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ABSTRACT: Stabilizing high dispersions of catalytically active metals is integral to improving
the lifetime, activity, and material utilization of catalysts that are periodically exposed to high
temperatures during operation or maintenance. We have found that annealing palladium-based
core@shell catalysts in air at elevated temperature (800°C) promotes the redispersion of active
metal into highly dispersed sites, which we refer to as halo sites. Here, we examine the
restructuring of Pd@SiO2 and Pd@CeO:2 core@shell catalysts over successive 800°C aging cycles
to understand the formation, activity, nanoscale structure and stability of these palladium halo
sites. While encapsulation generally improves metal utilization by providing a physical barrier that
promotes redispersion over agglomeration, our cycled aging experiments demonstrate that halo
sites are not stable in all catalysts. Halo sites continue to migrate in PA@SiO2 due to poor metal-
support bonding, which leads to palladium agglomeration. In contrast, halo sites formed in
Pd@CeO2 remain stable. The dispersed palladium also synergistically stabilizes the ceria from
agglomerating. We attribute this stability, in addition to an observed improvement in catalytic
activity, to the coordination between palladium and reducible ceria that arises during the formation
of halo sites. We probe the importance of ceria oxidation state on the stability of halo sites by aging
Pd@CeO: after it has been reduced. While some halo sites agglomerate, we find that returning to
air aging mitigates the loss of these sites and catalytic activity. Our findings illustrate how
nanoscale catalyst structures can be designed to promote the formation of highly stable and
dispersed metal sites.
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INTRODUCTION

Dynamic nanoscale restructuring of catalysts is common in many industrial applications
which involve high-temperature conditions during synthesis or operation and maintenance such as
catalytic converters, fuel cells, and steam reforming.’ In addition to its industrial relevance,
studying catalyst restructuring at high temperatures also provides insight into long-term stability.
Typically, the inherent surface energy of metal clusters drives thermally-induced restructuring
towards unfavorable outcomes, whereby both the active metals and the metal oxide support
agglomerate in a process known as sintering.*° This compromises reactant accessibility to active
sites, intrinsic activity and consequently, the ability to utilize costly catalytic materials.

In contrast, favorable restructuring outcomes enhance overall activity by improving the
dispersion of active metal species on support structures. Several methods have been developed to
achieve such favorable restructuring. For example, controlling aging conditions to favor rapid
heating and cooling cycles can drive metal disintegration and fast migration without promoting



agglomeration.®” Additional chemical treatments using halogenated compounds have also been
shown to drive the decomposition of larger clusters into highly dispersed and active
configurations.®® However, catalyst deactivation on-stream due to thermal degradation tends to be
unidirectional, and methods that reverse such processes have remained elusive. As such, it is
important to continue developing methods that can achieve favorable nanoscale restructuring by
directly using conditions that are intrinsic to and compatible with industrial applications. While
some work has been done to achieve such outcomes,%1? the challenge remains to achieve long
term stability of favorably restructured catalysts under the transient gas compositions and
temperature profiles encountered in industrially-relevant applications.

To mitigate the processes that cause sintering, core@shell catalyst designs have been
proposed to explicitly separate active metal domains from one another through encapsulation by a
porous shell support.t314 We have recently shown that such core@shell architectures can facilitate
favorable and counter-intuitive restructuring when exposed to the high-temperature (800°C)
conditions common to many catalytic applications.*>® Specifically, we discovered that core Pd
disintegrated and migrated outward into the encapsulating shell, nearly doubling the number of
available sites for reaction. The resulting highly dispersed Pd species formed an arrangement that
resembled a “halo” around the original location of the core. The formation of these halo sites,
which occurred within reducible CeO2 and nonreducible SiO2 shells, significantly improved active
metal utilization and low-temperature activity in a probe CO oxidation reaction. Notably, the
improvement was more significant in Pd@CeO2 catalysts compared to Pd@SiO2. This was due to
the combination of greater redispersion of core Pd, and changes in Pd oxidation state and
coordination, which improved the recruitment and activation of lattice oxygen in the reducible
CeOz2 support as part of highly active Mars van Krevelen (MvK) oxidation mechanisms.'-8 |n
contrast, Pd/CeO: catalysts, which were prepared by impregnating Pd on the external surface of
CeO2 nanospheres, underwent significant sintering when exposed to identical high-temperature
aging conditions. This sintering decreased lattice oxygen recruitment, catalytic performance and
ultimately, the utilization of Pd metal. The divergent restructuring behaviors exhibited by
core@shell and surface-decorated structures emphasized that the initial nanoscale morphology
influences the restructuring trajectory of a catalyst during high-temperature exposure. Specifically,
it appears that encapsulating core@shell morphologies can act as a structural template that directs
favorable restructuring outcomes in conditions that would typically deactivate a catalyst.

Despite the potential of leveraging core@shell architectures to drive favorable
restructuring on-stream, the long-term stability of these halo sites remains uncertain. To address
this question, here, we study the formation, activity, and structural stability of Pd halo sites in
core@shell configurations over successive high-temperature aging cycles. Specifically, we
examine the morphology and catalytic performance of three catalyst systems with comparable
initial Pd dispersion, in between sequential 4-hour cycles of 800°C aging in air as summarized in
Scheme 1. Pd@CeO:2 catalysts are compared to (1) Pd surface decorated on CeO2 (Pd/CeO3) to
understand the role of active metal placement, specifically encapsulation, and (2) Pd@SiO: to
understand the role of encapsulating shell chemistry and morphology, as polycrystalline CeO2 and
amorphous SiOz exhibit significant differences in their reducibility and porous nanoscale structure.
We use a suite of analysis techniques that includes scanning and conventional transmission
electron microscopy (STEM, TEM), x-ray energy dispersive spectroscopy (EDS), N2
physisorption for surface area analysis, CO chemisorption, thermogravimetric analysis (TGA), x-
ray photoelectron spectroscopy (XPS) and x-ray powder diffraction (XRD) to obtain structural and
morphological insights. CO oxidation serves as a probe reaction due to its relevance in industrial



catalytic settings, such as vehicle emission control and preferential oxidation for renewable
hydrogen production.*®-2 CO oxidation probe reactions can also extract structural information and
examine the recruitment of lattice oxygen.t"18.2

