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The influence of reducing conditions on transient redox behav-
ior of a series of noble metal (NM)-loaded Ceg gsZrp 3202 and CeO,
materials was investigated. When H, was used as a reducing agent,
significant dynamic oxygen storage (H,-OSC) values, with H,0
formation, were measured at room temperature (RT). This is at-
tributed to H spilled over the support followed by titration of this
adsorbed hydrogen by O,. The phenomenon requires the presence
of metal to activate H,, and was observed for Rh, Pd, and Pt, all
of which show high efficiency in this regard. Furthermore, there
appears to be a direct relationship between this process and surface
area: Decreasing the surface area of samples diminishes RT Hj-
OSC proportionally. The higher thermal stability of ceria—zirconia
relative to ceria means that H,-OSC remains significant even after
severe redox aging. Over Pt/CeO;, the H,-OSC values measured at
373-773 K depend on surface area, indicating that the reduction
is a surface-related process, whereas for ceria-zirconia-supported
samples deeper reduction/vacancy creation becomes evident as the
temperature is increased, the dynamic H,-OSC being therefore in-
dependent of sample surface area. When CO is used as reducing
agent, complicated dynamic CO-OSC behavior is observed, with
surface reduction, CO storage, and CO desorption being detected.
For the fresh (oxidized) high-surface-area Pt/Ceqg3Zro3,0, cata-
lyst, appreciable CO-OSC is detected only at and above 473 K.
When the catalyst is prereduced at 500 K, CO-OSC is observed
at 373 K. In contrast, no appreciable CO-OSC was detected over
low-surface-area samples below 673 K. Compared with Pd and Pt,
which exhibit similar behavior, the presence of Rh promotes support
reduction by CO. 2001 Academic Press

Key Words: oxygen storage capacity; ceria—zirconia; redox prop-
erties; platinum; palladium; rhodium; three-way catalysts; hydro-
gen spillover; CO oxidation.

1. INTRODUCTION

The ability of a three-way catalyst (TWC) to attenuate
the negative effects of rich/lean oscillations in exhaust gas
composition is a crucial factor in determining its overall

1 To whom correspondence should be addressed. E-mail: kaspar@
univ.trieste.it. Fax: +39 040 6763903.

efficiency (1, 2). It is generally accepted that the most im-
portant factor in this regard is the oxygen storage capac-
ity (OSC): loss of OSC results in a severe loss of TWC
efficiency (3). Accordingly, this has led to the develop-
ment of on-board diagnostics (OBD) which, by in situ
monitoring of the OSC, detects the failure of the catalytic
converter. In modern TWC formulations, ceria-zirconia
mixed oxides are included to cater for the OSC require-
ment, replacing CeO,, which was used in earlier formula-
tions (4). OSC is fundamentally related to redox behavior.
Thus, a detailed knowledge of the redox properties of these
materials is desirable with a view to designing improved
TWoCs.

OSC is usually discussed in terms of the ability of the
catalyst to attenuate the effects of rich/lean excursions
through the Ce®**+/Ce** redox couple:

CeO, %, ce0, , + x/20,.

H,0/co,

Formation of vacancies is often either implied or assumed.
However, in a recent communication, we demonstrated
that, due to the phenomenon of hydrogen spillover, high
OSC may be measured at room temperature (RT) over a
0.58% Pt/Ceg6sZr.320; catalyst (5). This raises the possi-
bility that spillover may also be a factor at higher temper-
atures of investigation. As H, is always present in exhaust
gas composition in a ratio of 1:3 with respect to CO (1),
this is a potentially important finding, worthy of further in-
vestigation.

OSC investigations may be divided into two categories:
total OSC and dynamic OSC (2, 6). The former refers to
O, uptake measured after a switch from a reducing to
an oxidizing (O;) atmosphere and involves single reduc-
tion and reoxidation steps; the latter refers to the O, up-
take measured during continuous cycling between reducing
and oxidizing (O;) atmospheres. Two techniques are gener-
ally used in investigation of dynamic OSC. Following the
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TABLE 1

Sample Summary

Sample NM loading Sample Surface area Aging procedure?
composition (wt%) designation (m?g7Y) [gas, time (min), T (K)]
Pt/CEo.ngrogzOZ (HSA) 0.58 PtCeZrl 100
PtCeZr2 77 H,, 5, 1173
PtCeZr3 15 H,, 480, 1273
PtCeZr4 7 (1) Hy, 480, 1273, (2) H,, 480, 1343
PtCeZr5 30 Redox-aging (procedure B)
Pt/Ceo 82103202 (LSA) 0.55 PtCeZr6 21
Pt/CeO,(HSA) 0.54 PtCel 88
PtCe2 50 H,, 30, 1013
PtCe3 7 Redox-aging (procedure B)
Pt/CeO,(LSA) 0.53 PtCe4 18
Pt/y-Al,O4 0.5 PtAI1 99
Pd/CEo_ngl’o_gzOz (HSA) 0.64 PdCeZrl 85
Rh/CEo,egzrolazoz (HSA) 0.69 RhCeZrl 94

aFor samples of compositions 0.58% Pt/CegesZro3.0, and 0.54% Pt/CeO,, the HSA materials were used
to obtain samples of lower surface area, by means of the aging procedures outlined. All pretreatments were
conducted ex situ, except redox-aging (procedure B). All ex situ pretreatments in H, were conducted using a 5%
H, in Ar mixture and at a flow rate of 20 ml min—!. See Section 2 for details of procedure B.

pioneering work of Yao and Yu-Yao (2), dynamic OSC
measurement involves alternately pulsing the chosen
reducing agent (usually CO but sometimes H,) and O,
over the material under investigation. More recently, the
OBC technique has been developed by Bernal et al. (7). In
this method O3 is pulsed over the sample in a flow of inert
gas, which effectively corresponds to oscillations between
mildly reducing and oxidizing conditions.

Relative to ceria, ceria—zirconia mixed oxides are gener-
ally believed to show better redox propertiesand, therefore,
enhanced OSC. Likewise, the zirconium-doped cerium ox-
ides exhibit higher thermal stability, thus showing en-
hanced resistance against the deactivation effects induced
by high-temperature aging processes (4). Improved re-
dox behavior of fresh and aged ceria-zirconia materials
has been demonstrated by temperature-programmed re-
duction (TPR), and has been suggested to be a func-
tion of the structural properties of these supports (8, 9).
However, less attention has been devoted to dynamic re-
dox behavior and to the effect of the supported metal
thereon (10, 11). In addition, to our knowledge, the influ-
ence of the reducing agent employed has not been con-
sidered for noble metal (NM) ceria—zirconia mixed oxides.
In the light of our previous communication (5), the role
played by hydrogen spillover in OSC determinations is an-
other important consideration within this framework. In
the present work, the effect of the reducing agent, H, or
CO, on the total and dynamic OSC of a series of NM-
loaded CeggsZro320; catalysts is investigated and a com-
parison with results obtained using Pt/CeO, and Pt/Al,Ogz is
made.

