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Observing Oxygen Storage and Release at Work during Cycling Redox
Conditions: Synergies between Noble Metal and Oxide Promoter**
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The ability of many materials to store and release gases lies at
the core of a range of economically and environmentally
important technologies.'™ To this end much research is
directed towards developing materials that have an optimal
storage capacity for the gases. However, in many cases, the
implicitly “static” notion of “capacity” is only half the story.
For practical operation gas uptake and release functions also
need to be kinetically adapted to the process situation.?!

The preeminent application that utilizes gas storage and
release properties in a highly dynamic situation is three-way
catalyst (TWC) operation for pollution abatement. Within
this application TWCs have to respond to a rapidly alternat-
ing (1-2 Hz) redox environment.)

The principal role CeZrO, has within the TWC paradigm
relates to the oxygen storage capacity (OSC). The OSC!"
ensures efficient conversion of CO and hydrocarbons into
CO, in reducing conditions and of NO into N, at oxidizing
conditions, even when the feedstock has become, respectively,
diminished or enriched in oxygen with respect to a stoichio-
metric mixture.** CeZrO, has come to be seen as an optimal
material for application in TWCs on the basis of its OSC
properties and the increased thermal stability it bestows upon
the catalyst system.” In spite of these considerations, only
a few studies®™ have attempted to deal with the dynamic
structural reactive aspects of its behavior. These studies have
used extended X-ray absorption fine structure (EXAFS)
spectroscopy at the cerium L;; and zirconium K edges to
study a 1 wt% Pt/CeZrO, catalyst® or environmental TEM
to analyze the redox state of CeZrO, particles during
reducing/oxidizing conditions.®®"!

Herein, we go further by coupling time-resolved hard
(86.8 keV) X-ray diffraction (HXRD) or palladium K edge
energy-dispersive EXAFS to diffuse reflectance infrared
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spectroscopy (DRIFTS) and mass spectrometry (MS).
This approach permits us to directly investigate the struc-
ture—activity relationship of the supported Pd nanoparticles,
the nanoscale CeZrO, phases, and the adsorbates that are
formed or converted over them, at the same time, and with
subsecond time resolution. We therefore directly detect and
kinetically quantify oxygen storage and release. Moreover, we
elucidate several distinct facets to the synergetic interaction
of the CeZrO, and Pd phases.

Figure 1 shows firstly (top left panel) on-line mass
spectrometry pertaining to CO, production during alternate
NO-CO-NO exposure at 673 K over two systems having
similar Pd particle size (see the Supporting Information):
2wt% Pd/ALL,O; (2PdA) and 4 wt% Pd/33 wt% CeZrO,/
Al,O; (4Pd33ZCA) samples. This CO-NO single cycle is
taken from within a larger experiment comprising 10 cycles as
described previously.1"!

The color maps show HXRD data derived from 33ZCA
and 4Pd33ZCA samples during CO/NO cycling at 673 K at
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Figure 1. Temporal variation in m/z 44 (CO,) observed for alternate
NO-CO-NO exposure (13.86 s each gas) at 673 K over 2PdA (e) and
4Pd33ZCA (0) and variations in HXRD (color maps) observed during
CO/NO cycling at 673 K over 33ZCA and 4Pd33ZCA samples and for
cycling time between each gas of 13.86 s. The bottom right panel
shows the result obtained for the 4Pd33ZCA at 673 K but with a gas
exposure time of 21.41 s. The white arrows in the inset (A) highlight
changes of d spacing in the Pd [111] reflection toward the end of the
CO phase of the cycling.
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a rate of 2 Hz per pattern.”’) For 4Pd33ZCA, two results are
shown. The first was obtained using gas exposure periods of
13.86 s (each gas), the using second 21.41 s. The correspond-
ing HXRD results obtained from a 2PdA sample along with
Pd K edge dispersive EXAFS coupled to DRIFTS and MS for
the 4Pd33ZCA system are given as Supporting Information.

In the 2PdA sample (see the Supporting Information),”!
CO, production is predominantly observed during the switch-
ing events. Although there is some further CO, production
within the CO cycle itself, the overall efficiency of CO
conversion is low during this period of the cycling. By
contrast, over the 4Pd33ZCA a much higher level of CO,
production is maintained throughout the reducing phase.
These data show that the primary function of the CeZrO,
phase (maintaining efficient CO conversion during lean
operation) is successfully achieved under the model condi-
tions applied. However, they do not establish how this
superior catalytic efficiency is attained.

As recently shown by HXRD! (see also the Supporting
Information) for the 2PdA sample, the lattice parameter of
the Pd nanoparticles increases linearly during the CO
exposure. In this case, the Pd nanoparticles respond to their
environment by dissociating some of the adsorbed CO and
then transiently storing atomic carbon within the nano-
particles. A return to the NO feed results in a rapid removal of
this stored carbon, and the observed d spacing returns to that
expected for fcc Pd nanoparticles.