Our investigation into the nanoscale structure of the aged catalysts identifies that
encapsulation and support chemistry are key to mediating the formation and trapping of Pd halo
sites. Encapsulation appears to shift the dominant thermal restructuring pathway away from whole
particle migration to the emission-limited transport of smaller, mobile species. This transport
process, coupled with the tortuous nature of the shell support, increases the likelihood that mobile
species do not locally interact and agglomerate and instead become trapped on the support as halo
sites with high dispersion and catalytic activity. While both SiO2 and CeO: shells facilitate the
formation of dispersed metal sites,''2>2 we show here that only Pd@CeO2 can retain its favorable
catalytic activity after sequential cycles of 800°C aging. Pd@SiOz: in contrast, exhibits continued
mobility of dispersed Pd during repeated aging, which results in agglomeration on the external
surface of the SiO2 shell support. The improved stability and retention of activity in Pd@CeO:z is
due to the strong anchoring of Pd halo sites on the CeO2 support, which synergistically stabilizes
the CeO2 domains. We subsequently age the restructured Pd@CeO: catalyst in pure N2 after it has
been reduced under the flow of excess CO to further probe the stability limits of halo sites. These
conditions result in some agglomeration of Pd halo sites and loss of catalytic activity, which
emphasizes the importance of support chemistry for forming and stabilizing highly dispersed
active sites. We demonstrate, however, that returning to 800°C air aging conditions can recover
halo sites and low-temperature activity. Thus, in addition to probing the applicability of
core@shell architectures in catalytic settings that require exposure to high-temperature conditions,
this work offers insights into how core@shell nanostructures can be more generally designed and
aged to facilitate favorable restructuring that improves both material utilization and robustness.
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Scheme 1. Graphical overview of cycled aging study. Pd@CeO,, Pd@SiO,, and Pd/CeO; catalysts are subjected to
four sequential cycles aging at 800°C in air for 4 hours to examine Pd transport and trapping in various catalytic
architectures. A suite of structural analysis techniques complements CO oxidation activity measurements prior to each
aging cycle to understand better how morphology can be used to direct catalyst restructuring and improve material
utilization.

RESULTS AND DISCUSSION
Defining Model Catalyst Systems



The three model catalyst systems prior to cycled aging (referred to as initial catalysts) are
shown in the first column of Figure 1. We note that these catalysts were prepared following
previously described methods!>625 and have been exposed to 500°C in air for 2 hours (see
Methods Section for more information). The Pd@SiO2 and Pd@CeO2 have comparable Pd core
size on the order of 3—5nm in diameter and similar oxide shell thickness of approximately
10 — 12 nm. The overall core@shell structures have total diameters on the order of 20 — 25 nm.
CO chemisorption confirms that all catalysts exhibit similar initial Pd dispersion values between
32 and 36%. Meanwhile, XRD analysis of the initial Pd@CeO2 and Pd/CeO2 demonstrates a slight
difference in the CeO: crystallite size as calculated by the Debye—Scherrer Equation. The
crystallites in the encapsulated catalyst are smaller (~4 nm) than those in the conventionally
prepared system (~ 8 nm). This data is summarized in Table 1. See Figure S1 — S4 for additional
microscopy characterization of the model catalysts before and after aging.

The comparable size of the core and shell domains in Pd@SiO2 and Pd@CeO: are
contrasted by differences in the morphology of the encapsulating shells. SiOz shells exist as single,
porous encapsulating envelopes. The formation of these envelopes is due to the way that silicate—
based precursors, such as tetraethyl orthosilicate (TEOS, which is used here), undergo
polymerization into a unified structure around a surfactant micelle as they proceed through stages
of homogeneous and heterogeneous nucleation.?® In contrast, CeO2 shells form through the
stacking of smaller CeOz crystallites, which are approximately 3 —5 nm in size (Figure 1 and S1,
S3). Precursors that strongly coordinate Ce** ions,?’ such as cerium-atrane (used here), provide a
degree of steric hindrance to mitigate agglomeration into larger crystals and facilitate slow
hydrolysis. This process increases the likelihood that CeO: crystallites form around Pd core seeds
through surfactant-mediated interactions instead of quickly hydrolyzing into larger CeO:2
structures that do not adequately encapsulate Pd. The packing of these smaller CeO2 grains creates
void spaces that provide the shell with its porosity and facilitates reactant accessibility to the active
metal. These differences in shell morphology appear responsible for the different BET surface
areas of the initial Pd@CeO:2 and Pd@SiO2, which are 131 and 296 m?/g, respectively. Pd/CeOz,
whose support also consists of stacks of smaller CeOz crystallites, has a surface area of 150 m?/g.
This surface area is comparable to Pd@CeO: (see Table 1).

Overall, these well-defined structures facilitate a direct comparison of how active metal
placement, support shell morphology, and the chemical differences between nonreducible SiO2
and reducible CeO: affect the formation and stability of Pd halo sites during high-temperature
exposure.
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Figure 1. Distribution of Pd on initial and cycled catalysts. Electron microscopy characterization of encapsulated
Pd/CeO,, Pd@SiO,, and Pd@CeO, as synthesized (a—c), and after one (d—f) and four (g—i) repeated cycles of 4-hour
aging at 800°C in air. EDS elemental mapping has been included for Pd/CeO, and Pd@CeO- due to poor Z-contrast
between Pd and Ce. Embedded legends on each Figure indicate the corresponding colors for the elemental maps (Pd:
Green, Ce: Pink) and the detector used to collect the STEM image (DF: Dark-field). The overlay elemental map of Pd
and Ce has been included for initial Pd@CeO- to demonstrate the relative placement of active metal and support
domains as synthesized. The dark-field image that corresponds to the elemental map of the initial PdA@CeO: is inset.



Table 1. Catalytic performance and structural features of bare CeO,, Pd/CeQ,, Pd@SiO,, and Pd@CeO;
catalysts as a function of the number of 4-hour 800°C aging cycles in air.

No. of 4-hour 800°C aging cycles
0 (Initial) 1 2 4
CeO, crystallite size (nm) 6.4 30.4 32.8 34.2
Bare CeO;
BET surface area (m?/g) 164 18 8 5
Too (°C) 150 177 199 210
Pd dispersion (%) 31.8 10.0 8.6 5.9
Pd/CeO;
CeO crystallite size (nm) 7.8 21.6 25.3 26.6
BET surface area (m?/g) 150 33 17 11
Too (°C) 186 177 193 197
Pd@SiO; Pd dispersion (%) 35.9 61.9 25.3 11.1
BET surface area (m?/g) 296 117 50 32
Too (°C) 153 103 102 103
Pd dispersion (%) 32.8 88.4 85.7 83.7
Pd@CEOz
CeO, crystallite size (nm) 3.9 6.4 6.5 8.2
BET surface area (m?/g) 131 72 63 40