2. EXPERIMENTAL

2.1. Catalyst Preparation and Pretreatment Procedures

Pt-, Pd-, and Rh-loaded CeggZrg30, and Pt/CeO,
were prepared and supplied by Rhodia as part of the
CEZIRENCAT network.? The noble metals were impreg-
nated onto the support using Rh(NOz)3, Pt{[(NH3)4](NO3)a2,
and Pd[(NH3)4](NO3), as precursors. The high- and low-
surface-area CeggsZro320, (HSA, 100 m? g~ LSA, 21 m?
g~1) and CeO, (HSA, ~100 m? g~ LSA, 18 m? g~ 1) were
from a previous study (12). Pt/y-Al,O3 was prepared by
wet impregnating Pt(NH3)2(NO3), on y-Al,O3 (Alfa prod-
ucts). This sample was dried overnight at 383 K and then
calcined for 5 h at 773 K.

To investigate the effect of surface area, in addition to the
starting HSA and LSA catalysts, two types of treatments,
i.e., exsitu reduction and in situ procedure B outlined below,
were applied to HSA Pt/CeggsZr(3,0, and Pt/CeO, to ob-
tain samples with lower surface areas. Table 1 summarizes
the samples used.

For each OSC measurement, the sample under investi-
gation was subjected to one of four in situ pretreatment
procedures:

A. Cleaning: This procedure was always applied as a
first step. It consisted of heating the sample in 5% O,/Ar

2The CEZIRENCAT Project is a multilaboratory project in the area
of three-way catalysis funded by the European Union. Home page: http://
www.dsch.univ.trieste.it/cezirencat/index.html.



DYNAMIC OXYGEN STORAGE OF NM/Ceg3Zr3,0-

(25 ml min 1) from RT to 823 K at a heating rate of 10 K
min ~1, holding at that temperature for 1 h, and then cooling
slowly, firstin O,/Ar to 373 K and finally to RT in Ar (60 ml
min ~1). The aim of this treatment was to reproducibly ob-
tain an oxidized, clean sample surface (13).

B. Redox-aging: Pretreatment A was followed by (i) re-
duction to 1273 K at 10 K min~! followed by isothermal
reduction at 1273 K for 15 min (5% H, in Ar, 25 ml min~?);
(i) flushing at 1273 K for 15 min and slow cooling to 700 K
(in Ar); (iii) reoxidation at 700 K for 30 min and cooling to
423K (in5% O in Ar); and (iv) cooling in Ar to RT. Unless
otherwise stated, a flow rate of 60 ml min~! was used.

C. Reduction: A cleaned sample was heated in 5% H; in
Ar to 500 K (10 K min~1), maintained at 500 K for 1 h, and
cooled slowly to RT; the flow was then switched to Ar at
RT (30 min, 25 ml min~1).

D. Reduction/passivation: A reduced sample was treated
with pulses of O, (500 wl) at RT for 1 h. Such a passivation
procedure leads to almost full reoxidation of the support
(14).

2.2. Hydrogen Chemisorption and BET
Surface Area Measurements

H, chemisorption and BET surface area measurements
were conducted using a Micromeritics ASAP 2000 analyzer.
H, chemisorption was measured at 308 and 193 K, as fully
described previously (15, 16). Typically, 1.0 g of catalyst was
used and the samples were prereduced at 500 K for 2 h. Two
values of adsorbed volumes are reported. The first was de-
termined by extrapolation to zero pressure of the linear part
of the adsorption isotherm (4-20 Torr). Apparent disper-
sions were calculated from these values, assuminga H: NM
chemisorption stoichiometry of 1: 1. In addition, the values
of total H, chemisorbed at the final adsorption pressure
(20 Torr) are reported. BET surface area measurements
were carried out on the same instrument.

2.3. Temperature-Programmed Reduction

Temperature-programmed reduction experiments were
conducted using a VG Sensorlab quadropole mass spec-
trometer (TPR/MS) with POSTSOFT analysis software,
as reported previously (15). The TPR/MS of the cleaned
sample was obtained according to pretreatment procedure
B. After this, the TPR/MS profile of the redox-cycled
sample was collected in the same way. The degree of
reduction attained during TPR was estimated in sepa-
rate experiments using a thermal conductivity detector
(TCD). Using identical flow conditions but ca. 0.05 g of
catalyst, procedure B was followed until the reoxidation
step, at which point O, uptake was quantified by a pulse
technique to ensure full oxidation in the bulk of the solid
solution (17).

183

2.4. Dynamic OSC Measurements

After sample pretreatment (A-D), analysis was per-
formed by increasing the temperature of the catalyst
(0.020 g, maintained in a flow of Ar of 25 ml min~?) in a
stepwise manner and, during the isothermal steps (30 min),
alternately pulsing reductant (H; ( H,-OSC) or CO (CO-
OSC)) and O, over the sample every 70 s. The temperature
range RT to 773 K was investigated. The reducing agent
was always pulsed first. For H,-OSC measurements, loop
volumes of 500 | (22.3 umol) and 250 pl (11.2 wmol) were
used for H, and O,, respectively; while for CO-OSC mea-
surements, loop volumes of 100 ! (4.5 wmol) were used for
both CO and O,. A thermal conductivity detector was used
for guantification of Hy, CO, O, and CO,. Following the
definition of Yao and Yu Yao (2), OSC was measured as
the uptake of O, from the O, pulse. All values quoted
are the average values obtained once the system exhib-
ited steady-state behavior. To avoid changes in the con-
tact times, constant loop volume and sample weight were
kept through the series of experiments. This resulted in
full CO uptake in some of the experiments. When H,
was used as the reducing agent, a molecular sieve trap
was used to remove water from the gas stream; when
CO was used, the evolved CO and CO, were separated
on a Porapak Q column. A mass spectrometer (MS) was
used for supporting qualitative information using the fol-
lowing conditions: 0.200 g sample, 25 ml min~* Ar, loop
volume of 1 ml (44.6 umol). The experimental setup dif-
fered in these experiments in that, although heated, longer
transfer lines were necessary. To account for the increased
tailing of peaks that resulted, pulses were made at 100-s
intervals.

3. RESULTS

3.1. Hy Chemisorption and Surface Area Measurements

The results of surface area analysis and H, chemisorp-
tion of the samples investigated are presented in Tables 1
and 2 respectively. All of the HSA materials investigated
exhibit similar high surface area (85-100 m? g~1). Of the
data available, chemisorption measurements at 193 K in-
dicate that these samples also have similar dispersions. It
should be noted that spillover is arrested at this temper-
ature (16, 18). The well-established problem of hydride
formation prevented a similar analysis in the case of the
Pd/CeZrl sample. Chemisorption measurements at 298 K
indicate that the ceria-based samples exhibit high spillover
and accumulation of H, over the support while PtAll does
not. In fact, the near equality of the data obtained at 193
and 298 K indicates negligible amounts of hydrogen spilled
over the support for this sample. Furthermore, there is a
significantly higher uptake for the PtCeZr samples rela-
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TABLE 2

Volumetric H, Chemisorption

H, chemisorption?

