Ceria incorporation in sinter-resistant platinum-based catalysts
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Abstract

Platinum group metals (PGM) are widely used for exhaust emission abatement. Sintering during the high-
temperature emission control conditions decreases noble metal utilization efficiency. Efficient use of scarce
noble metals requires sinter-resistant catalysts. Here we extend an approach to synthesize catalysts
consisting of platinum nanoparticles encapsulated in a mixture of cerium and aluminum oxides (Pt@Al,O;-
Ce0,). We tested the activity of this catalyst toward carbon monoxide, propene, and propane oxidation
chosen as model oxidation reactions for emission control catalysts. Pt@Al,03-CeO; catalysts demonstrated
similar activity and stability upon aging as the comparison system without ceria, Pt@Al,Os, while
maintaining small Pt nanoparticles and ceria crystallites. Additionally, we studied the influence of various
thermal treatments on CO oxidation activity and determined that a steam treatment can activate low
temperature CO oxidation activity of Pt@AlO3-CeO,. STEM-EDS analysis revealed that thermal
treatments led to the co-location of Pt and CeO; and temperature programmed-reduction analysis revealed
that the steam treatment specifically enhanced CO oxidation activity through surface reduction of the CeO,.
In summary, we demonstrate the versatility of this encapsulation approach to generate mixed metal-oxide
supports with improved metal-support interactions without hindering nanoparticle stability.



Introduction

Emission control catalysts play a critical role in the reduction of pollution and greenhouse gasses.
Combustion of fuels in the energy and transportation sectors produces carbon monoxide (CO), nitrogen
oxide (NOy), and hydrocarbons (HC), which are poisonous gasses that lead to the formation of acid rain,
smog, ozone and global climate change.! Emissions catalysts convert these compounds into CO», H,O and
N>.2 One ubiquitous example of an emission control catalyst is the automotive catalytic converter, or three-
way catalyst (TWC).> The TWC consists of an alumina washcoat or carrier layer supported on a ceramic
monolith. The washcoat composition has been carefully optimized to perform both reduction (NOx to N>)
and oxidation reactions (CO and HC to CO») across a wide range of operating conditions (fuel rich/reducing
to fuel lean/oxidizing) and continued performance across the lifetime of the vehicle.*® The washcoat
contains platinum group metals (PGM), with Pt and Pd responsible for CO and hydrocarbon oxidation,
while Rh plays the critical role of NOx conversion.® Structural promoters (e.g. La, Ba, Ca) maintain the
alumina phase and porosity,® and chemical promoters (e.g. CeO, and CeyZr;<O4) provide oxygen storage
capacity and enhanced catalytic activity.” Catalytic converters provide a unique design challenge and
opportunities for continued improvement. The TWC must be stable during cycling at the high temperatures
(> 800°C) that the catalyst experiences during vehicle operation, and it must continue to meet the Clean Air
Act emission standards over 150k miles of driving.®* The TWC must also be active at lower temperatures
to effectively clean the engine exhaust during the cold-start phase when the engine is initially turned on, a
consideration becoming more important with the prevalence of hybrid vehicles.'® As such, there are
opportunities to continue to improve the high temperature stability and low temperature activity of three-
way catalysts.

Sintering of PGM is the primary deactivation mechanism of the TWC. High temperatures along with harsh
environments (~10% H»O, alternating oxidative and reductive environments, sulfur impurities)’ facilitate
the agglomeration of PGM nanoparticles from ~3 nm to ~50-100 nm, resulting in a severe decrease in noble
metal utilization efficiency.!! As a result, automotive catalytic converters use excessively high loadings
(~10g total) of Pt, Pd and Rh,'? accounting for 51% of the global demand for PGM."* The reduction of
sintering in emission control catalysts is an essential area of research to improve the activity of the catalyst
over the lifetime of the vehicle, and reduce the consumption of precious metals, which are costly to both
the consumer and the environment. Many developments have been made in the synthesis of sinter-resistant
PGM catalysts by tuning the metal-support interactions,'* developing novel support morphologies to isolate
and trap nanoparticles,'>!” or depositing metal oxide overlayers (e.g. via atomic layer deposition) to coat
the nanoparticles.!®?? A recent perspective highlighted that these promising strategies often presented
tradeoffs between catalyst stability and activity, and could be further improved by increased access to the
PGM active sites and increased hydrothermal stability of the support.?