Identifying Activity and Stability Limits Through Cycled Aging

CO oxidation was used as a probe reaction to monitor how nanoscale restructuring affected
catalytic performance, as it is particularly sensitive to active site abundance and active site
recruitment of lattice oxygen at the metal-support interface when reducible oxide supports, such
as CeO2, are present.r”'® The rate of CO oxidation at 40°C, as displayed in Figure 2a, was
normalized by the total mass of Pd present in the catalyst and examined before and after the first
cycle of 800°C aging to probe how thermally induced restructuring affected Pd utilization. As a
commonly used measure of catalytic activity,?® the temperature required for 90% conversion of
CO, also known as the light-off temperature, or Teo, was used to examine structural and functional
stability over the four sequential 800°C aging cycles (Figure 2b). See Methods Section for more
detail on catalytic testing and Figure S5—S7 for corresponding light-off curves. As seen in
Figure 2, Pd@SIiO2 exhibited the poorest utilization of Pd among the initial catalysts, which
coincided with the highest Too (186°C). This high Tgo is attributed to the fact that Pd@SiO2 does
not contain a reducible oxide component, thereby impeding the possibility of high-activity MvK
oxidation mechanisms.*® Instead, CO oxidation on Pd@SiO2 occurs via Langmuir-Hinshelwood
kinetics, which requires the dissociative adsorption of gas-phase O2. The CeO2-containing
Pd/CeO2 exhibited a lower Tgo (150°C) and a higher rate of CO2 production, normalized by its Pd
content, which suggests a greater utilization of the active metal present. Pd@CeO: exhibited the
greatest Pd utilization among the initial catalysts, with a mass-normalized CO2 production rate
almost one and a half times greater than that observed on conventional Pd/CeO:. It is possible that
CeO:2 encapsulation, which has been shown to enhance interfacial contact,?® improved the
recruitment of lattice oxygen and consequently, the rate of oxidation at low temperatures.



However, the Too for the initial PdA@CeO2 (153°C) was similar to Pd/CeO2 (150°C). This is likely
due to the autocatalytic nature of exothermic CO oxidation as the reaction temperature increases.°
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Figure 2. Effects of cycled aging on Pd utilization and Tg for CO oxidation. Rate of CO; production at 40°C,
normalized by the mass content of Pd, for Pd/CeO; and encapsulated Pd@SiO, and PdA@CeO; as-synthesized and
after one cycle of aging (a). Temperature for 90% conversion of CO (Tgo) for conventional Pd/CeO; and encapsulated
Pd@SiO; and Pd@CeO; as a function of the number of 4-hour 800°C aging cycles in air (b).

Adverse Restructuring in Conventionally Prepared Pd/CeO:

As demonstrated in Figure 3, cycled aging at 800°C revealed diverging trends in the
relative stability of the three restructured catalysts. Pd in the conventionally prepared, surface-
impregnated Pd/CeO2 underwent significant sintering, consistent with our previous
observations.'>1® Pd dispersion in Pd/CeO2 decreased from 31.8 to 10.0%, and average CeO:
crystallite size increased over two and a half times, from 7.8 to 21.6 nm. The release of atomic
oxygen from the lattice of reducible CeO2, which dramatically affects catalytic performance, is
particularly sensitive to changes in active metal dispersion and CeO: crystallite size.3! As such, we
used TGA experiments to probe how thermal restructuring affected the ease of oxygen release
from the CeO: lattice. This data is shown in Figure S8. Pd/CeO2 and Pd@CeO: initially have
comparable amounts of lattice oxygen released per mass of catalyst. This agrees well with the
similar Too values of the initial Pd/CeO2 and Pd@CeO: catalysts as shown in Figure 2b. The total
oxygen released from Pd/CeO2 however, decreased over three and a half times from 0.696 to 0.198
mmol O released/gcat after the first cycle of 800°C aging in air. This suggests that the adverse
sintering of Pd and CeO: in the conventionally-prepared catalyst has impeded the recruitment of
lattice oxygen. This loss in utilization coincided with a Tgo that increased from 150 to 177°C.

It should be noted that the crystallite growth of Pd/CeO2 was less than that exhibited by a
control sample of bare CeOz2, whose domains grew from 6.4 to 30.4 nm after 800°C aging. There
was also better retention of porosity in Pd/CeO2 (33 m?/g) compared to bare CeO: (18 m?/g) after
aging (Table 1). This suggests that the presence of active metal can impede support sintering at
elevated temperatures. It is possible that the stabilization of CeO:2 in the conventional catalyst was
conferred by some Pd species that remained dispersed, as seen in EDS analysis (Figure 1). Such
observations have been corroborated in recent work by Datye et al., which demonstrated that
atomically dispersed metal dopants can stabilize the surface area of CeO2 amidst high-temperature
aging.®> As demonstrated in recent experimental and computational work, metal species can
become stabilized or trapped on the surface of CeO2 supports in high dispersions during periods



of thermally-induced mobility. The reducibility of CeO:2 facilitates this trapping, as dispersed
active metal species can form strong chemical bonds with undercoordinated Ce3*.1%33-35 While Pd
species trapped on CeO:2 exhibit high energetic barriers for mobility, the observation of sintered
Pd by EDS, and increased Too after aging support that placing Pd active sites in close proximity
through surface decoration promotes sintering over redispersion and trapping at high temperatures.
This is consistent with other works which have shown that the initial placement of active metal
readily implicates thermal stability.363
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Figure 3. Changes in Pd dispersion, average CeO; crystallite size, and BET surface area as a function of cycled aging.
Pd dispersion as calculated from CO chemisorption for Pd/CeO,, PA@SiO,, and Pd@CeO; catalysts as a function of
the number of 4-hour 800°C aging cycles in air (a). Average CeO; crystallite size as calculated by the Debye-Scherrer
equation applied to XRD patterns of Pd/CeO,, Pd@CeO, and bare CeO, nanospheres (b). BET surface area as
determined by N2 physisorption (c).

Pd and CeO:2 continued to agglomerate with successive aging cycles. By the end of the
fourth 800°C aging cycle, the Pd dispersion dropped over five times to 5.9%. This sintering is
supported by XRD analysis in Figure S9, which shows a sharp peak corresponding to the (111)
plane of bulk Pd. The CeO: crystallite size increased over three times to 26.6 nm, and the BET
surface area had dropped around ten times to 11 m?/g. Thus, the initial 800°C aging caused the
most profound restructuring, with the relative magnitude of sintering dropping with each
successive aging cycle. The continued sintering of Pd/CeO: resulted in a gradual increase in Too.
Similar to the Pd dispersion loss and CeO2 domain growth trends, the Tgo increase was more severe
after the first aging cycle and plateaued over sequential cycles to a value of 210°C. By the fourth
exposure to 800°C aging conditions, Pd/CeO2 had achieved a stable, albeit catalytically less active,
structural state.