193K 298 K
Uptake at Uptake at Uptake at Uptake at Normalized
0 Torr 20 Torr 0 Torr 20 Torr uptake®
Sample (mig™) (mlg™) H/NMP (mlg™) (mlg™) H/NMP (H atoms nm~2)
PtCeZrl 0.31 0.37 0.94 6.78 7.09 20.3 35
PtCel 0.30 0.31 0.98 3.88 4.02 12.3 2.2
PtAll 0.26 0.27 0.89 0.28 0.30 0.98 0
PdCeZrl — — — 5.94 6.30 11.3 35
RhCeZr1 0.52 0.62 0.69 6.50 6.81 12.0 35
PtCeZr2 — — — 531 5.56 16.8
PtCeZr3 0.02 0.02 0.10 0.98 1.04 3.15 35
PtCeZr4 — — — 0.90 0.99 2.90
PtCeZr5 0.09 0.09 0.26 1.40 1.61 4.20 24
PtCeZr6 0.27 0.29 0.85 1.64 1.74 5.20 3.7
PtCe2 0.11 0.11 0.38 2.74 2.81 5.00 2.9
PtCe3 0.04 0.04 0.11 0.47 0.49 1.50 3.4

aSample were first cleaned according to pretreatment A (see text) and then reduced at 500 K for 1 h, followed by evacuation at 673 K for
4 h. The H; pressure range 2-20 Torr was employed. Adsorbed volumes were determined by extrapolation to zero pressure of the linear part
of the adsorption isotherm (0 Torr). Cumulative H, adsorption at P = 20 Torr is also given.

bH/NM calculated at 0 Torr. As shown previously, under our experimental conditions, at 193 K only H adsorbed on NM is detected, while

at 298 K a contribution of spilled over H is also present.

¢Number of hydrogen atoms adsorbed on the support at 0 Torr/nm? calculated as (H atoms adsorbed at 298 K — H atoms adsorbed at 193
K)/(BET surface area — NM exposed surface area). H/Pd = 1 was assumed due to unavailability of low-temperature chemisorption data.

tive to PtCe, indicating the key role of the added ZrO; in
promotion of H; spilling/adsorption over the CeO,-
containing support (compare Fig. 3b below). When nor-
malized as a coverage of H atoms per square nanometer of
support, the H, uptake values are very similar for the three
cleaned NMCeZr samples. The magnitude of the contribu-
tion from metal-adsorbed hydrogen was estimated from the
data at 193 K (16, 18). The normalized H, uptake is some-
what lower for the redox-aged PtCeZr5 compared with
other NMCeZr samples. The sensitivity of spillover phe-
nomena to pretreatment is well known and could account
for this exception.

Aging of the PtCeZrl, PtCel, and PtAll samples de-
creases surface areas. The higher thermal stability of ceria—
zirconia is illustrated by the smaller decrease in the sur-
face area of PtCeZr1 compared with PtCel when the same
redox-aging procedures (B) are applied to both to yield
PtCeZr5 (30 m? g~1) and PtCe3 (7 m? g~1), respectively
(Table 1). Reduction at 1343 K was necessary to achieve
a surface area of 7 m? g~! in the PtCeZr1 sample. Aging
also decreases the H/Pt values at both 298 and 193 K. How-
ever, with few exceptions, the H-atom coverage at 298 K per
square nanometer is relatively constant, suggesting that, un-
der the present experimental conditions, the mechanism of
H; spilling and adsorption over the support is not strongly
affected by the severity of the pretreatments.

3.2. Temperature-Programmed Reduction

H, TPR/MS profiles of the cleaned (pretreatment A)
and redox-aged (pretreatment B) NMCeZr are shown in
Fig. 1. The overall TPR behavior of the cleaned samples
is consistent with previous results of TPR investigations
of such materials (19). All of the samples exhibit a dom-
inant low-temperature reduction feature. In the cases of
PdCeZrl and RhCeZrl, this is attributed to an initial re-
duction of supported NM oxide, which in turn results in
support reduction through spillover of hydrogen species.
TPR of a Pd/ZrO, sample prepared in the same way as
the present samples (not shown) indicates that the Pd is
in fact reduced at RT, as negligible uptake was observed
during the temperature ramp. This suggests that the H;
uptake observed for PdCeZrl can be attributed to sup-
port reduction. For cleaned PtCeZr1, reduction takes place
at higher temperature, which is due to the comparative
difficulty of the reduction of the surface platinum oxide
(20).

H, uptake is always followed by the appearance of H,O,
indicating that either adsorption effects are in operation
and/or H; activation (i.e., the so-called reversible reduc-
tion (21)) precedes the irreversible reduction (i.e., oxygen
vacancy creation with H,O formation). The term reversible
reduction was introduced to describe the ability of Rh/CeO,
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FIG.1. H; uptake (a traces) and H,O evolution observed during
TPR/MS profiles of (1) cleaned Pt/CeygsZro32,0,, (2) redox-aged Pt/
CepesZro3202 (3) cleaned Rh/CepgsZros.02 (4) redox-aged Rh/
CeoesZrp3202, (5) cleaned Pd/CeggsZrg3,0,, and (6) redox-aged Pd/
CeeZr03202.

to adsorb and spill H, over CeO,, leading to Ce** reduction.
In analogy with chemisorption experiments, this process is
termed reversible since Ce3* can be reoxidized by a sim-
ple evacuation, i.e., in the absence of an oxidizing agent
(21). On the contrary, the term irreversible reduction was
employed because the presence of an oxidizing agent, such
as O,, COy, NO, or H,0O, is necessary to recover the ini-
tial Ce(1V) state when oxygen vacancies have been created
in the reduction. The H,O profiles indicate that there are
high-temperature regions of reduction. H,O detection has
not ceased by the end of the experiment and the profiles
are not symmetrical. Factors such as H,O retention on the
transfer lines, change in signal baseline due to the process
of sintering, and the large amount of sample used could also
contribute to these observations.

The effects of redox-aging are also typical of the behav-
ior of these material after such treatments (19). In the case
of PtCeZrl, all features are moved to lower temperatures.
The most likely explanation of this is that the reoxidation
procedure does not fully oxidize the metal. If so, the result-
ing partly oxidized platinum would be more easily reduced,
thus favoring the occurrence of hydrogen spillover, which
in turn would allow the support reduction to start at a lower
temperature. For PdCeZrl and RhCeZr1, redox cycling re-
sults in the observation of H,O evolution at lower temper-
atures, while H, uptake commences immediately, as for the

185

cleaned samples, but takes place over a broader range of
temperatures.

In pulsed reoxidation experiments, an O, uptake (total-
OSC) of ca. 20 ml g~* was obtained for all the profiles in-
cluded in Fig. 1. For the purposes of comparison, it should
be noted that an O, uptake of 17 ml O, g‘l was measured
for the PtCel sample in identical experiments.