Ceria (CeO») has been highlighted as a key promoter for the low temperature activity of the TWC.2* CeOs,
a reducible metal oxide with Ce existing in either Ce(III) or Ce(IV) oxidation state,? has the ability to form
oxygen vacancies.?®?’ This unique feature of ceria opens an alternative reaction mechanism for CO and
hydrocarbon oxidation via reverse oxygen spillover at the metal-ceria interface, wherein oxygen from the
ceria can react with CO or HC adsorbed on the metal surface.?®3? This alternative mechanism provides a
rate enhancement and achieves lower temperature combustion. Optimizing the PGM-ceria interface can
enhance the catalyst activity.?®3! This has been demonstrated with Pt, Pd, and Rh,*? with reactions such as
methane,** CO,** and propene combustion.’® Interactions between PGM and ceria (and subsequent rate
enhancements) can be sensitive to thermal treatments, which can modify the Pt size and morphology, as
well as the ceria oxidation state and morphology. Oxidative treatments (e.g. 800 °C, 20 vol. % O,) can
facilitate the dispersion of Pt or Pd to single atoms strongly bound to the CeO, oxygen vacancies (or Ce(III)
sites).!*¥63% Reductive treatments (e.g. 250-500 °C, CO or H») can transform dispersed Pt single atoms into
particles and reduce the ceria surface to form more oxygen vacancies.>'***> Steam treatments (e.g. 750 °C
H>0) can restructure the oxygen vacancies in ceria to activate Pt single atoms.*® Furthermore, high



temperatures can cause growth of ceria crystallites and a collapse of the porosity of the support, reducing
the overall activity of the catalyst.*®*"*® Several recent works have focused on engineering ceria-containing
supports to improve catalyst stability, for example through depositing small ceria crystallites on other oxide
supports,**® or developing optimal ceria-alumina formulations.>*>! Most studies have focused on the
stabilization of Pt single atoms on ceria vacancies (Ce(IIl) species).'*>? Pt single atoms are desired for
maximum Pt utilization (100% metal dispersion)*’ and have shown high activity for the CO oxidation
reaction.’”*?4 However, single atom catalysts are less active for other relevant reactions for emission
control applications, such as hydrocarbon (>C2) oxidation, which require larger ensemble sites.**33* In
summary, Pt species in Pt-CeO, catalysts exposed to oxidative high temperature conditions have a
propensity to sinter into large Pt agglomerates and/or disperse into Pt single atom species. While
engineering and optimizing the support has improved the stability of dispersed Pt species, there remains an
opportunity to develop a Pt-CeO, system that stabilizes platinum nanoparticles.

Our recent study demonstrated an alternative approach to synthesize sinter-resistant Pt and Pt/Pd catalysts.*
By first encapsulating colloidal PGM particles in a polymer framework, we generated a template to
synthesize porous alumina around the particles. The resulting encapsulated Pt in alumina (termed
Pt@Al>O;) demonstrated similar initial activity as a standard Pt supported on alumina (Pt/Al,Os) for the
propene combustion reaction. The encapsulation technique, termed “nanocasting”, prevented the particles
from sintering in hydrothermal, oxidative conditions at 800 °C. The PtPd@Al,Os catalyst was stable up to
1,100 °C, as evidenced by maintained propene combustion activity. Here, we expand upon the previous
work to incorporate ceria into the nanocasting approach, demonstrating the stabilization of both platinum
and ceria, and we explore the influence of ceria on the activity of the catalyst for propene, propane, and CO
oxidation.

Results and Discussion

Nanocasting approach for ceria-containing encapsulated catalysts. We hypothesize that the nanocasting
technique can directly synthesize mixed metal oxides by mixing precursors during the preparation. Here,
we demonstrate that by first encapsulating platinum particles in a polymer framework (POF), we can then
utilize an identical Pt@POF to prepare a variety of support compositions, establishing a versatile synthetic
platform to tune metal oxide composition for encapsulated catalysts — an essential feature for multi-
functional catalysts such as the three-way catalytic converter. Figure 1a summarizes the protocol for
encapsulation of platinum nanoparticles in porous mixtures of ceria and alumina. Platinum nanoparticles
(NPs) (5.2+£0.8 nm) were synthesized using colloidal methods following previously published protocols
(Figure 1b).>* The NPs were supported on a melamine-based polymer, termed porous organic framework
(POF) (Figure 1c¢). The polymer was chosen for its ease of synthesis, inexpensive precursors, porosity and
thermal stability, and was synthesized following published protocols.® The platinum NPs were
encapsulated in POF by growing an overlayer of POF on the Pt/POF (Figure 1d). The 5 nm Pt particles
maintained their size throughout the polymer encapsulation (size distributions in Figure S1). The Pt
encapsulated in POF (Pt@POF) was infiltrated with aluminum nitrate and/or cerium nitrate and calcined
for 5 hours at 600 °C to generate platinum encapsulated in metal oxides. The ratio of alumina and ceria can
be tuned by varying the ratio of their respective nitrates. After an initial screening, we chose 3:1 Al,03:CeO»
as a promising molar ratio for propene and propane combustion activity after 800 °C and 900 °C aging
(Figure S2 and S3). Pt encapsulated in pure A,Os (Pt@ AlO;3) and pure CeO, (Pt@ CeO,) were also
synthesized for comparison. The same batch of Pt@POF was used for each catalyst and amounts of nitrates
were tuned to maintain 0.5 wt. % Pt loading. X-ray fluorescence (XRF) measurements confirmed similar
final Pt weight loadings (0.58+0.002 wt. % Pt@A1,Os, 0.49+0.003 wt. % Pt@Al,03-CeOz, 0.48+0.007 wt.