Metastability of Halo Sites in PA@SiO2

In contrast to the surface-impregnated Pd/CeO2, the encapsulated Pd@SiO2 catalyst
exhibited the formation of Pd halo sites, which increased dispersion from 35.9 to 61.9%, after an
initial 800°C aging (Figure 3, Table 1). Coinciding with the appearance of these sites was an
increase in active metal utilization and a concurrent decrease in Teo. The Pd@SiO2 catalyst
exhibited a Tqo that decreased from 186 to 177°C, corresponding to a decrease of ~ 5%. Due to the
non-reducible nature of the supporting SiO2 shell, the improvements in Pd utilization and low-
temperature activity are attributed solely to redispersion increasing the availability of active metal
sites for reaction. Recent work by Cargnello et al. demonstrated that whole particle migration and
coalescence could exist as the dominant restructuring mechanism in Pd/SiO2 catalysts during
800°C aging.®” In the core@shell system, however, we observe the coexistence of Pd cores
alongside dispersed halo sites after the first cycle of aging. This suggests that total particle



migration and coalescence is not the dominant restructuring mechanism in core@shell
architectures. Several computational®®® and experimental®®*® works suggest that the
decomposition or disintegration of larger clusters into smaller mobile species can also occur in
800°C aging conditions. As such, it appears that encapsulation promotes active metal
disintegration and transport, which is a process that is limited by the emission of mobile species.
This may be due to steric effects imposed by the average pore size of the shell (1.7 nm) being twice
as narrow as the initial core size (3—5nm). To this end, we observed an aged Pd@SiO:2
nanoparticle that contained redispersed Pd along with two Pd cores that had not sintered together
(Figure S2). If particle migration was dominant in encapsulated morphologies, these two Pd cores
would not exist as separate entities after high temperature aging. As such, this observation is
consistent with the notion that encapsulation promotes active metal disintegration and
redispersion, instead of total particle migration and coalescence, during high-temperature
exposure. TEM investigation also identified some aged Pd cores that do not appear as unified
nanoparticles as seen in the initial structures. Instead, these cores appear to have fragmented into
many smaller Pd clusters, as seen in Figure S2. This observation also supports that Pd cores in
encapsulated architectures do not migrate as single entities during high-temperature aging, but
instead restructure through disintegration and emission. Consequently, it appears that
encapsulation facilitates favorable restructuring by providing a physical barrier that promotes the
emission-limited mobility of small metal species and inhibits local agglomeration through its
porous, tortuous structure.

The existence of halo sites in PA@SIOz is short-lived, however. Cycled aging led to the
eventual sintering of Pd in the Pd@SiO2 system after subsequent aging cycles. Pd dispersion
dropped from 61.9% to 25.3% between the first and second 800°C aging cycle and proceeded to
drop over five times to 11.1% by the fourth aging cycle. STEM analysis identified that the Pd did
not remain within the encapsulating SiO2 envelope but had moved to the external surface of the
supporting shell where it was locally sintered. The Pd@SiO: catalyst also exhibited a significant
loss in porosity over the four sequential aging cycles, as the surface area dropped from 296 to
32 m?/g (Figure 3, Table 1). These adverse morphological changes are reflected in the loss of
catalytic activity. The Tgo increased to 193°C and 197°C after the second and fourth cycles,
respectively.

Our observation of initial dispersion and formation of halo sites, followed by sintering,
suggests that the chemical interactions between the Pd metal and SiO2 support are insufficient to
prevent mobile species from eventually agglomerating at high temperatures. On SiO2 supports,
active metals are known to coordinate with silanol groups through dehydrogenation.*4> As
demonstrated in work by Guo et al., the interaction between dispersed metal and the SiO2 support
is relatively weak, as even mild temperature (500°C) conditions can dislocate PGM from these
isolated sites and induce local agglomeration into small, nanosized clusters.** It appears that such
a phenomenon occurs in PA@SiO:2 (Figure 1). As the concentration of silanol groups is strongly
temperature-dependent, it is likely that repeated aging would decrease the number of trapping
sites on the SiO2 support, which would increase the likelihood of sintering.

Performance and Stability of Halo Sites in Pd@CeO2

Unlike the two catalysts discussed above, which exhibit degradation during high-
temperature cycling, the catalytic performance of Pd@CeO: obtained after the first aging was
retained over four aging cycles (Figure 2, Table 1). EDS characterization confirmed that the first
800°C aging cycle redistributed core Pd into halo sites. These halo sites appear highly dispersed,



as confirmed by electron microscopy and EDS analysis conducted at high magnification and
resolution (Figure 5). These results are corroborated by CO chemisorption, which shows that
dispersion increased by over two and a half times, from 32.8 to 88.4% (Figure 3, Table 1).
Accompanying the improved utilization was a T that decreased from 153 to 103°C.
corresponding to a Teo decrease of ~ 33%, which is greater than that of aged Pd@SiO2.

The more uniform and complete redispersion of Pd observed after aging Pd@CeOx,
compared to Pd@SiOz2, suggests that the encapsulating CeO2 environment promotes the formation
of highly dispersed halo sites. As both encapsulated catalysts have comparable initial core size and
shell thickness, causes for the difference in redispersion appear to be related to the chemistry of
the supporting material and the morphology of the encapsulating structure. Concerning chemical
differences, Pd species have been shown to be trapped preferentially as single atoms on Ce3* step-
edges.® Pd cannot be stabilized in this highly dispersed fashion on SiO: due to the weaker bonding
between metal species and the SiO2 support. In addition, we previously demonstrated the
reducibility of the CeO2 support was able to facilitate the oxidation and subsequent disintegration
of core Pd to promote redispersion.'® Regarding morphological differences, the stacked crystallites
of the CeO2 shell, which undergo dynamic restructuring simultaneously with the redispersing Pd,
may offer a larger resistance to outward transport of active metal. This would increase the
likelihood of trapping on the CeOz2 surface. Furthermore, the theoretical mean free path of gaseous
PdO at 800°C, which is on the order of 116 nm, is significantly larger than the average pore
diameter of the CeOz2 shell, which is 1.5 nm (see Supporting Information for mean free path
calculation details). Such considerations emphasize that encapsulation increases the likelihood that
Pd species remain separated from one another and readily collide with the CeOz2 surface to become
trapped in highly dispersed arrangements during periods of thermally-induced transport.

While the greater redispersion plays a role in promoting activity and utilization, the
reducible CeO2 environment should also be considered because catalytic turnover on reducible
oxide supports is strongly dependent on the degree of interfacial contact between the active metal
and the support.t” XPS analysis of the aged Pd@CeO: catalyst conducted in our previous work
identified that these halo sites exhibit Pd-O—Ce bonding.'® This is characteristic of dispersed Pd
that bonds through an oxygen atom to undercoordinated Ce3*, which are typically located at step
and edge sites on CeOz2 crystals.33464” As demonstrated in recent work by Wang et al., these Pd
species adopt a coordination-unsaturated, square-planar structure.3* The formation of
coordination-undersaturated Pd—O—Ce bonds perturb the local electronic environment of the CeOz,
which improves lattice oxygen mobility and, subsequently, oxidative activity at low
temperatures.3*4849 XPS measurements in the Pd3d scan region of Pd@CeO2 and Pd/CeO: in their
initial state, and after the first and fourth cycles of 800°C aging in air, were used to track the
abundance of Pd—O—Ce during cycled aging. As shown in Figure 4, deconvolution of the XPS
spectra showed a distribution of metallic Pd®, Pd?* as PdO and Pd—O-Ce in the initial Pd/CeO:
catalyst. The abundance of Pd—O-Ce increased slightly after the first aging cycle, which is
consistent with notion that some Pd was redispersed on the surface of the CeO2 nanospheres during
elevated temperature aging. The abundance of Pd—O—Ce appreciably decreased by the fourth aging
cycle, however, giving rise to peak growth in regions characteristic of Pd°. This loss in Pd-O-Ce
species likely contributes to the activity loss observed in aged Pd/CeO2. The initial PdA@CeO2
sample was not subjected to deconvolution due to the low relative Pd signal obtained. This is likely
due to screening from the encapsulating CeO: shell. As Pd redisperses throughout the CeOz2 shell
during elevated temperature aging, the population of metal that exists within the photoelectron
escape depth of the XPS instrument increases.'® This improves signal collection and permits
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deconvolution. Deconvolution identified Pd—O-Ce as the most abundant form of Pd on the aged
Pd@CeO: catalyst. The abundance of this type of oxidized Pd, which is known to promote facile
oxygen transfer on CeO2 supports and oxidative activity, likely contributes to the superior