3.3. Dynamic OSC Using H; as Reducing Agent

The results of dynamic H,-OSC measurements on the
reduced (pretreatment C) and redox-aged (pretreatment
B) samples are reported in Table 3. Close to stoichiomet-
ric O,/H, uptakes were measured in all the experiments,
including those at RT. Accordingly only O, uptake is re-
ported. High dynamic H,-OSC values are measured over
all the samples, the highest being those measured at 773 K
over the redox-aged NM/CeZr samples, which correspond
to about half of the total OSC measured after the TPR
experiments. Both Pd- and Pt-loaded CeZr samples show
very similar values, independently of the pretreatment, sug-
gesting that mostly the nature of the support affects the
dynamic H,-OSC here measured. Notably, a constant, or
even slightly decreasing, H,-OSC is measured in the PtCel,
which drops after redox-aging. Very low H,-OSC is mea-
sured over PtAIl1, which is in line with the observation that
the redox reaction occurs at the support.

A remarkable finding reported in Table 3 was the high
OSC measured at RT. To ensure the lack of artifacts, the
issue of water formation at RT was addressed by mass spec-
trometry. Figure 2 contains the results of dynamic H,-OSC
investigations using PtCeZrl and PtAll after various pre-
treatments. When observed, H,O is produced continuously,
with minor perturbations coinciding with H, or O, pulses.
This indicates the occurrence of H,O adsorption effects on
the surface of the catalysts and maybe, to some extent, on
the transfer line. Accurate quantification was therefore not
possible. Significant H,O formation, in conjunction with H,
and O, uptake, is observed only for the ceria-zirconia-based
sample after reduction or reduction/passivation (pretreat-
ments C and D) or redox cycling (pretreatment B). By con-
trast, very low consumption of reactants and formation of
H,O was observed for both the reduced PtAll and cleaned
PtCeZrl samples. An analogous series of experiments (not
shown) confirmed water formation with reduced and, to a
much smaller extent, redox-aged PtCel at RT. Individual
pulses resulted in catalyst bed temperature increases of the
sample of 5-6 K above RT in the case of PtCeZrl sample
and 2-3 K in the case of PtCel.

Dynamic H,-OSC measurements were also conducted at
RT over samples of composition 0.58% Pt/CegsZr0320>
and 0.54% Pt/CeO, with lower surface areas, in or-
der to verify the possible link between these proper-
ties. These results are summarized in Fig. 3a. CeO; is
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TABLE 3

Effect of Surface Area on Dynamic H,-OSC Measurements Using Hy as Reducing Agent

H,-OSC at various temperatures®®

Surface (M1 O2 g tayet)
area

Sample (m?g~Y) Pretreatment? RT 373K 473 K 573K 673 K 773K
PtCeZrl 100 Reduction 6.3 7.1 7.5 7.6 8.1 8.9
PtCeZr5 30 Redox-aging 2.8 41 9.1 8.7 9.8 11.6
PtCeZr6 21 Reduction 15 2.0 44 5.0 5.9 6.8
PtCel 88 Reduction 4.2 45 44 41 3.6 3.4
PtCe4 18 Reduction 14 1.6 15 15 13 1.3
PtCe3 7 Redox-aging 0.6 0.9 0.9 0.8 0.9 1.0
PdCeZrl 85 Reduction 6.2 7.1 7.4 1.7 8.3 8.8
PdCeZrl — Redox-aging 25 3.6 7.9 8.8 9.7 10.6
RhCeZrl 94 Reduction 2.4 6.5 7.7 8.0 8.6 9.0
RhCeZr1 — Redox-aging 0.7 4.0 8.0 8.7 9.6 10.6
PtAl + CeZrd — Reduction 2.0 44 6.5 7.9 9.2 8.9
CeZr® 100 Cleaning 0.0 0.0 0.0 0.0 0.6 21

2 See Section 2 for details of pretreatment procedures. Cleaning = procedure A. Redox-aging = procedure B. Reduction =

procedure C.

b OSC values are given as ml O, uptake g~*. Estimate of the upper limit of the contribution of NM oxide reduction to the

H,-OSC calculated fom NM metal loading reported in Table 1 indicates contributions of 0.3, 0.7, and 1.1 ml O, g

Pd, and Rh, respectively.

for Pt,

-1
catalyst

¢OSC measurements over PtAll showed no value greater than 0.2 ml g~ at RT to 773 K.
d Physical mixture of equal amounts of PtAIl and HSA Ceg3Zr032,05.

¢ HSA Ce68Zr0.320;.

known to easily sinter under reducing conditions (22).
Accordingly, we progressively increased the reduction tem-
perature of the catalysts, leading to lower surface areas
(Table 1). It should, however, be noted that high-
temperature reduction also can lead to other phe-
nomena such as NM sintering, metal particle decora-
tion, and encapsulation, in addition to support sintering
(23). Two samples, PtCeZr6 and PtCe4, containing LSA
CeoesZro320, (21 m? g7) and CeO, (18 m? g~1) were
therefore investigated. These yielded RT dynamic H,-OSC
values of 1.5 and 1.4 ml O, g7, respectively. Here, the
above-quoted phenomena are absent, since the samples
were prepared by first sintering the support at 1173 K and
then loading the metal. Thus, within experimental error,
there appears to be a linear relationship between the RT
H,-OSC and the surface area for both the CeZr and CeO,
samples, and this relationship appears to be largely inde-
pendent of the nature of the pretreatment (i.e., reduction
or redox-aging). Notably, a significantly higher slope was
detected for the ceria-zirconia series compared with the
ceria series. For comparison, H, chemisorption at 298 K is
plotted versus BET surface in Fig. 3b, showing the same
kind of trends as observed in the dynamic OSC measured
at RT.

On increasing the temperature of dynamic investigation,
the correlation between surface area and dynamic OSC be-
havior is no longer apparent (Table 3). Thus, the values ob-
tained for the PtCeZr5 sample lie above those of the other

PtCeZr samples investigated for temperatures higher then
473 K. In fact, no clear pattern emerges at higher tempera-
tures, other than the observation that differences between
the samples become smaller, indicating that other factors,
such as preparation and structure, become important in the
behavior observed. Finally, comparison of the data obtained
on RhCeZr1 with those obtained on PdCeZrl and PtCeZrl
catalysts shows that under our dynamic OSC conditions,
Rh is less effective after an equivalent pretreatment in
promoting RT H,-OSC compared with the other two NMs,
while at higher temperatures similar H,-OSC values are
measured.