% Pt@Ce0,). Finally, a platinum-free 3:1 AlO;:CeO, support was synthesized following the same
polymer-infiltration and calcination process. Pt particles from the same colloidal synthesis were supported
on the surface of the nanocasted Al,O3-CeO, support to generate Pt/Al,03-CeO,, used as a control material
to benchmark the activity and stability of the encapsulated materials.
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Figure 1. Nanocasting synthesis schematic. a) overview of the synthesis of nanocasted catalysts. Platinum nanoparticles (NPs) are
supported on a melamine-based polymer termed porous organic framework (POF). An additional layer is grown to encapsulate the
particles in the polymer (Pt@POF). The same Pt@POF is infiltrated with different amounts of aluminum nitrate and cerium nitrate
and subsequently calcined to produce oxides and resulting in the final nanocasted catalysts. Representative TEM images are
included of b) Pt nanoparticles, ¢) Pt/POF and d) Pt@POF.

The as-synthesized encapsulated catalysts were characterized using scanning transmission electron
microscope (STEM) imaging and energy dispersive x-ray spectroscopy (EDS) (Figure 2 a-c). In the
Pt@AIl,0O; sample, the Pt particles can be easily identified based on the large atomic number Z-contrast
between Pt and Al,O; in high-angle annular dark-field (HAADF)-STEM images. The Pt particles are found
to be uniformly distributed throughout the interior of the alumina support and maintain their initial particle
size of 4.95£1.9 nm (Figure 2a, particle size distribution Figure S4). Platinum particles were not readily
visible in the HAADF-STEM images of Pt@CeO- (Figure 2b), likely due to a combination of the high
atomic number of Ce and the thickness of the ceria support. Instead, the presence of platinum in the
Pt@CeO, sample was confirmed by XRF (0.48 wt%) and STEM-EDS (Figure S5). As dispersion of Pt to
single atoms is known to occur on CeO,'* additional STEM imaging was performed on several thin regions
of Pt@CeO; but did not reveal Pt single atom species (Figure S6). Elemental mapping enabled with STEM-
EDS was used to locate Pt particles and characterize the distribution of Al and Ce in the Pt@Al1,03-CeO,
sample (Figure 2 c-f). A spectrum showing the presence of the Ce L and Pt L edges is in Figure S7. Pt
particle size was found to be maintained after calcination (5.4£2.5 nm, Figure S4). Ceria was distributed
throughout the sample (Figure 2f and lower magnification images included in Figure S8). X-ray diffraction
(XRD) revealed that the nanocasted alumina was mostly amorphous and the ceria was crystalline (Figure
2 g). The Pt@Al,03-CeO; support resulted in smaller ceria crystallites (3.8 nm) than the Pt@CeO- support
(7.8 nm) (size determined by XRD Scherrer equation and supported by STEM images Figure S9). Similar
crystallite sizes were found whether or not Pt was present during the synthesis of nanocasted Al,O3-CeQO,.
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Figure 2. Characterization of as-synthesized catalysts. Representative HAADF STEM images of a) Pt@AL203, b) Pt@CeO: and
¢) Pt@AIL203-CeOz, along with energy dispersive spectrometry (EDS) elemental maps of Pt L-edge (d) Al K-edge (e) Ce L-edge
(f), and g) Powder x-ray diffraction (XRD) patterns for Pt@AlO3, Pt@Al203-CeO2, and Pt@CeO-. All peaks can be matched with
standard diffraction patterns for Pt and CeO: (included for reference).