performance of the catalyst.
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Figure 4. Effects of thermal aging on Pd oxidation state distribution. XPS spectra of the Pd3d scan region of
Pd/Ce0O, and PA@CeO: in their initial state (a, b) and after one ‘x1” (c, d) and four ‘x4’ (e, f) repeated cycles of
4-hour 800°C aging in air. The relative percentage of each type of Pd, obtained through spectra deconvolution,

have been inset.
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TGA experiments confirmed that the formation of halo sites improved the ease of
abstracting oxygen from the CeO: lattice, particularly at the low temperatures (< 150°C) where
aged Pd@CeO:2 exhibits its superior catalytic performance (Figure S8). The total amount of oxygen
released in Pd@CeO: increased from 0.536 to 1.634 mmol O released/gcar after aging. XPS
analysis in the O1s scan region for Pd/CeO2 and Pd@CeO: after the first cycle of 800°C air aging
was also conducted to examine how thermally-induced restructuring affected the distribution of
oxygen species on the catalyst (see Methods Section and Figure S10 for Ols XPS analysis).
Deconvolution on the obtained spectra indicated that both catalysts exhibit varying abundances of
three types of oxygen: Oi, which is associated with bulk oxygen in the CeO: lattice,>*>* On, which
is associated with surface bound oxygen species and/or oxygen vacancies,>%2 and Om, which is
associated with hydroxyl groups or H20 bound to the surface of Ce02.5 Oy, which has been
discussed in literature as being particularly mobile on CeO:2 supports and thus contributing to
improved oxidative activity, is over 1.5 times more abundant in Pd@CeO2 than Pd/CeO: after the
first cycle of aging. As such, it is likely that the superior Pd redispersion and greater access to
lattice oxygen are working synergistically here to improve catalytic performance. It should be
noted that this type of bonding has been leveraged to improve activity on metal oxide supports
beyond CeO, such as TiO2.5*

a)

800 °C first cycle

K=

800 °C fourth cycle

Figure 5. Examining Pd distribution in aged Pd@CeO,. High-resolution TEM and overlaid EDS elemental mapping
of Pd@CeO; catalysts after one (a) and four (b) repeated cycles of 4-hour 800°C aging in air. Embedded legends on
each Figure indicate the corresponding colors for the elemental maps (Pd: Green) and the detector used to collect the
STEM image (DF: Dark-field). Red circles highlight grain boundaries between multiple restructured CeO; crystallites,
where Pd appears to have localized after sequential aging.

Cycled aging of Pd@CeO: resulted in slight CeO2 support growth and Pd dispersion loss.

The slight loss of Pd dispersion was reflected in XPS experiments as the abundance of Pd—-O-Ce
was seen to drop from 81.46 to 74.53% between the first and fourth cycles of 800°C aging.
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However, these effects were significantly smaller than in the other catalysts and did not readily
affect catalytic performance as the low Too obtained after the first aging was retained after four
aging cycles (Figure 2, Table 1). Pd@CeO2 also exhibited the greatest surface area (40 m?/g)
among all catalysts subjected to the four aging cycles, which further demonstrates the relative
stability of the structure. The most apparent structural change as result of cycled aging is the that
the supporting domains between Pd@CeO: particles had grown together during high-temperature
aging. XRD analysis shows that the CeO2 domains grow, albeit slightly, from ~4 nm to ~ 8 nm
by the fourth aging cycle. This slight rearrangement and growth may be responsible for the
observed localizing of halo sites at CeO2 grain boundaries, as shown in Figure 5 and S4. This
localizing, however, did not significantly impact the Pd dispersion, as it dropped only slightly from
88.4 t0 83.7%. CO chemisorption and light-off experiments also confirm that the crystallite growth
did not adversely affect gas-phase accessibility to active sites.

Overall, the robust catalytic performance of PA@CeO: can be attributed to the ability of
the support to effectively trap Pd and the synergistic slowing down of CeO:2 grain growth. The
CeOz2 crystallites that form the encapsulating shell are favorable for facilitating active metal
trapping. They exhibit a high abundance of step and edge sites relative to their volume (Figure 1,
S3), containing undercoordinated Ce®* that can readily form strong chemical bonds with mobile
PGM species. > Furthermore, comparison with the adverse growth of both Pd and CeO2 domains
on conventional Pd/CeO2 demonstrates that the stabilization of supporting crystallites scales with
the degree of metal redispersion. This demonstrates the importance of encapsulated morphologies
for directing the formation of abundant and highly dispersed halo sites that can effectively stabilize
support morphology. Such observations are consistent with previous works, which show that M—
O-Ce bonding (where M is a PGM) on CeOz2 slows sintering and support collapse.3234°¢ A number
of computational studies demonstrate the stability of Pd trapped on CeOz2 surfaces.*¢5"-% It is the
strength of these interactions and the physical intercalation of metal species that likely stabilizes
the Pd halo sites, as well as the supporting CeO2 domains. A schematic interpretation of the
formation and stability of Pd halo sites in PA@SiO2 and Pd@CeO: is presented in Scheme 2 to
summarize these findings. The consistent performance and structural stability of aged Pd@CeO:-
experimentally validate how precise tuning of support morphology and chemistry can improve
material utilization and robustness in high-temperature conditions.
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Scheme 2. Graphical depiction of the restructuring of Pd@SiO; (a) and Pd@CeO; (b) catalysts as a function of
repeated exposure to 800°C aging conditions.

Understanding the role of support reducibility in halo site stability

The reducibility of the CeO: shell support dramatically improves both catalytic
performance and stability through the formation of strong metal-support interactions.?#4%60 As
such, we sought to better understand the role of support reducibility in promoting the stability of
dispersed Pd species. To achieve this, we aged the Pd@CeO: catalyst, after forming halo sites
through 800°C air aging, in a completely reduced state, as shown in Figure 5. Complete reduction
of the catalyst was performed by cutting the flow of gaseous Oz in the presence of 1% CO and Nz,
as demonstrated in previous work (see Methods Section and Figure S11-S12 for reduced aging
protocols, corresponding light-off plots and STEM/EDS characterization).'® For conciseness, we

refer to this aging protocol as ‘reduced’ aging.
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Figure 5. Influence of aging in a reduced environment on Pd@CeO; structure and activity. Tg for CO oxidation for
Pd@CeO,, which has been subsequently aged in air (Air aging), then reduced under the flow of excess CO and aged
at 800°C in pure N (Reduced aging), and then subsequently aged again in air at 800°C (a). STEM analysis with
overlaid EDS elemental mapping of the latter two aging cycles have been included to elucidate trends in Pd dispersion
(b, ). These microscopy images have been labelled as (i) and (ii) respectively, to indicate which data points they
correspond to in Figure 5a.