3.4. Dynamic OSC Using CO as Reducing Agent

The results of analogous dynamic CO-OSC measure-
ments on PtCeZrl after pretreatment C (reduction) are
summarized in Fig. 4a. The corresponding sequence of
pulses is shown in Fig. 4b. The complex behavior ob-
served when CO-OSC is measured over a reduced sur-
face is partially illustrated in this figure. Both O, and CO
pulses show a transient type of behavior between RT and
473 K, while above this temperature the pulses show a con-
stant steady-state behavior at a constant temperature. Ap-
preciable CO, formation was detected at temperatures >
473 K. The initial pulses at 373 K also showed some CO,
production. In addition to the sample reduction indicated
by the appearance of CO; at and above 473 K, it is clear



DYNAMIC OXYGEN STORAGE OF NM/Ceg3Zr3,0-

(@)

H,0 formation (5)

Q
o
‘; 0 2000 4000 6000 8000
E 60 -
S (b) Pt/ Al,O4
> ! :
[0 4 H H H
5 4043 } : ; ; ) :
7] i ) " H \ : i ; !
%] : i . b . B P i B
o B . H . : . . .
— M M M " ] .; " - H M
L T S U ST S - S
S (b E e h e E b
5 AR R ERER R E N
0‘? o LS VENIVEN VRV EN IV EL S UV A T
60
(c) Pt / Ceq gsZr0.3202
40 -
Parts (b) and (c):
stigna] ........
20 O, signal
0 AN AN NN LS | S -
500 1100 1700 2300
Time/s
FIG.2. Dynamic H,-OSC measured at RT using mass spectrometry

detection: (a) H,O production (m/e = 18) over (1) reduced Pt/Al,O3,
(2) cleaned Pt/CeqsZr(.320; (for clarity this trace is displaced), (3) redox
cycled Pt/Ceg gsZr 320, reaction stopped at 5000 s, (4) reduced/passivated
by O, pulses at RT Pt/CeqgsZro3202, and (5) reduced Pt/CeZr(3,05.
(b) H, (m/e = 2) and O, (m/e = 32) over reduced Pt/Al,Os. (c) H;
(m/e = 2) and O, (m/e = 32) over reduced Pt/CeqgZro3,02. MS was
tuned to enhance the sensitivity toward H,. Samples of 200 mg and loop
volumes of 1 ml were employed. Samples reduced at 500 K (5% H; in He,
25 ml min~Y).

that other pathways are available to CO. Up to 473 K,
several pulses are required before the system exhibits
a reproducible response, which could be associated
with CO dissociation/disproportionation on the reduced
Ceo.68Zr0.320, surfaces (24-26), as this phenomenon was
minimal for oxidized samples. It should be noted that under
the present experimental conditions one O, pulse would be
sufficient to remove all eventually spilled H species, possi-
bly present after reduction. All the data shown in Fig. 4a re-
fer to the final pulses, when the system exhibits a steady re-
sponse at most temperatures. In addition, the phenomenon
of CO storage and its subsequent oxidation to CO is sug-
gested by the appearance of CO, with the O, pulses in early
pulses at 373 K and at higher temperatures (see inset to
Fig. 4b). Storage effects are also indicated by the desorption
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FIG.4. (a) Dynamic CO-OSC measurements over reduced

Pt/Ceg6sZr0320; at various temperatures. The values shown are ml g~*
CO, Oy, and CO;. Underlined values indicate full CO uptake in the
experiment and therefore do not represent the full dynamic CO-OSC
(see text). Standard deviation, +0.4 ml g~*. (b) Typical pulse sequence
observed in (a). Experiments were performed by successively pulsing CO
followed by pulse of O,. Loops of 100 ul were used. Apparent maximum
in CO uptake at 473 K is due to the increasing magnitude of the CO,
peak, which becomes larger than the CO peak above this temperature
(compare text inset).



188

n 373K

— m/e=28

@ m/ie =32

€

-

8

2

©

g 473 K

§ 573K 673K 773K

s i

o -« > >

144s 124s 124s 1145 14s 4
JF =i 5 F S F 45 S F 1S
Time/s
FIG.5. Examples of traces observed for (m/e = 32) and (m/e = 28)

for single CO/O; pulse cycles at various temperatures during dynamic
CO-OSC measurements over cleaned Pt/Ceg gsZr( 320, (sample PtCeZr1).
Where necessary, the (m/e = 28) traces have been corrected to account
for contributions from CO, formation.

peak observed when the temperature was increased be-
tween the RT and 373 K sequences of pulses (Fig. 4b). The
above-mentioned phenomenon of CO disproportionation
to give CO; and adsorbed C, which can subsequently be ox-
idized to CO,, may contribute to the CO, observed with the
O, pulse. A further complication is the observation in the
present work that CO may desorb along with the O; pulse.
Figure 5 shows examples of CO and O; pulse cycles (m/e=
28 and 32) made during dynamic CO-OSC measurements
performed on cleaned PtCeZrl from RT to 773 K. The
m/e=28 profile has been adjusted to eliminate contribu-
tions from CO, (m/e = 44). It is clear form this figure that
starting from 473 K, CO desorbs during O, pulses. This
represents a potential problem as the Porapak Q column,
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which is routinely used to separate O, and CO,, could not
separate O, and CO. Any CO desorption with the O, pulse
would therefore tend to decrease the OSC measured using
a TCD. Finally, as suggested by a referee, a possible con-
tribution to the present phenomena could arise from the
occurrence of water gas shift reaction at the expense of sur-
face OH groups (27, 28). However, it should be recalled
that the reported CO-OSC data correspond to the catalyst
samples after reaching a steady-state reproducible behav-
ior. Since the suggested process implies OH consumption,
and the successive CO/O; pulses do not provide any way
of regenerating the consumed OH, the relative weight of
this process, if relevant, should progressively decrease as
the number of alternated CO/O; pulses is increased.

All of this makes it difficult to separate the processes
occurring with certainty. In view of this, consideration of
mass balance becomes an important factor in analysis of the
results obtained, as it can offer insight into the magnitude
of these effects.

Table 4 contains the results of C and O mass balance
considerations of the data obtained on the PtCeZr1 sample.
These are designated §C and §O, and are defined as follows:

3C = (CO uptake) — (CO, produced),
80 = (“O” uptake from CO consumed (CO: O =1:1

stoichiometry)) + apparent “O” uptake from O,)
—(total “O” produced as CO.).

The values calculated are expressed as milliliters per gram
of catalyst. These calculations offer a method to establish

whether the previously discussed phenomenon of CO stor-
age and release as CO is a significant factor. For the cleaned
and redox cycled materials, the mass balance is generally

TABLE 4

Effects of Pretreatments of Pt/Ceg gsZry 3202 on the Dynamic CO-OSC and Calculated
Mass Balance in the Experiments: Sample PtCeZrl

CO-0SC"/mass balance (ml g~%)

Parameter
Pretreatment measured? 373K 473 K 573 K 673 K 773 K
Cleaning CO-0SsC 0.0 1.1 2.1 2.2 2.3
s§C 0.3 0.1 0.7 <0.1 <0.1
50 0.3 0.5 1.2 0.6 0.4
Reduction CO-0SsC 0.7 1.7 2.3 2.4 2.4
s§C 0.9 0.8 0.7 0.6 0.5
50 1.8 1.6 15 1.4 1.1
Redox-aging CO-0SsC 0.0 0.1 0.7 33 3.4
s§C 0.1 0.3 0.2 0.5 0.3
50 0.1 0.5 0.3 0.8 0.4

3CO-0OSC measured as O, uptake (ml g~1). See text for the explanation of §C and §O. Standard

deviation = 0.4 mlg~t.

b OSC values in boldface were recorded with full uptake of CO and therefore do not represent
the true dynamic CO-OSC at these temperatures, the amount of CO being a limiting factor.
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good above 573 K and can be attributed to the error of the
technique. However, on reduced PtCeZrl the CO storage
effects are significant, even at higher temperatures, indicat-
ing the importance of the pretreatment procedure to CO
uptake and conversion.