Reactivity and stability testing. The reactivity of as-synthesized encapsulated and supported catalysts
(Figure 3a) was evaluated for the complete oxidation of a mixture of CO, propene, and propane. We utilized
a testing protocol that simultaneously flowed CO (0.5 vol. %), propene (0.15 vol. %), propane (0.15 vol.
%), oxygen (4 vol. %) and water (4.2 vol. %), with argon as the balance. The fresh reactivity of the catalyst
was collected after an oxidative and reductive pretreatment and then after aging at 800 °C for 4 h in reaction
mixture (Figure 3b). 800 °C was selected as the commonly used temperature for accelerated thermal testing
of diesel oxidation catalysts.” Figure 3c-e shows the activity of the fresh Pt@ALQOs, Pt@Al,Os-CeOs,
Pt@CeO: and Pt/Al,03-CeO; for CO, C3Hs, and C3Hs, respectively. The light-off curves for CO, C3;Hs and
C;3Hs were collected simultaneously, but have been plotted separately in Figure 3 for ease of comparison
between catalyst samples. We also collected reactivity for the encapsulated catalysts toward each reaction
individually (Figure S10-12), which showed similar trends as the reaction performed with the mixture. The
fresh catalysts had similar activity for CO and CsHe oxidation, with T50s (temperature required for 50%
conversion) in the range of 240-267 °C for CO and 255-281 °C for CsHe oxidation reactions. Cs;Hs
combustion showed more dependence on catalyst composition with T50s of 275, 306, 312 and 380 °C for
Pt/Al,05-CeO,, Pt@CeO,, Pt@Al,03-CeO,, and Pt@Al,Os, respectively (Table 1). Notably, ceria-
containing catalysts demonstrated propane T50s more than 68 °C lower than the Pt@AI,Os catalyst. Light-
off curves for the identical set of catalysts after aging in reaction mixture at 800 °C for 4 hours are shown
in Figure 3f-h. After aging, Pt@Al,O; demonstrated stability in line with our previous reports,> with a
change in 50% conversion temperature (AT50) of 12 °C for CO, 2 °C for C3He, and -28 °C for CsHs
oxidation. Similarly, Pt@Al,03-CeO, demonstrated stability with AT50s of 8 °C, 4 °C, and 4 °C for CO,
CsHg, and CsHs, respectively. In contrast, the activity of Pt@CeO, and Pt/Al,03-CeO, decreased for all
reactions after aging, with AT50s ranging from 46 to 114 °C (complete list of T50s in Table 1). In summary,
Pt@CeO, and Pt/Al,03-CeO, deactivated while Pt@Al,Os and Pt@Al,03-CeO; maintained almost
constant activity. Notably, CO and C;Hs showed different sensitivity toward catalyst composition, and
aging effects which will be discussed in more detail in later sections.
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Figure 3. Reactivity and stability of Pt-Al203-CeO: catalysts. (a) Schematics of the 4 different catalysts and (b) temperature profile
for the experiments. Top three plots show the light off curves for fresh catalysts reacting with a mixture of CO (c), propene (d),
and propane (e). The bottom three plots show the light off curves for catalysts after aging at 800 °C for 4 hours under reaction
mixture (4% O2, 0.5% CO, 0.15% C3Hs, 0.15% CsHs, 4.2% H20), separately showing the plots for CO (f), propene (g), and propane

(h).

Table 1. Summary of T50 values for stability experiments shown in Figure 3. T50 refers to the temperature at which 50% conversion
is achieved. Complete oxidation of CO, propene, and propane oxidation were performed simultaneously, the catalyst was aged at
800°C for 4 hours under reaction mixture, and then the aged light-off curves were collected on the identical catalyst as the fresh
light-offs, without removing the material from the reactor.

Fresh T50 (°C) Aged 4h 800 °C Rxn Mix T50 (°C) AT50 (°C)
Catalyst co Propene | Propane co Propene Propane CO | Propene | Propane
Pt@ALO3-CeO: 244 259 312 252 263 316 8 4 4
Pt@ALO3 253 267 380 265 269 352 12 2 28
Pt@CeO2 267 281 306 313 358 420 46 77 114
Pt/AL203CeO: 240 255 275 300 313 325 60 58 50

Figure 4 summarizes the TEM characterization of aged Pt@Al,O3-CeO, and Pt/Al,O3-CeO,. The low-
magnification images show that the platinum has clustered in the Pt/Al,O3-CeO- (Figure 4b) but remains
dispersed across the support in Pt@Al,03-CeO; (Figure 4j). The low-magnification EDS images reveal
that ceria crystallites remain distributed throughout the alumina after aging in both catalysts (Figure 4 c-d
and k-l). The higher-magnification HAADF-STEM images reveal sintered Pt particles (~100 nm) in the
Pt/Al,03-CeO; (Figure 4 e-f), while smaller (~5nm) Pt particles remain in the Pt@Al,03-CeO; (Figure 4
m-n). At higher magnification, the bright-field TEM images reveal ceria crystallites (~6 nm) that are in
proximity with the Pt particles (Figure 4q). The Pt particle size distribution in Figure 4r quantitatively
summarizes the sintering of Pt/Al,O3-CeO, and sinter-resistance of Pt@Al,03-CeQO,, with post-aging
average Pt particle sizes of 31.9 and 8.8 nm for Pt/Al,O3-CeO; and Pt@Al,03-CeO,, respectively.