The bonding of dispersed active metal species that exhibit M—O-Ce coordination is
mediated through atomic oxygen.t-83 As such, it is expected that conditions which perturb the
stability of that oxygen species would dislocate trapped active metal. Consistent with this
expectation, reduced aging at 800°C appeared to affect halo site stability adversely. EDS analysis
identified some Pd species that seemed to remain dispersed. However, several Pd agglomerates,
some on the order of ~ 25 nm in diameter, were also observed. The loss of some halo sites also
appeared to affect the stability of polycrystalline CeOz2, as grains larger than those obtained after
four cycles of 800°C aging in air were seen under STEM inspection. Coinciding with this adverse
restructuring was a Tgo for CO oxidation that increased from 103 to 135°C. This finding builds
upon our previous work, which showed that the reducibility of CeO2 could promote Pd
redispersion,'® by demonstrating that the oxidation state of CeO2 helps stabilize halo sites during
high-temperature exposure. Kim et al. showed that subjecting catalysts with appreciable Pt-O—Ce
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sites to reducing conditions can remove some of the oxygen species that promote anchoring,
adversely affecting the structural stability.> Our findings from the reduced aging of Pd@CeOx,
which are consistent with this past literature, support the conclusion that the stability of atomic
oxygen, which mediates the interaction between dispersed active metal and metal oxide supports,
directly affects the overall stability of Pd halo sites.

The Too value of the reduced aged Pd@CeO2 (135°C) is lower than that of the initial
Pd@CeOy, likely due to the partial retention of highly dispersed halo sites as confirmed by EDS
analysis. This Too value is also lower than that of a Pd@CeO: catalyst that has been subjected to
reduced aging prior to the 800°C air aging protocol that forms halo sites (186°C, see
Figure S13—-S15 for corresponding aging protocols, light-off plots and STEM/EDS
characterization). These observations suggest that Pd halo sites exhibit greater resistance to
adverse restructuring under highly reducing, elevated temperature conditions than as-prepared Pd
species. The Pt species in the study conducted by Kim et al. exhibited improved stability to the
adverse reduction that promotes metal dislocation and sintering due to the strong Pt—O—Ce bonding
that forms after 800°C exposure.®® As such, the abundance of Pd—O—Ce bonding likely contributes
to the improved stability of halo sites under high-temperature reducing conditions.

To examine the role of catalyst oxidation for promoting favorable restructuring, we aged
the partially deactivated, reduced Pd@CeO:2 back in air at 800°C for 4 hours. As shown in Figure 5,
returning to these aging conditions recovered a portion of the low-temperature catalytic
performance as the Tgo decreased from 135 to 120°C. EDS analysis identified a greater abundance
of dispersed Pd halo sites, which is likely the cause for the improved Tg. While some larger Pd
agglomerates persisted, our observations demonstrate that aging at 800°C in air can regenerate a
portion of the Pd halo sites that have sintered. Our findings agree with other works that have
emphasized the importance of controlling redox conditions for directing the restructuring behavior
of Pd.41.64

CONCLUSIONS

In this work, we sought to understand the formation, activity, and structural stability of
nanoscale Pd halo sites formed by exposing core@shell catalysts repeatedly to the high-
temperature conditions commonly encountered in industrial applications. While encapsulation
improves metal utilization and activity through the formation of halo sites, our cycled aging
experiments indicate that these sites cannot be maintained in all catalysts. The weak bonding
between Pd and SiO2 makes halo sites in Pd@SiO2 susceptible to continued Pd transport and
ultimately sintering. In contrast, the formation of halo sites improves structural stability in
Pd@CeOz, likely due to the Pd-O—Ce bonding that forms between the CeO: support and dispersed
Pd. In stabilizing step and edge sites on the CeO: lattice, halo sites were found to mitigate the
adverse sintering and structural collapse of support domains during cycled high-temperature aging.
The retention of the Pd@CeO:x catalyst’s superior low-temperature performance between the first
and fourth aging cycles emphasizes that favorable restructuring in core@shell architectures can
significantly improve catalytic lifetime. By subjecting the Pd@CeO: catalyst to reduced aging, we
further demonstrate that the oxidation state of the support is integral to stabilizing high dispersions
of the active metal. Returning to air aging conditions can regenerate a portion of highly dispersed
species from larger agglomerates, which delineates a simple methodology for recovering
dispersion and activity on-stream. By examining the stability of highly active halo sites in
core@shell architectures, we demonstrate how the initial catalyst can be designed to promote
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favorable high-temperature nanoscale restructuring that improves catalytic performance, stability,
and material utilization.

METHODS
Synthesis of Surface-Impregnated (Conventionally Supported) Pd/CeO2

Surface-impregnated Pd/CeO: catalysts were prepared by wet impregnating Pd onto
already synthesized CeO2 nanospheres (NS).

CeO2 NS were made by adding a 0.0564 mM solution of acetic acid (CH3COOH, 99.7%,
Sigma Aldrich) in anhydrous ethylene glycol ((CH20H)2, 99.8%, Sigma Aldrich) to a 2.30 M
aqueous solution of cerium nitrate hexahydrate (Ce(NOs3)3*6H20, 99%, Sigma Aldrich) under
vigorous stirring. The solution was sealed in an autoclave and heated at 180°C for 4 hours.

After washing and drying, the CeO2 NS were made into a 64.6 mM aqueous dispersion in
deionized water (DI H20) and left to stir. A 7.51 mM aqueous solution of palladium nitrate
dihydride (Pd(NOz3)222H20, 99% Sigma Aldrich) in DI H20 was added to the CeO2 NS mixture
under vigorous stirring and left to stir for 12 hours. Once the stirring had completed, the solution
was dried in an oven at 110°C. The catalysts were then aged in a muffle furnace at 500°C in air
for 2 hours. At this stage, the catalyst was considered in its initial state. All initial catalysts were
subjected to characterization by transmission electron microscopy and x-ray energy dispersive
spectroscopy prior to catalytic testing. After initial characterization to confirm morphology,
synthesized samples were split into two batches: one set to be used for catalytic testing and
subjected to in-situ aging and another set for ex-situ aging and material characterization.