The same experiment carried out over a 4Pd33ZCA
sample reveals a quite different behavior. No evidence can
now be found for the lattice parameter of the Pd nano-
particles changing during a 13.86 s CO exposure. Instead, it is
the CeZrO, lattice parameter that constantly changes, albeit
with a different temporal envelope, in response to the
changing feed. It is now the CeZrO, phase that shoulders
the structural-reactive strain applied by this model decon-
tamination chemistry.

By using a 21.41 s period (Figure 1) over the 4Pd33ZCA
sample, we observe a hybrid result. Up to a point we obtain
a similar result to the shorter gas cycling time; that is, the
lattice parameter of the CeZrO, phase oscillates while the Pd
phase remains constant. However, toward the end of the
extended CO exposure an abrupt change in behavior is
observed, and the reflections arising from the Pd phase
increase in intensity once again. Suddenly the system has
started to behave as if the CeZrO, phase were not present.

Figure 2A shows the behavior of the 33ZCA and
4Pd33ZCA systems in more detail for a single (short,
13.86 s; see the Supporting Information for the 21.41 s run)
CO-NO switching sequence. Here the relative change in
d spacing of the Ce (222) reflection is plotted against time. In
the absence of Pd, CO induces a linear expansion (1.0033
maximal relative change) of the CeZrO, lattice constant. In
the presence of Pd, however, both the magnitude and the
kinetic character of the change in d spacing of the CeZrO,
phase changes significantly.

These data have been kinetically modeled using the
approach of Avrami for isothermal processes [Eq. (1):]""

In[—In(1—a)] = nln(?) + nln(k) 1)
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Figure 2. A) Relative change of the CeZrO, lattice constant and Ce*"
content during CO/NO cycling at 673 K for 33ZCA (o) and
4PdA33ZCA (m), during a single (13.86 s CO, 13.86 s NO) cycling
period. B, C) The resulting Avrami analysis for the CO phase (B) and
the subsequent NO exposure (C).

where o is the fraction of Ce*" present at the material at time
t, k is the temperature-dependent rate constant, and # is the
Avrami exponent that describes how the transformation
propagates through the material. Figure 2B,C shows the
resulting double logarithmic In{—In(1—a)} versus In(r) plots
for the NO to CO (Figure 2B) and CO to NO switches
(Figure 2C). Where an induction period (f,4) appears to be
present, ¢ was replaced by (t—t,4) in (1). In Figure 2 A, this
induction period is caused either by a chemical reaction
between C- and N-containing fragments or gases at Pd
surfaces (initial delay observed for 4Pd33ZCA in Ce*"
variations under CO) or by the existence of the preceding
phenomena (e.g., 4Pd33ZCA under NO; the two phenomena
marked as 1 and 2 in Figure 2). Table 1 summarizes the kinetic
parameters (n and k) that arise from this analysis.

Table 1: Avrami exponent (n) and rate constant k (atoms of Ce min™") for
the reduction and oxidation processes.

Cycle Sample n k

co 33ZCA 1.1 0.03

co 4Pd33ZCA 2.6 0.018

NO 33ZCA 0.41 0.0003

NO 4Pd33ZCA 1.3,/1.2, 0.05,/0.178,

When considered together, the Pd K edge dispersive
EXAFS (see the Supporting Information) and the HXRD tell
very similar stories from complementary points of view. The
structural variations that occur in the Pd nanoparticles are far
greater in the absence of the 33ZCA phase than in its
presence. Variations in the apparent average Pd K edge
EXAFS coordination number (which most likely reflects
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changes in particle shape and/or disorder) observed in the
absence”!” of the CeZrO, are effectively curtailed in its
presence (see the Supporting Information), as is the transient
expansion of the Pd lattice, though as the longer CO exposure
experiment shows, only up to a certain limit.

As such, the nanoscale contact of the CeZrO, phase with
the Pd nanoparticles results in the latter being more robust
(structurally speaking) in the face of the changing nature of
the feed. Moreover, in the presence of CeZrO,, and within
a certain limit of CO exposure, the transient storage of atomic
carbon arising from dissociation of CO by the Pd nano-
particles,”! is completely curtailed. We can also see, by
reference to measurements made on the Pd-free 33ZCA, that
the contact of the Pd with the CeZrO, also has a profound
promotional effect on the redox behavior of the oxide.