Analysis of the extended x-ray absorption fine structure (EXAFS) provides information on the average Pt
NP size from a significantly larger sample size than the TEM; these data support the NP stability trends
discussed above. Table S 1-2 summarizes the average coordination numbers and the resulting calculated
particle sizes of the aged Pt@Al,03-CeO, and Pt/Al,O3-CeO; catalysts (XANES and fitted EXAFS in



Figures S13-S15). A set of Pt-free supports (Al,Os3, Al,O3-CeO, and CeO») were prepared with identical
protocols to evaluate the stability of the supports under thermal aging conditions. Table 2 summarizes the
results of XRD and physisorption characterizations of the supports after aging. Scherrer equation
calculations show that Al,O3-CeQ, supports maintain smaller ceria crystallite size than CeO; only, after
both 800 °C and 900 °C aging conditions (diffraction patterns included in Figure S16). Physisorption
measurements show the Al,O3-CeQ; support increased surface area after aging while the CeO»-only support
decreased porosity (physisorption isotherms included in Figure S17-S19).
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Figure 4. TEM characterization of Aged Pt-Al:03-CeQ: catalysts. a) HAADF STEM image of Pt/ A1203-CeO:z after aging for 4h
at 800 °C in reaction mixture (4% O2, 0.5% CO, 0.15% CsHs, 0.15% CsHs, 4.2% H20) and EDS elemental maps of b) Pt L-edge
¢) Ce L-edge, and d) Al K-edge. (e-h) HAADF STEM and EDS maps of the region outlined in red in Fig 4a. i) HAADF STEM
image of Pt@AL203-CeOz after 4 h aging at 800 °C in reaction mixture (4% Oz, 0.5% CO, 0.15% CsHs, 0.15% CsHs, 4.2% H20)
and EDS elemental maps of j) Pt L-edge k) Ce L-edge, and 1) Al K-edge. (m-p) HAADF-STEM and EDS maps of the region
outlined in orange in Fig 4i. q) Bright field TEM image of Pt@ Al2O3-CeO: after aging for 2 h at 800 °C in 3% O2, 0.15% CsHs,
4.2% H20. Labelled particles of Pt and CeO2 were identified based on the lattice spacing. r) Particle size distributions for the 4 h
800 °C aged Pt@ Al203-CeO:2 and Pt/ A203-CeOs.

Table 2. Characterizing stability of nanocasted supports with XRD and physisorption. Nanocasted supports were aged in a tube
furnace under an atmosphere of 5% Oz, 3% H20, balance Ar. Samples for XRD were aged for 1 h at either 800 or 900 °C, with 10
°C/min ramp rates. Samples for physisorption were aged for 4 h at 800 °C in 5% Oz and 3% H20. XRD patterns are included in

Figure S16. Physisorption isotherms are included in Figure S17-S19.
Ceria crystallite size by XRD Scherrer Equation (nm) BET Surface Area
Sample As-synthesized 1 h 800°C 1 h900°C As-synthesized 4 h 800°C
ALO; N/A N/A N/A 59 m¥/g 45 m?/g
Al 03-CeO2 3.9 nm 5.8 nm 6.5 nm 38 m¥/g 56 m%/g
CeO: 7.6 nm 8.8 nm 8.9 nm 18 m%/g 13 m%/g




Influence of thermal treatments on CO Oxidation Activity. As-synthesized Pt@Al,03-CeO, demonstrated
nearly identical propene and CO oxidation activity as Pt@Al>O; (Figure 3c-d). Literature precedent has
shown that ceria enhances Pt activity for CO oxidation.** Also, it has been demonstrated that thermal
treatments can significantly influence Pt-CeQ; interactions, with examples being atom trapping in oxidative
conditions,'** oxygen vacancy formation/redistribution in steam treatment,*® and nanoparticle formation
from single atoms under reducing conditions.***! To screen the influence of aging environments on the
activity of Pt@Al,03-CeO,, a simplified reaction and aging protocol was utilized with a reaction mixture
of 1 vol. % CO and 1 vol. % O, and varying the aging gas composition at 800 °C (Figure 5a). The second
light-off was used for comparing conditions, due to a slight deactivation between the first and second light-
off and maintained activity in subsequent light-offs (Figure S20). For each aging treatment, a fresh catalyst
was loaded, pretreatment performed, and fresh light-off collected, confirming that the fresh activity was
identical across experiments (Figure S21). After a given aging treatment, the catalyst was cooled, the gas
mixture was switched back to 1% CO and 1% O, and two “aged” light-off curves were collected without
any intermediate treatment steps (Figure 5a). Aging in O, or H>O and O; at 800 °C for 1 h or 4 h resulted
in identical activity as the fresh catalyst, with T50s within 5 °C of the fresh T50 (297 °C) (Figure 5b, Table
3). 1 hat 800 °C in Ha, H,0, or Ar enhanced CO oxidation activity with the AT50 after aging of -38, -46
and -46 °C, respectively. Activity is further enhanced by treating in H,O or Ar for longer, with a T50 after
4 h treatment of 215 and 221 °C, respectively. A 4 h steam treatment was selected as the optimal
pretreatment to test for the complete set of catalysts and reactions.
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Figure 5. Influence of aging treatments on CO oxidation with Pt@Al>03-CeO: catalyst. a) experimental protocol for CO oxidation
and aging. Pretreatment: 300 °C, 30 min 5% Oz, 10 min Ar, 30 min 5% Ha. The second light-off (highlighted green) is the data
shown in Figure 5b and c. b) Light-off curves for CO oxidation over Pt@Al203-CeOz after pretreatment (Fresh) and after 1 h aging
treatments. ¢) Light-off curves for CO oxidation over Pt@Al2O3-CeOz after pretreatment (Fresh) and after 4 h aging treatments.
Note that each aging experiment was performed with a fresh catalyst.