Synthesis of Core@shell Catalysts

All synthesized core@shell catalysts were subjected to hydrothermal aging at 80°C for 4
hours. After the hydrothermal aging, the core@shell catalysts were collected by centrifugation and
washed three times with water and three times with ethanol. The catalysts were then aged in a
muffle furnace at 500°C in air for 2 hours. At this stage, the catalyst was considered in its initial
state. All initial catalysts were subjected to characterization by transmission electron microscopy
and x-ray energy dispersive spectroscopy prior to catalytic testing. After initial characterization to
confirm morphology, synthesized samples were split into two batches: one set to be used for
catalytic testing and subjected to in-situ aging and another set for ex-situ aging and material
characterization.

Synthesis of PA@CeO2 Catalysts

Pd@CeO:2 core@shell nanoparticles were prepared using a previously reported one-pot
methodology of a base-catalyzed polymerization of a CeO: precursor around formed Pd
nanoparticle seeds.’6?> However, in this work we improved upon the method by periodically
adjusting the pH during the synthesis to maintain alkaline conditions. This was inspired by recent
work, which demonstrated that the synthesis pH plays a critical role in mediating the crystallinity
and stability of encapsulating metal oxide structures. 556

A solution of 5.95 mM trimethyl tetradecyl ammonium bromide (TTAB, 99% Sigma
Aldrich) in DI H20 was made and left under vigorous stirring. Pd nanoparticles were made from
a 15.8 mM solution in DI H20. The solution was added to the TTAB solution. A 1.02 M aqueous
hydrazine hydrate (N2H4*H20, 99% Sigma Aldrich) solution was added shortly after to reduce the
ionic dissolution Pd?* to Pd nanoparticles, which act as the core seeds.
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Once reduced, a solution of 5.20 mM TTAB in DI H20 was added to disperse the Pd further
and facilitate encapsulation of core seeds into discrete core@shell nanoparticles. The pH of the
solution was adjusted to 10.7 using aqueous sodium hydroxide (NaOH, 99% Sigma Aldrich), and
the solution was left uncovered to stir vigorously for 30 minutes. Cerium-isobutyrate (Ce-iso) was
made into a 52.2 mM solution with ethanol. Ce-iso was prepared prior to synthesis according to
the previously reported procedure. 13.6 mmol of triethanolamine (TEA, 99% Sigma Aldrich) was
added dropwise to the Ce-iso solution to form cerium atrane (Ce-at).

After 30 minutes, the pH of the system was readjusted to 10.7, and the Ce-at solution was
added dropwise. The solution was then left covered to stir for 24 hours vigorously. After stirring,
the solution was transferred to an oven for hydrothermal aging.

Synthesis of PA@SiO2 Catalysts

Similar to the synthesis of Pd@CeOz2, a 30 mM aqueous solution of Pd(NO3)222H20 was
added to a 10 mM aqueous TTAB solution and reduced with 1.02 M aqueous N2H4+H20 solution
while under vigorous stirring. The solution was left to stir for 30 minutes (to allow for completed
decomposition of N2H4+H20) after the pH of the solution was adjusted to 10.7 with aqueous NaOH.

The pH was readjusted to 10.7 after the 30-minute period, and 5 mL of a 5.71 mM
tetraethylorthosilicate (99%, Sigma Aldrich, TEOS) in ethanol solution was added dropwise. The
solution was left to stir for 24 hours prior to hydrothermal aging.

Aging Parameters

For the purposes of this study, in-situ aging refers to aging in the catalytic test bed for
analyzing the effects of aging on catalytic performance, and ex-situ aging refers to aging conducted
in a temperature programmable furnace for examining morphology and structural changes due to

aging.

In-situ Aging to Examine Changes in Catalytic Activity

Upon completing an initial light-off test (see below for light-off test reaction conditions),
catalysts were left to cool to ambient conditions under the flow of dry air at 200 mL/min. Once
cooled, the catalysts were heated to 800°C with a ramp of 5°C/min under flowing air at 200
mL/min. Finally, the catalysts were held at 800°C for 4 hours. This defined one cycle of 800°C
aging. Once the 4-hour aging period had finished, the catalysts were cooled to 35°C, and the
flowing gas was changed from air to the test gas (see below for test gas information). This cycled
aging and light-off testing was repeated until four cycles of 800°C aging had been conducted.

Ex-situ Aging to Examine Changes in Catalyst Structure and Morphology

Catalyst samples were placed in a tube furnace and heated to 800°C with a ramp of 5°C/min
under flowing air at 200 mL/min. The catalysts were held at 800°C for 4 hours. This process
defined one cycle of 800°C aging. Once the 4-hour aging period had finished, the catalysts were
cooled to ambient temperature, removed from the tube furnace, and subjected to characterization
(see below for more information). This cycled aging and characterization was repeated until four
cycles of 800°C aging had been conducted.

In-situ Reduced Aging of Pd@CeO2

Two sets of initial Pd@CeO2 catalyst were subjected to aging while the supporting ceria
was reduced to examine the role of support reducibility in facilitating Pd mobility and trapping.
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Reduction of the Pd@CeO: catalyst was conducted at 300°C after the conclusion of a light-off test
to maintain 100% conversion of CO. The flow of gas-phase O2 was cut, and the catalyst was
exposed to flowing 1% CO in an N2 gas balance for 15 minutes. The CO conversion, which was
monitored by downstream FTIR, was confirmed to drop to zero over this timeframe, which
indicated the complete reduction of the ceria support. This O2-cut approach was described in our
previous work.® Once the support was reduced, the flow of CO was cut, and the Pd@CeO2 was
aged at 800°C for 4 hours in pure N2 flowing at 200 mL/min to ensure the support would not re-
oxidize. Once the 4-hour aging period had finished, the catalysts were cooled to ambient
temperature and exposed to 2.5% O2 with an Nz gas balance, flowing at 200 mL/min for 2 hours
prior to light-off testing to ensure re-oxidation of the support. One set of Pd@CeO2 was subjected
to this N2 aging after an initial light-off test, and another set of Pd@CeO2 was subjected to N2
aging after being aged in-situ under the flow of air at 800°C for 4 hours.

Reaction Conditions

CO oxidation light-off tests were used to examine catalytic activity. Catalytic tests were
conducted in a 4.00 mm internal diameter quartz reactor tube, encapsulated in a temperature
programmable furnace, subjected to continuous gas flow. This system defines the catalytic testbed.
Samples were heated to 500°C (achieved with a ramp of 5°C/min) under flowing 2.5% O with an
N2 balance for 1.5 hours prior to initial catalytic testing to clean the catalyst surface. The test gas
was comprised of 1% CO and 2.5% O2 with an N2 gas balance. The total gas flow rate was set to
200 mL/min. 60 mg of catalyst (which was sieved to 60 — 80 mesh) was diluted with 100 mg of
SiO2 (also sieved to 60 — 80 mesh) to mitigate the formation of hot spots in the catalyst bed during
light-off testing.

For light-off tests, the encapsulating furnace temperature was raised from 50°C to 300°C,
achieved by a 2°C/min ramp to ensure good linear temperature control and proper heat transfer.
The reactor was connected to a downstream FTIR analyzer, which was used to provide real-time
quantification of the effluent gas components. Catalysts were subjected to a variety of in-situ aging
in the testbed after initial testing.