The source of the apparent “breathing” of the CeZrO,
phase during the redox chemistry is the OSC function itself.
The physical manifestation of this function has its origins in
the considerable difference in size between Ce*' and
Ce*t .21 Toss of oxygen from CeZrQO, promotes the
formation of Ce**, causing a strain-induced swelling of the
CeZrO, that is measured by the HXRD. This effect permits us
to quantify the level of oxygen loss (or Ce*" production) that
these changes in lattice constant correspond to,"** and
therefore to access and quantify the kinetic character of the
oxygen storage and release processes using the Avrami
analyses (Figure 2).

These results show that while the CeZrO, phase donates
its OSC to the overall operation of the catalyst, a considerable
promotional synergy exists with the Pd as a result of the
intimate contact of the two phases.*!”*") Starting at the CO
step, Table 1 evidences a marked difference in the surface
(e.g. n=1) or tridimensional (n=3)
character of the reduction observed,
respectively, for 33ZCA and 4Pd33ZCA
samples.'!] The rate of reduction of the

- NCO

CeZrO, phase is also promoted by A 0'50_ A &
a factor six at 673K (Table 1) in the 040 f\
presence of Pd. The relative magnitudes 1 1

. T 0.30 5
of these changes (see Figure 2) indicate POl H
that in the presence of the Pd, the 020 Pd,(CO) €Oz
CeZrO, phase oscillates between two i Pd(NO)

1

states (e.g. roughly Ce,Zr,0;5 and
Ce,Zr,0;) equating to a maximum

reduction of approximately 50% of the B) 050
Ce ions." o
Re-oxidation, by NO, of the 33ZCA ]
A ; co,
support oxidation appears to be diffu- " 0301

sion-controlled (n=0.5), a fact likely
derived from site-blocking owing to the
presence and decomposition of surface
NO-derived species (typically hyponi-
trite).!! The re-oxidation of 4Pd33ZCA

Angewandte

steps observed upon NO treatment for 4Pd33ZCA have
similar natures but with significantly different rates: the first
from direct contact of NO-derived species with the oxide
promoter; the second through Pd-activated oxygen species
able to interact with the oxide promoter only after “cleans-
ing” of the Pd particle surface.

We may also see that the proximity of the CeZrO, phase
suppresses the dissolution of atomic carbon into the Pd
particles up to a point. With a longer exposure to CO,
however, we can also observe exactly when the OSC capacity
of the CeZrO, becomes exhausted. Beyond this point, HXRD
shows that carbon storage within the Pd phase recommences,
thus demonstrating that oxygen transfer from the promoter
oxide to the noble metal has ceased.

Thus HXRD allows us to discriminate between two
sources of the suppression of the PdC, phases by CeZrO,.
Firstly, the contact of CeZrO, with the Pd nanoparticles might
pacify them, such that CO is no longer dissociated; or,
secondly, CO dissociation still occurs over the Pd, but as long
as oxygen transfer from the CeZrO, is active, the resulting
atomic carbon is efficiently shepherded back into the CO
oxidation process by the oxygen release from the CeZrO,. If
this process stops, atomic carbon may once again be free to
dissolve into the Pd particles. The HXRD evidence strongly
suggests it is the latter explanation that is at work in this case.

What, however, is the effect of the presence of CeZrO,,
and the modifications to the structural behavior of the Pd that
it induces, on the surface molecular speciation during this
model decontamination catalysis? To answer this question,
we turn to the synchronously collected DRIFTS data.
Figure 3 shows results derived from the time-resolved
DRIFTS, again for alternate NO-CO-NO exposure, and for

Pd(cO) /

initially resembles that of the support
(Figure 2). The kinetic analysis never-
theless suggests a strong influence of Pd
in the elimination of nitrogen-containing
species present at the oxide surface.
Table 1 suggests that the two oxidation
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Figure 3. Background-subtracted DRIFTS spectra at 673 K and during the CO part (13.86 s) of
the cycle over A) 2PdA and B) 4Pd33ZCA samples. C) Temporal behavior of the IR band arising
from adsorbed NCO species (2240 cm™') from 2PdA (1), 4Pd33ZCA (2, 13.86 s CO exposure),
and 4Pd33ZCA (3, 21.41 s exposure to CO). Though not shown, the CN band (observed only
for 4Pd33ZCA) shows the same temporal envelope.
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both 2PdA (Figure 3 A) and 4Pd33ZCA samples (Figure 3B)
during CO/NO cycling (13.86 s exposure per gas) at 673 K.
Figure 3 C) shows the temporal variation of adsorbed NCO
species in each case along with that observed for the extended
(21.41 s) CO exposure. Further IR observables are given in
the Supporting Information.