Table 3. Summary of T50 values for CO oxidation over Pt@Al2O3-CeO: catalyst before and after various thermal treatments
shown in Figure 5.

Treatment Conditions | T50 (°C) | Delta T50 (°C)
Fresh 297 N/A
1 h4.2% H0 251 -46
1h5%H: 259 -38
1h5%O0: 302 5
1hAr 251 -46
1h5% 0, 4.2% H20 302 5
4h5% 0O 4.2% H20 294 -3
4 h4.2% H>0 215 -82
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The optimized 4 h steam treatment observed by improved CO oxidation activity on Pt@Al,03-CeO, was
then tested on the full set of catalysts (Pt@Al,Os, Pt@ALO3-CeO,, Pt@CeO,, and Pt/Al,03-CeO,) and
reaction mixture (0.5% CO, 0.15% C3Hs, 0.15% C;3Hs, 4% O, and 4.2% H,0, balance Ar). Ceria-containing
encapsulated catalysts (Pt@Al>03-CeO, and Pt@CeO,) demonstrated enhanced CO oxidation after steam
treatment (Figure 6 a, d), with AT50s of -83 and -119 °C, respectively (Table 4). Steam treatment had a
more modest effect on CO oxidation activity of Pt@Al,Os or Pt/Al,05-CeO,, with AT50 of -16 and -19 °C,
respectively. Steam treatment had an opposite effect on propane combustion activity (Figure 6 ¢, ). T50
for ceria containing catalysts (Pt@ AlO3;-CeQ,, Pt@CeO,, and Pt/Al,03-CeQs) increased (25, 70, and 38
°C, respectively) and T50 for Pt@Al>Os decreased by -66 °C. The propane combustion activity after steam
treatment was similar across all catalysts. Steam treatment of ceria-containing catalysts resulted in increased
activity for CO oxidation and decreased activity for propane oxidation, indicating differing mechanisms for
activating CO and propane in the ceria-containing catalysts. This result may also be related to different
structure sensitivity of these reactions after the steam treatment may expose different types of sites on the
surface of the metal nanoparticles.’’
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Figure 6. Effect of steam treatment on each catalyst formulation with reaction mixture of CO, propene, and propane. Top three
plots show the light off curves for fresh catalysts reacting with a mixture of CO (a), propene (b), and propane (c¢). The bottom three
plots show the light off curves for catalysts after aging at 800 °C for 4 hours under 4.2% H2O (balance argon), separately showing
the plots for CO (d), propene (e), and propane (f). Reaction mixture: 0.5% CO, 0.15% CsHs, 0.15% C3Hs, 4% O2 and 4.2% H-O,
balance Ar.

Table 4. Summary of T50 values for steam treatment experiments shown in Figure 6. T50 refers to the temperature at which 50%
conversion is achieved. Complete oxidation of CO, propene, and propane were performed simultaneously, the catalyst was steam
treated at 800 °C for 4 hours under 4.2% H20/Ar, and then the aged light-off curves were collected on the identical catalyst as the
fresh light-offs, without removing the material from the reactor.

Fresh T50 (°C) Steam treated 4h 800 °C T50 (°C) Delta TS50 (°C)

Catalyst co | Propene ‘ Propane co Propene Propane co | Propene ‘ Propane




Pt@A1:03-CeO2 244 260 313 161 227 338 -83 -33 25
Pt@ALO3 253 268 381 237 242 315 -16 -26 -66
Pt@CeO2 269 285 309 150 222 379 -119 -63 70

Pt/A1203Ce0O2 229 250 277 210 237 315 -19 -13 38

Understanding the changes that occur during steam treatment of Pt@Al:03-CeQ,. Extensive literature
on Pt and CeO; catalysts have attributed changes to CO and propane oxidation activity to many factors,
including changes to the Pt particle size or shape,***%4! changes to the CeO structure,?® oxidation state,**°
or oxygen vacancies,*® and changes to the support acidity.’®> Here, we consider three main hypotheses: 1)
increased Pt-CeQ, interfacial area, 2) change in CeO, oxidation state and/or concentration of oxygen
vacancies, 3) changes in support surface chemistry.

