], a process that be-
comes more facile in the more Zr-rich catalysts. The tem-
poral dependence of this effect is illustrated for the fresh
Pd/ZC5 catalyst in figure 7, which shows Ce 3d spectra
(acquired over a period of 15 min each) taken at 30 min
intervals. Qualitatively similar behavior was found for the
aged catalysts.

The H2 reductive treatment is more effective than X-rays
for reducing Ce4+ to Ce3+ in all the catalysts, however,
according to figure 6. The percentage of Ce present as
Ce3+ after this treatment, deduced by deconvolution of the
Ce 3d5/2 spectra into Ce3+ and Ce4+ contributions using
computer fits to spectra from appropriate reference com-
pounds, is listed in table 5. The increasing percentage of
Ce3+ in cerium–zirconium mixed oxides with increasing Zr
content, also observed in temperature-programmed H2 re-
duction measurements [12], coupled with the decreasing Ce
content, leads to a broad maximum in overall reducibility
for intermediate compositions.

Quantification of surface composition was performed us-
ing the XPS survey spectra. Figure 8 presents the results,
expressed in terms of wt% CeO2, for the fresh catalysts,
where either the Ce 3d or 4d core levels were used for
obtaining the surface CeO2 concentration, and the Zr 3d
core level was used for obtaining the surface ZrO2 concen-
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Figure 6. Ce 3d core-level spectra of fresh catalysts subjected to oxidative and reductive treatments.

Figure 7. Evolution of Ce 3d spectrum of fresh Pd/ZC5 upon exposure to X-rays.

Table 5
Percentage of Ce as Ce3+ , according to XPS, after the

reductive treatment.

Designation CeO2 Fresh Aged
(wt%)

Pd/ZC3 21.1 71 73
Pd/ZC4 19.4 68 67
Pd/ZC5 40 69 55
Pd/ZC7 50 60 55
Pd/CZ3a 70.1 49 39
Pd/CZ1b 89.6 33 30

a 70.1 wt% ceria–29.9 wt% zirconia [6].
b 89.6 wt% ceria–10.4 wt% zirconia [6].

tration. While the correlation between surface and nominal
bulk compositions is good, there is a hint of surface enrich-
ment in Ce for the most Zr-rich catalysts. The difference
between the Ce 3d and 4d results for these catalysts is con-
sistent with such Ce surface enrichment since the Ce 3d
photoelectrons originate from closer to the surface than

Figure 8. Surface composition of fresh catalysts derived from XPS meas-
urements.
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Figure 9. Surface composition of aged catalysts derived from XPS meas-
urements.

the Ce 4d electrons due to their shorter inelastic mean-
free path. Further, the surface enrichment in Ce for the
more Zr-rich catalysts appears to have increased after aging,
as shown by figure 9. Although an earlier study did not
observe this effect [13], it would seem to be reasonable in
view of the incipient phase separation, where the more Ce-
rich minor phase, which has the larger cell volume, could
possibly reduce strain energy if it formed preferentially at
the surface.

Finally, a binding energy shift of about 0.5 eV in the
Zr 3d levels of the Ce-rich mixed oxides relative to those
in pure zirconia was observed. This agrees with measure-
ments from Ce1−xZrxO2 epitaxial films, where the shift
was attributed to the “alloy” effect [14].

4. Discussion

The results of this study complement those of an earlier
one in which model Pd automotive catalysts were made
with high-surface-area Ce-rich ceria–zirconias, aged, and
characterized [6]. Similarities and differences are summa-
rized below:

• Specific surface areas of catalysts made with both Zr-
and Ce-rich materials were comparable, spanning the
range 50–100 m2/g when fresh and 2–10 m2/g when
aged.

• Both Zr- and Ce-rich ceria–zirconias can be made in the
form of single-phase solid solutions, but upon aging, Zr-
rich materials phase separated at lower temperature than
Ce-rich materials. The crystal structures of the solid
solutions are also different, Zr-rich being tetragonal, Ce-
rich being cubic.

• Sintering of Pd upon aging was comparable in all cata-
lysts. The extent of Pd particle encapsulation was no

greater, in some of the cases, for the Zr-rich ceria–
zirconias than for the Ce-rich ceria–zirconias.

• The fraction of Ce that becomes Ce3+ upon reduction
was larger on the Zr-rich side of the composition range,
but OSC reached a maximum value for catalysts made
with compositions near the middle of the Ce-rich side.

• Surface segregation of Ce was observed upon aging of
catalysts made with Zr-rich ceria–zirconia, whereas none
was found in catalysts made with Ce-rich material.

The previous study also employed another characteri-
zation technique, temperature-programmed reduction with
H2, which revealed a new feature in aged catalysts made
with ceria–zirconia, relative to ceria, related to Pd-assisted
reduction of the ceria–zirconia bulk. Although not shown,
similar results have been obtained for Pd catalysts made
with Zr-rich ceria–zirconias [15].

A particularly interesting aspect of the previous study
was the difference in OSC amongst catalysts made with
a series of ceria–zirconias having the same composition,
70 wt% CeO2–30 wt% ZrO2, and nearly identical physical
characteristics, but produced by different processes. In the
present study, the catalysts made with the series of ceria–
zirconias having a composition of 20 wt% CeO2–80 wt%
ZrO2 were not as similar, and after aging, the differences
in OSC were weakly correlated with differences in specific
surface area.

Aside from any differences associated with the prepara-
tion process, it is clear that ceria–zirconia having a compo-
sition of 70 wt% CeO2–30 wt% ZrO2 provides the largest
OSC, and yet there may be situations that favor the use of
other compositions. Consider, for example, maintenance of
stable OSC under extremely high-temperature conditions,
sufficient to cause phase separation. Although the temper-
ature required would likely be somewhat higher for a Ce-
than a Zr-rich material, the effect of phase separation on a
material with maximum OSC would be to produce multi-
ple phases, each possessing a lower OSC, the sum of which
would be less than the initial value. Phase separation in a
Zr-rich material, on the other hand, would likely produce
one phase (out of at least two) with a higher OSC than the
initial value, and overall OSC might not change much at
all.

Another factor, not considered in these studies, that
could influence the relative performance of different ceria–
zirconias, is the effect of sulfur poisoning. Preliminary
results in our laboratory suggest that exposure to SO2 may
produce a much larger decrease in OSC of Pd catalysts
made with Ce- than Zr-rich ceria–zirconias. Further, dif-
ferent relationships may exist for Pt and Rh, the other pre-
cious metals commonly used in automotive exhaust cata-
lysts, when supported on ceria–zirconia [9].
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