Six modifications to the molecular speciation, resulting
from the presence of the CeZrO,/Pd contact, can be
observed: 1) elevated levels of carbonate species (below
1700 cm™) in the presence of CeZrOy; 2) a large suppression
of molecular NO species (ca. 1780 cm™); 3) a drastic curtail-
ment of the maximum level of NCO formation at the switch
from CO back to NO in the shorter of the two cycling periods;
4) the appearance of a new species (2175 cm™!), assigned as
Pd—CN;" 5) a significant blue shift, and changes in the
shape of the band due to bridging CO species, and a smaller
blue shift in the frequency of the linear CO band adsorbed
upon the Pd; and lastly, 6) a highly significant change in the
absolute values and temporal dependence of the bridge-to-
linear (B/L) CO ratio (detailed in the Supporting Informa-
tion).

Some of these changes can be directly associated with
products of CO dissociation or the suppression of the
formation of PdC, phases by the CeZrO,. Others we might
assign to either electronic or interfacial effects arising directly
out of the intimate contact between the Pd and CeZrO,
phases.

Taking the former cases first, the appearance of Pd—CN
(2175 cm™") indicates a differential behavior of the NCO
species, the likely precursor of CN.'”! As the Pd has a similar
particle size in the 2PdA and 4Pd33ZCA samples, this
difference points to a CeZrO, role when in contact with the
metal. A direct role of the OSC, in storing oxygen from the
NCO molecule, is therefore implied.

The very significant change in the carbonyl bridge/linear
ratio (B/L; see the Supporting Information) is also linked to
the suppression of PdC, formation by the CeZrO,. The
formation of the PdC, phase promotes the formation of linear
CO.PT A suppression of PAC, formation in the presence of
CeZrO, should therefore result in higher B/L ratios that
remain constant once an equilibrium CO coverage is ach-
ieved, as is observed. However, it is only the simultaneous
application of the HXRD and DRIFTS that allows this
relationship to be unequivocally established.

The overall changes in behavior of the NCO species
during this chemistry can also be linked to the formation, or
lack thereof, of PdC, during the CO cycle. This species is
much more abundant at the switch from CO to NO in the
2PdA than the 4Pd33ZCA case when the CO exposure is kept
short enough. The latter observation implies that this latter
burst of NCO production draws, at least in part, from the
reservoir of atomic C present within the Pd nanoparticles in
the 2PdA case. As no such reservoir exists in the presence of
CeZrO, after this length of CO exposure (13.86s), this
pathway for NCO formation no longer exists. This hypothesis
is verified by the reappearance of this large burst of NCO
formation after the extended exposure to CO (21.41s) and
after the OSC of the CeZrO, has been shown (by HXRD) to
have been exhausted.
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Of the other observations, that of a very much diminished
population of molecular NO species in the presence of the
CeZrO, is the most significant from a process perspective, yet
it is not obviously associable with any of the dynamic
structural changes revealed by the X-ray probes. We link
this diminished population, therefore, to either the formation
of new Pd/CeZrO, interfaces and/or electronic perturbation
of the Pd. As the size of the Pd nanoparticles would appear to
be similar in both 2PdA and 4Pd33ZCA (see the Supporting
Information), this difference cannot easily be ascribed to size
dependencies in NO dissociation by the Pd nanoclusters. This
conclusionwould be consistent with previous studies, which
have pointed to an absence of such size-effects in this size
regime. The considerable reduction in levels of molecular
NO species observed in the presence of the CeZrO, indicates
that one of the effects of the intimate oxide/metal contact is
a significant promotion of NO dissociation by Pd. Indeed, this
is a key step for efficient conversion of NO to N, and the
primary reason for which Rh has been historically included in
the formulation of TWCs.[*+621

In summary, by combining HXRD, EXAFS, DRIFTS, and
MS measurements,”” we have observed and quantified, in
real time, the oxygen storage and release functions of
nanosized CeZrO,. This approach uncovers the sources of
several behavioral traits fundamental to the exceptional
performance of TWCs. These traits arise from the intimate
contact of the Pd with the CeZrO, phase and must come
together to yield an enhanced applied behavior. The multi-
facetted structural role of the CeZrO, phase can be summar-
ized as firstly, significantly increasing Pd dispersion for a given
loading;!""®! secondly, inducing an increased resistance of the
Pd nanoparticles to structural change (shape and disorder) in
the face of the changing redox potential of the feed; and,
thirdly, suppressing the formation of PdC, phases during the
CO cycle through efficient oxygen release, although HXRD
and IR spectroscopy show that CO dissociation is still
occurring. The OSC function of the CeZrO, effectively
reintegrates much of the “lost” atomic carbon species back
into the overall CO oxidation process within the reducing
cycle. Importantly, we have also shown that intimate nano-
scale contact with Pd nanoparticles results in a significant
reverse synergy; one that promotes oxygen storage and
release. Lastly we have gained evidence for further electronic
perturbation that arises from the presence of CeZrO,; one
that promotes a fundamental step—dissociative NO adsorp-
tion.
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