By the nature of the synthesis, the relative location of ceria, alumina, and platinum cannot be finely
controlled, as the cerium and aluminum nitrates are added to the Pt@POF together by infiltration (Figure
1). It is known that the activation of Pt by CeO, for CO oxidation relies on a direct interface between Pt
particles and CeO, surface to leverage the reverse oxygen spillover mechanism.?®** Using quantitative
analysis of STEM-EDS data, we aimed to characterize trends in co-location of Pt and CeO; as a function
of aging conditions. Several STEM-EDS elemental maps were analyzed for as-synthesized Pt@Al>Os-
Ce0Oy, 1 h steam treated Pt@Al,03-CeOs, 4 h steam treated, 4 h aged (steam + O»), 4 h steam followed by
1 h O, treated, and 4 h aged in reaction mixture (example EDS maps shown in Figure S22-S26). The Ce/Al
ratio was measured at the location of each Pt nanoparticle (histograms summarized in Figure S27). All Pt
particles analyzed showed the presence of both Al and Ce in the EDS spectra. Furthermore, the average
ratio of Ce/Al increased after 4 h 800 °C treatments. Increased Pt and Ce proximity could result in improved
activity, as CO oxidation rates are known to trend with number of Pt-Ce interfacial sites.>* However, the
Ce/Al ratio at the Pt particles location did not trend with activity for CO oxidation, as steam treated and
aged (4.2% H>0, 5% O,) showed similar increases in Ce/Al ratios, but significantly different activity.
Temperature programmed reduction (TPR) experiments comparing the Pt@Al,03-CeO; with Pt-free Al,Os-
CeO; support also indicated that the Pt and CeO, were in contact in the as-synthesized catalyst (Figure
S28), further indicating that Pt-CeO, proximity is not solely responsible for the trends in activity with steam
treatment.

The enhanced activity after steam treatment on Pt@A103-CeO, was stable after switching to the reaction
mixture (1% O, 1% CO). Multiple light-offs up to 500 °C showed enhanced activity over the fresh catalyst
(Figure S29). A steady-state experiment showed that the catalyst stabilized after steam treatment at a rate
that was 3.75 times higher than the pre-steam treatment rate (Figure S30). However, if the steam-treated
catalyst was exposed to oxidative conditions at the higher temperature of 800 °C, the activity decreased to
nearly the activity of the fresh catalyst (Figure 7a). This experiment, along with the similar activation seen
with 1 h steam and 1 h H; treatments in Figure Sb, supports the hypothesis that steam treatment results in
a change in ceria oxidation state. We performed temperature programmed reduction experiments on as-
synthesized Pt@Al,03-CeO,, 4 h 800 °C steam treated Pt@Al03-CeO,, and 4 h 800 °C steam treated
followed by 1 h 800 °C oxygen treated Pt@Al,03-CeO; catalysts (Figure 7b). Each TPR experiment was
performed on a fresh bed of 100 mg of identical catalyst, and the steam treatment or steam followed by
oxygen treatment were performed immediately prior to the TPR. The large decrease in hydrogen
consumption between as-synthesized and 4h steam treated catalyst indicates that the ceria was reduced
during the steam treatment. Also, the shift of the low temperature peak from 310 °C to 120 °C indicates
that the surface of the ceria was more easily reduced after steam treatment, perhaps due to increased Pt-
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Ceria interfacial area, as it has been published that the presence of Pt on ceria surface shifts the surface
reduction peak to lower temperatures.**** The appearance of a small peak at 190 °C after steam followed
by O, treatment indicates that the surface of ceria has been oxidized by the high temperature O, treatment.
This is correlated with a decrease in the activity of the catalyst (evidenced by increased temperature for the
light-off curve in panel a). Cerium 3d X-ray photoelectron spectroscopy (XPS) of a steam treated (800 °C,
4 h, 3% H>O/Ar) and an aged sample (800 °C, 4 h, 5% O, 3% H,O, balance Ar) corroborated the TPR
results, with the steam treated sample resulting in 24% Ce** versus 21% Ce*" in the aged sample (Figure
S31 and Table S3).
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Figure 7. Steam treatment and oxidation of Pt@Al203-CeO: catalyst. a) light-off curves for an experiment in which the catalyst
was steam treated at 800 °C 4.2% H>O for 4 hours, then subsequently oxygen treated at 800 °C 5% O: for 1 h. Two lightoff curves
were collected for the catalyst at each stage, and the second light off curve is plotted. b. Temperature programmed reduction (TPR)
curves for as synthesized, 4 h 800 °C steam treated, and 4 h 800 °C steam treated followed by 1 h 800 °C O treated. Each TPR
experiment was performed on 100 mg of fresh Pt@Al203-CeOz catalyst, and the treatments were performed in-situ immediately
prior to TPR.