The results of dynamic OSC measurements using CO as
the reducing agent are summarized in Fig. 6. With respect
to the effect of pretreatment, some differences are evident
between the cleaned (pretreatment A) and reduced (pre-
treatment C) samples, mainly at 373 and 473 K. For the
reduced sample, CO, production and O, uptake are evi-
dent at 373 K, which is lower than for the cleaned sample
(473 K). At 573 K, the behavior observed is comparable for
the two samples. At such temperatures, the O, pulses clean
the sample and the CO can reduce the metal in situ, which
would tend to equalize the states of the cleaned and re-

(a)

B PtCeZr1 - Fresh 1.7
O PtCeZr1 - Reduced

0.7
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373 473

(b)
B PtCeZr5-30m’ g’
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FIG.6. Summary of dynamic CO-OSC measurements carried out on
NM/Ceg 68Zr0.3,0,. Effects of (a) sample pretreatment in Pt/Ceg 21320,
(b) CeesZro320, surface area in Pt/Ceg 323,02, and (c) nature of the
noble metal in redox-aged NM/Ceg3Zrp3,0, (NM = Pt, Rd, and Rh).
Underlined values indicate full CO uptake and therefore do not represent
the full dynamic CO-OSC (see text). Standard deviation, +0.4 ml O, g™,
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duced materials. This experiment confirms that also for CO
activation, as a reducing agent under transient conditions,
the presence of Pt metal or easily reducible metal species
is essential to obtaining low-temperature dynamic OSC. In
comparison with the behavior observed using H; as the re-
ducing agent (TPR experiment; and the fact that cleaned
PtCeZrl showed no H,-OSC up to 473 K), it is of interest
to note that CO, production, indicating surface reduction,
is observed at somewhat lower temperatures in the case of
the cleaned sample. Thus, it appears that CO cause some
surface reduction at lower temperatures than H,. The effect
of surface area on CO-OSC is shown in Fig. 6b. In general,
decreasing the surface area results in an increase in the
temperature at which OSC behavior is observed. In fact,
only PtCeZrl (100 m? g~%) shows appreciable activity at
< 573 K. Once significant OSC is detected, PtCeZr4
(7 m?g~!) exhibits the poorest OSC behavior. The 15 and
30 m?g~! samples (respectively PtCeZr3 and PtCeZr5)
exhibit comparable behavior; however, this could be ac-
counted for by the different aging procedures employed
for their preparation. This suggests that the extent of sur-
face area is not the only relevant factor for CO-OSC at 673
K. The decrease in surface area eliminates the CO storage
effects: no CO, was detected along with the O, pulses at any
temperature. The effect of the NM was compared on sam-
ples after treatment B (Fig. 6¢). The samples containing Pd
and Pt exhibit similar behavior, whereas much higher dy-
namic OSC behavior is observed for the sample containing
Rh. The ability of Rh to form gem-dicarbonyl species by re-
action with surface OH groups in the presence of CO (29)
could be a determining factor in this observation.

4. DISCUSSION

A major finding of the present is work is the high sen-
sitivity to the nature of the reducing agent of the redox
properties of the NM/Ce gsZr.3,02 system under transient
conditions. The major results can be summarized as follows:
(i) using H, as the reducing agent, very high dynamic
OSC may be measured provided that noble metal or
easily reducible metal species are present. The mecha-
nism of this H,-OSC, however, depends on temperature
as there is a dependence on NM/CeggsZr(3.02 surface
area at low temperatures that is no longer apparent at
high temperatures; (ii) CO-OSC is strongly affected by
the sample pretreatment, significant storage effects being
detected on a reduced CeqgsZro320, surface; (iii) CO-
OSC is detected only above 473 K and it is surface area
dependent.

4.1. Mechanism of H,-OSC

4.1.1. Room-temperature H,-OSC. As outlined in our
previous communication (5), we suggest the origin of
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the high RT H,-OSC is the same as that of the changes
observed in the TPR profiles; i.e., the pretreatment
procedures result either in Pt metal or a surface oxidized
Pt metal, thereby facilitating spillover at RT. At RT, for-
mation of oxygen vacancies in CeO,-containing materials
is unlikely. Accordingly we can depict the H,-OSC as
follows: Following the H; pulse, H; is chemisorbed on the
metal and spilled over Cegg3Zro320-, leading to reversible
Ce(lV) reduction, as has been proposed for NM/CeQO,
(21). This spilled hydrogen is then released by the support
when it is titrated by the following O, pulse leading to
water formation. Removal of spilled hydrogen would then
result in reoxidation of the support.

The low H»-OSC value exhibited by PtAl1 demonstrates
that titration of adsorbed species on the metal cannot be
responsible for the high RT dynamic H,-OSC recorded for
the ceria-based samples, which indicates the importance of
the support in accepting such spilled over H,. The linear
relationship of this RT H,-OSC with surface area of the
support denotes that storage of H, occurs at the surface of
the Ceg 682103202 support, the contribution of the titration
of adsorbed O,/H; at the surface of the noble metal being
negligible. This interpretation is in line with previous stud-
ies which suggested that titration of spilled over hydrogen
species can be applied to measure surface area of CeO; in
the proximity of the metal particles (30).

Formation of oxygen vacancies, i.e., so-called irreversible
reduction, on exposure to H, at RT, was negligible in a
Rh/CeQ; catalyst (21), which is consistent with the above
picture of spilling of hydrogen species being the main re-
action pathway for the RT H,-OSC. Detection of water in
these experiments highlights that the present process can
be defined as OSC. In fact, we observe adsorption and re-
lease of the excess of the oxidizing (O;) or reducing (Hy)
agent, which keeps the oxygen partial pressure constant.
However, such OSC is not a measure of vacancy creation
in the sample, as is often assumed to be the case in OSC
measurements. This is an important observation since, at
variance with laboratory studies that use a different reduc-
ing agent or even no reducing agent, e.g., OBC technique,
under real exhaust conditions the oxygen partial pressure
is constantly monitored by an oxygen (1) sensor, and only
deviations from the stoichiometric A/F ratio are detected,
irrespective of the complex nature of the exhaust mixture
or OSC phenomenon. Accordingly, the OSC can be viewed
as the ability to buffer the partial oxygen pressure, in which
respect the present systems appear to be rather efficient.