Measuring Conversion of CO
The conversion of CO, which was used to identify Too and plot the light off profiles, was
calculated as follows:

[Co]in - [Co]out
[Co]in

Xcol%] = ( ) X 100[%]

where X, is the conversion of CO and [CO];,, and [CO],,: are the concentrations of CO in the
inlet and outlet gas streams, respectively.

Rate of CO Conversion to Probe Pd Utilization

The rate of CO2 production at 40°C, normalized by the mass content of Pd within each
catalyst, was used to probe active metal utilization prior to and post 800°C aging. 40°C was used
for the experiment to ensure a completely kinetic regime. During each experiment, the conversion
of CO was monitored at 40°C for 30 minutes and averaged. The rate was calculated as follows:
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where 7, is the rate of CO2 conversion, N¢ ;,, is the inlet molar flow rate of CO, X(g 40 ¢ is the
conversion of CO at 40°C and mp, is the mass of Pd present in the catalyst.

Characterization Methods

Sample characterization was done using five techniques: transmission electron microscopy
(TEM), X-ray energy dispersive spectroscopy (EDS), X-ray powder diffraction (XRD), Brunauer—
Emmett—Teller-derived N2 physisorption surface analysis (BET).

A Thermo Fisher Talos F200X G2 S/TEM was used for simultaneous conventional bright-
field, dark-field and scanning transmission electron microscopy (STEM) imaging and EDS
elemental mapping. The electron source was an X-FEG high-brightness Schottky-type emission
gun. A Super-X windowless EDS detector was used to conduct EDS mapping. A JEOL 3100R05
double Cs corrected S/TEM was used for high-resolution aberration-corrected bright-field and
high-angle annular dark-field imaging (HAADF). The electron source was a tungsten cold field
emission tip.

A Rigaku 600 Miniflex operating with a current of 15 mA, voltage of 40 kV, and step size
of 0.01° was used for XRD measurements. The Scherrer equation was used to approximate the
size of CeO:z2 crystallites in PA@CeO2 and Pd/CeO2. The equation is as follows:

K-2
B - cos(0)
where 7 is the mean feature size, K is a dimensionless shape factor (in this case taken as 0.9), Adis
the x-ray wavelength (1.54 A) Bis the full width at half maximum of the peak characteristic for
the crystallite and 8 is the Bragg angle at said characteristic peak. The CeO2 (111) peak, centered
ata 26 of ~ 28.5 °, was used for CeO: crystallite size approximation.®” The Pd (111) peak, which
is centered at a 26 of ~ 40.4 ° was used for Pd nanoparticle size approximation.®

A Micromeritics ASAP 2020 was used for BET surface area and pore distribution
characterization. Prior to analysis, the samples were degassed at 350°C (achieved by a ramp of
20°C/min) for 8 hours. BET surface area analysis was conducted at 77 K using the amount of
nitrogen adsorbed at various relative vapor pressures between 0.05 < P/Po < 0.3. The molecular
cross-sectional area of nitrogen was assumed to be 0.1620 nm? for the analysis. BET measurements
were conducted in the low-pressure incremental dose mode to improve the resolution and accuracy
of measurements.

Pulsed CO chemisorption similar to that reported by Takeguchi et al.®® was used to examine
the Pd dispersion on initial and aged catalysts. The experiment was conducted on a Quantachrome
ChemBET 3000. In this experiment, all gas flows were kept at 70 mL/min. The sample was first
heated in 3% O2 (N2 balance) at 300°C for 1.5 hours prior to a system purge with flowing He. The
sample was then kept at 300°C for 1.5 hours under the flow of Hz (Ar balance) to ensure completely
reduce the catalyst. The sample was then cooled to 50°C under flowing H: prior to a system purge
with flowing He. 3% O2 (N2 balance) was flown over the sample for 5 minutes. The catalyst was
then exposed to 1% CO2 (N2 balance) for 5 minutes. The system was exposed to a He purge prior
to Hz gas flow for 10 minutes. The sample was then subjected to the pulsed CO chemisorption
experiment. The number of molecules of CO chemisorbed per mass of catalyst was calculated as
follows:

t[nm] =
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9 MCO Meqat

where V., is the total volume of chemisorbed CO, p.,, is the density of CO at the temperature
used for the chemisorption experiment (50°C), N, is Avogadro’s constant and m.,; is the mass of
the catalyst used in the experiment. The metal dispersion was calculated from the number of
molecules of chemisorbed CO by:
A +Mpg N
0, - G

V%l = =50,
Where A is the stoichiometric fitting factor that describes the chemisorption of CO on Pd surfaces
(1 in this case), Mp, is the molar mass of Pd, and W, is the weight percent of Pd in the catalyst
sample.

Thermogravimetric analysis of the Pd/CeO2 and Pd@CeO: catalysts was conducted before
and after the first cycle of 800°C aging to quantitatively examine how thermally-induced
restructuring affected the release of oxygen from the CeO: lattice, which plays a role in mediating
catalytic performance in oxidation reactions. A TA Q500 thermogravimetric analyser (TA
Instruments) was used to perform the TGA experiments. According to previous work by Schwank
et al.,’® initial catalyst samples were loaded onto the TGA sample pan and pretreated under pure
N2 gas flowing at 100 mL/min for 1 hour at 300°C, achieved with a ramp of 5°C/min. This was
done to remove any adsorbed water from the catalyst. The catalyst was then cooled to 50°C. Once
the weight was stable at 50°C, the gas flow was switched to a 4% H2/ N2 mixture (also at 100
mL/min) and the sample was kept at 50°C for 4 hours. The sample was then heated by 50°C with
a ramp of 5°C/min, and left at 100°C for 4 hours. This process of ramping to the next temperature,
point at intervals of 50°C and holding at each temperature point for 4 hours, was repeated until the
temperature reached 600°C. The amount of oxygen released at each temperature, normalized by
the mass of catalyst, was calculated as follows:

m
mmol] [ Mpp — My [mg] 1000 [?g]

€ 8cat 16 [miol] Meat [mg]

where ng, is the mmol amount of oxygen released at the current temperature point, mr, ;, is the mass
of the sample at the preceding temperature point averaged over its respective 4-hour dwelling
period, mr . is the mass of the sample at the current temperature point averaged over its respective
4-hour dwelling period and m, is the mass of the catalyst used in the experiment, after the 1-hour
pre-treatment at 300°C in pure No2.

X-ray photoelectron spectroscopy measurements were taken on a Kratos Axis Ultra XPS
with a monochromatic Al x-ray source operating at 8 mA and 14 kV to examine changes in
oxidation state distribution in the Ols and Pd3d scan regions. XPS spectra were normalized
relative to a In metal standard foil and deconvoluted using the CasaXPS software (see the
Supporting Information for deconvolution details).
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