The linear relationship of both the spilled H, and RT
H,-OSC with surface area deserve some further com-
ments. TPR experiments and oxygen titration of spilled
over hydrogen species in NM/CeO, systems revealed that
3.9 umol of H, is needed to reduce a BET surface of CeO, of
1 m?, which corresponds to 2 umol of O, titrated (30, 31).
The latter value corresponds to 2.4 O nm~2 consumed.
For comparison 13.1 and 13.5 O nm~2 were calculated
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respectively for CeO, and CeqgsZrp.320, (10). The linear
relationships reported in Fig. 3 allows calculation of the
amount of H, spilled over the PtCeO, catalysts as 2.0 and
3.8 umol of H, for a surface area of 1 m~2 measured re-
spectively from chemisorption and RT H,-OSC, assuming
the proper stoichiometry for the latter measurement. For
Pt/Ceg63Zr0.320>, 2.8 and 6.2 umol of H, for a surface area
of 1 m~2 are obtained respectively from chemisorption and
RT H,-OSC.

The comparison with the above-quoted literature data
is interesting since it may suggest that H, chemisorption
values are lower than would be expected for complete
surface coverage. This could be attributed to the sensitiv-
ity of H; spillover to the experimental conditions which
may lead to different amounts of spilled H, according to
the pretreatment and experimental conditions (16, 18, 19).
Clearly, while a linear relationship is generally detected,
the absolute values of the adsorbed or consumed H, or O,
per square meter of CeO; surface critically depend on the
experimental setup. Consistently, several authors found a
linear relationship between the amount of H, consumed
and “surface” reduction in TPR experiments (32-35); none
of these, however, could be related to a precise surface ge-
ometry of the CeO, particle (36). The values obtained on
the Pt/Ceg 6320320, catalysts are in line with such a inter-
pretation since a different response of the system to the
experimental condition may be expected in the CZ sys-
tem compared with CeO, one. Even though these results
were obtained under specific experimental conditions em-
ployed here, a possible corollary of the present observation
would be that the insertion of ZrO, into CeO, promotes
the spillover capacity of CeOs,.

The key to the RT H,-OSC is the ability of the metal to
dissociate H,. This is clearly demonstrated in experiments
involving Pt/CeZr samples of 100 and 77 m? g~1. Dynamic
OSC measurements conducted on these samples after the
cleaning procedure, when the metal would be fully oxidized,
resulted in negligible RT OSC; prior reduction is necessary.
After the more severe aging procedures, a specific reduc-
tion step is not necessary, as the metals are more difficult
to oxidize and would not exist as polycrystalline oxides.
During dynamic measurements, the ease of oxidation of
ceria-based material means that the support (or at least its
surface) is oxidized largely in situ, and the metal is simply
passivated. In fact, the main difference between the reduced
(pretreatment C) and reduced/passivated (pretreatment D)
samples in these experiments is that the former shows low
H; uptake on the first pulse (data not shown). Once an O,
pulse has been made, the surface is titrated of adsorbed H,
and/or oxidized and thereafter the behavior observed is the
same.

Itshould be noted that quantitative comparison of the dy-
namic H,-OSC and chemisorption results reveals a higher
measured H; uptake in the former. Two explanations may
be put forward for this observation. The first stems from
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the fact that H,O is formed in situ in dynamic H,-OSC
measurements. As H,O is known to promote spillover, any
retained on the surface could increase spillover relative to
chemisorption measurements. The second is that, as out-
lined in an earlier publication (15) and above, significant
differences in uptake may be observed due to the very dif-
ferent conditions of adsorption, higher uptake being ob-
served due to the higher H; pressure of the dynamic exper-
iments. The higher uptake at 20 Torr in the chemisorption
data reported here is also suggestive of this phenomenon.
The dynamics of H, spillover certainly play an important
role in the experiment. In fact a reduced physical mixture
of equivalent amounts of PtAll and CeggsZr.3202 showed
appreciable H,-OSC at RT (2.2 ml g~1), which increased
to 4.8 ml g~* at 373 K. No H,-OSC was detected on pure
Ceo,68Zr0.3202 under such conditions. This is an interesting
observation since it shows that long-range migration phe-
nomena occur under these very mild conditions, hydrogen
not being spilled only over the CeO; particles in close con-
tact with the noble metal (30).

While PtCeZrl and PdCeZr1 samples show comparable
dynamic OSC behavior at RT, a smaller value was obtained
for RhCeZrl. After redox-aging, a difference between Rh
and the other two metals persists. A clear explanation for
this observation is difficult on the basis of the data avail-
able. The similarities of the surface areas indicate that this
should not be a factor, and the data could be taken to indi-
cate that there is a difference in spillover efficiency under
the experimental conditions employed. Chemisorption ex-
periments at 298 K indicate that similar uptake is achieved
in a shorter time in the case of the Rh sample. The Rh
sample has a dispersion similar to that of Pt but a slightly
higher loading, which may partly explain the difference in
equilibration time. Likewise it should considered that at
comparable metal loading the Rh catalyst has more than
twice the number of Rh atoms. However, as already men-
tioned, spillover is sensitive to experimental conditions and
the nature of the catalyst, making straightforward compar-
ison of data sometimes difficult. Further work is needed to
fully elucidate this point.

4.1.2. H,-OSC at higher temperatures. For the high-
surface-area ceria—zirconia samples, moderate increases in
H, and O, uptake are observed between RT and 773 K
(Table 3). While vacancy creation is unlikely to be a factor
at RT, it is certainly a contributing factor at higher temper-
atures. However, spillover may also be a factor as it is an
activated process (37). In fact, we have previously demon-
strated that there is substantial reversible H, adsorption on
areduced Rh/Ce¢Zr( 40, sample, part of the stored hydro-
gen being retained reversibly at the surface up to approxi-
mately 600 K (15). In addition, the results obtained for the
physical mixture indicate that spillover is important at all
temperature, if the support has the ability to accept spilled
over hydrogen. Thus, in situ reduction at high-temperature

191

reduction may lead to such H; retention. The relative im-
portance of spillover and reduction should show a tempera-
ture dependence. Factors such as desorption between pulses
(and therefore the time between pulses) may become crit-
ical to the results obtained. However, it is not possible to
discriminate between H, adsorbed and reacted on the basis
of O, uptake as the stoichiometries of the vacancy creation
and titration reactions are the same. Thus, the possibility
exists that the values obtained at higher temperatures may
be a mixture of vacancy reoxidation and titration. This gen-
eral observation may be applied to CeO,- and CeO,/ZrO,-
based samples, but the latter exhibits higher spillover and
textural stability, potentially making the spillover contribu-
tion more significant.

For the CeO,/ZrO, samples obtained after pretreatment
B (redox-aging), H, and O, uptake values increase signifi-
cantly across the temperature range and become larger than
in the case of the high-surface-area samples. The most likely
explanation of this observation is that the improved redox
behavior of ceria—zirconia materials during TPR may be re-
produced under dynamic conditions. Although, as outlined
above, the relative importance of spillover and reduction
could not be ascertained, the surface areas of the recycled
samples are definitely smaller and, asindicated above, at RT
spillover is not greater than for the high-surface-area sam-
ples. Thus, on increasing the temperature, a more significant
contribution to the H,-OSC via an oxygen vacancy creation
mechanism is likely. Remarkably, under the present condi-
tions, the dynamic H,-OSC behavior exhibited for the 15
and 7 m? g~! samples at the higher temperatures (where
vacancy creation should become more important) is simi-
lar to that of the 100 m? g~* sample (respectively 8.8, 9.0,
and 8.9 ml O, g~* at 773 K), while that of the redox-aged
(30 m? g~1) sample is in fact improved (11.6 ml O, g~ at
773 K).

There is a notable difference between the PtCeZr and
PtCe materials on increasing the temperature of dynamic
H,-OSC measurements. Unlike PtCeZr, for each PtCe
sample there is a low and almost constant uptake across
the temperatures investigated. In fact there appears to
be a maximum in the uptakes observed between 373 and
473 K. In addition, at all temperatures, the values obtained
for PtCe samples decrease with decreasing surface area.
This not only indicates the enhanced redox behavior of
ceria-zirconia relative to ceria under dynamic conditions,
but also suggests that under our dynamic conditions redox
processes in PtCe are limited to the surface, independently
of whether a spillover- or vacancy creation-related redox
mechanism is operating.

4.2. Dynamic OSC Using CO

Dynamic CO-OSC has been subject of recent studies (10,
11, 38, 39). Generally speaking, insertion of ZrO; into the
CeO;y, lattice increased the CO-OSC of CeOy, particularly
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under transient conditions. The most effective CO-OSC is
observed with CeO,-ZrO, mixed oxides slightly enriched in
CeO;. This is due to the fact that, while the dynamics of the
reduction and oxidation appear most rapid at the ZrO,-rich
side (11, 14), a substantial amount of the reducible CeO,
moiety is needed to obtain the best performance (10, 11).
This qualitatively reflects the redox behavior when Hy is
used as reducing agent, in that it was previously suggested
that large ZrO, amounts improve the reduction behavior,
as long as a cubic type of cation lattice is retained, e.g., t”
and c phases (4, 17) The aim of this work is to compare the
influence of the reducing agent on the transient redox of
the NM/CeO,-ZrO;; accordingly only the relevant aspects
are considered.

The most important finding is that CO-OSC becomes ap-
preciable only at high temperatures where oxygen vacancy
creation is likely to occur. The absence of significant CO,
formation at RT indicates that the observed RT H,-OSC
is related to the ability of the CeggsZro 320> to spill hydro-
gen species, rather than to migration of oxygen. In fact, the
mobility of oxygen species over the ceria surface is very ef-
fective at high temperatures; however, at low temperatures
migration of hydrogen species is much faster (40).

The sensitivity of CO-OSC to the pretreatment of the
catalyst is an indication that subtle and complex phenom-
ena occur as a consequence of the interaction of CO with
the CeO, surface. In the reduced state, and particularly at
low temperatures, significant CO storage effects have been
detected. These phenomenainclude CO adsorptionand dis-
sociation, as detected by evolution of CO and CO; under
the oxygen pulse. More importantly, long reaction times are
needed to reach stationary conditions when high-surface-
area sample is investigated. Once again, these experiments
underline the critical importance of defining standard
pre-treatment/cleaning conditions to allow comparison of
data between different catalysts. Very often indeed, CO-
OSC has been measured using a few pulses or using a
TCD detector; under such conditions such phenomena
may easily be overlooked. However, when the catalyst
is simply preoxidized, CO dissociation is depressed. In
fact this dissociation is related to the powerful ability
of reduced CeO;, moieties to easily extract oxygen from
small molecules containing oxygen such as H,;O, CO,,
NO, and N,O (41-44). However, this is not the complete
simple picture, since we observed significant CO disso-
ciation even after pulsing a large excess of O, over the
catalyst, which should result in complete reoxidation of
the reduced CepgsZro3,0, moiety (14). We believe that
accumulation of CO-derived species, either surface car-
bon or carbonates (24, 25), may hinder to some extent
the reoxidation of the reduced catalyst due to the diffi-
culty of desorption of such species. The presence of oxy-
gen vacancies in the bulk of the mixed oxides would
then provide the additional driving force for further CO
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dissociation, as has been previously suggested for CeO,-
based catalysts (45). By increasing the temperature, pro-
gressive desorption of adsorbed CO-derived species occurs,
leading to annihilation of bulk oxygen vacancies, thus fully
reoxidizing the catalyst (46).

At variance with H; as reducing agent (at high temper-
atures), CO-OSC is strongly dependent on the extent of
surface area, which is a strong indication that the reduction
mechanism strongly depends on the nature of the reducing
agent. Surface reaction was suggested to be rate limiting
in the reduction process when CO is employed as reducing
agent (38), even though recent evidence suggests that at
low temperatures oxygen mobility in the bulk of the CeO,—
ZrO; mixed oxide may affect the rate of reduction (11).
As far as H; is concerned, the situation appears somewhat
complex, since several factors, e.g., structural, textural, and
even preparation method, heavily affected the reduction
behavior of the CeO,~ZrO;, mixed oxides (4). However,
by using a Hy/D, mixture it was possible to show that the
rate-limiting step in the reduction process changes with
temperature: a kinetic isotopic effect was observed only
above 700-800 K (47), suggesting that surface processes
are rate-limiting above these temperatures. Accordingly, it
appears reasonable that in the range of the temperatures
investigated here, modification of bulk properties of the
mixed oxide may affect its reduction behavior, as previ-
ously observed (8, 9), leading to the otherwise unexpected
result of a higher efficiency of H,-OSC in the redox-aged,
i.e., sintered, NM/CeqgsZr0.320>.

5. CONCLUSIONS

Comparison of H, and CO in dynamic OSC measure-
ments revealed that the mechanism of OSC is strongly de-
pendent on the nature of the reducing agent. At RT and
using H; as the reducing agent, the ability of ceria/zirconia
to accept spilled hydrogen allows these materials to act as
effective OSC systems. Hydrogen is spilled under the reduc-
ing conditions and, later on, titrated by oxygen during the
oxidizing part of the cycle. As a result, the system behaves
as an effective oxygen buffer device, without any signifi-
cant involvement of lattice oxygen from the support. This
contrasts with the high-temperature behavior. Under the
latter conditions, in effect, the operating mechanism con-
sists of creating oxygen vacancies during the reducing part
of the cycle, which are later replenished on switching the
surrounding atmosphere to net oxidizing conditions. For in-
termediate temperatures, the overall OSC behavior would
result from a significant contribution of the two mecha-
nisms. Retention and high reactivity of hydrogen species
on the surface are particularly interesting in view of recent
findings that, using H; as reducing agent, selective catalytic
NOy reduction can be achieved over Pt catalysts even in
excess O, (48, 49).
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Vacancy creation is the traditionally proposed mech-
anism by which CO interacts with CeO,-based systems.
However, even for this reducing agent, an appreciable con-
tribution from processes in addition to vacancy creation
was detected, particularly on the reduced surface, indicating
that several phenomenona may contribute to the dynamic
OSC property.
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