A temperature-programmed steam treatment experiment revealed that SO, was released at 800 °C (Figure
S32). Sulfur is present in the nanocasted samples as a byproduct of the use of dimethyl sulfoxide solvent
during the POF synthesis that breaks down into sulfur-containing species that adsorb on the alumina and
ceria surface.®® The profile for SO, release matches published results for thermal decomposition of cerium
sulfate.®! Ceria that is exposed to sulfur is known to readily form cerium sulfate, and cerium sulfate has
been shown to increase support acidity.®> The support acidity could explain the trends in propane
combustion activity. It is known that propane combustion activity is increased with increasing support
acidity.>®*% Furthermore, recently published work shows that Pt/A1,O; catalysts are enhanced for propane
combustion activity by exposure to sulfates.”® In our work, propane combustion is initially more active in
the as-synthesized ceria containing catalyst than the Pt@AIL,Os. After steam treatment, all catalysts show
similar activity, in line with the decomposition of cerium sulfate and balancing of support acidity. However,
the release of SO, cannot solely explain the trends in CO combustion activity. CO oxidation is further
enhanced between 1 h and 4 h steam treatment (despite SO, being emitted within the first hour). Also, the
reversibility of CO oxidation enhancement seen in steam treatment followed by oxygen treatment indicates
that the CO oxidation improvement is not solely due to SO, removal. As such, the hypotheses discussed in
previous paragraphs (increased Pt-CeO, proximity and CeO, surface reduction) are likely the main drivers
for improved CO oxidation activity after 4 h 800 °C steam treatments.
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Conclusions

We demonstrated the synthesis of a nanocasted Pt@Al,O3-CeO, sample, in which 5 nm platinum particles
are encapsulated throughout a metal oxide support consisting of amorphous alumina and evenly distributed
crystallites of ceria. The composite nanocasted catalyst system stabilized both platinum and ceria
crystallites from sintering during aging at 800 °C for 4 hours in oxidative, hydrothermal conditions,
maintaining the porosity of the support as well as the activity of the catalyst for simultaneous CO, C3Hg and
C;sHs combustion reactions.

The as-synthesized Pt@Al,03-CeO; showed similar initial CO and C3Hs combustion activity as Pt@AlO3,
both when the reactants were flowed as a mixture (Figure 3) and individually (Figure S10-S12). The
similar initial CO and Cs;Hs activity indicates that Pt@Al,O3-CeO, and Pt@Al,O; have similar availability
of Pt sites and that CeO; is not participating in CO and C3;H oxidation reactions of as-synthesized catalysts.
Pt@AI1,05-CeO: initially demonstrated high CsHs combustion activity versus Pt@Al,Os, likely due to the
presence of acidic cerium sulfate on the catalyst that forms during the calcination step from sulfur impurities
in the templating polymer. A 4h 800 °C steam treatment resulted in an increase in the CO oxidation activity
of Pt@Al,03-CeO; catalyst and a decrease in the CsHs combustion activity of Pt@Al,03-CeO,. Three
changes were characterized in Pt@Al,03-CeO after steam treatment: a release of SO species, a reduction
of CeO,, and co-location of Pt and CeQ,.

After steam treatment, all catalysts showed similar CsHg combustion activity. This was explained by the
release of SO, from ceria-containing catalysts during the steam treatment. Propane combustion is enhanced
by increased support acidity, and it is well known that sulfur-treated ceria has increased acidity. After
removing the acidic sulfur species with steam treatment, the ceria no longer impacts the propane
combustion activity and Pt@Al,Oz and Pt@Al,O3-CeO, have similar exposed platinum sites and similar
activity.

Steam treatment significantly enhanced the CO oxidation activity of Pt@Al,O3-CeO, while CO oxidation
activity Pt@AIL,Os remained constant after steam treatment. Two main factors were considered for the
hydrothermally mediated enhancement of CO oxidation activity in Pt@Al,03-CeO;: proximity of Pt and
CeO; and oxidation state of CeO,. STEM-EDS analysis revealed that Pt and CeO, are always in proximity
in the nanocasted Pt@Al,O3-CeO; catalysts (Figure S27). There is some segregation of CeO; after long
thermal treatments and increased co-location of Pt and CeQ,, although this alone does not explain the trends
in CO oxidation activity. TPR experiments (Figure 7) and XPS analysis (Table S3 and Figure S31)
revealed that the ceria surface is reduced slightly by the steam treatment, in comparison with combined
steam and oxygen treatments that did not improve CO oxidation activity. Reactivity trends provide
additional evidence supporting the characterizations. The importance of Pt-CeO, co-location is evident in
the steam-activation of the encapsulated Pt@Al,O3-CeO, and Pt@CeO, while the supported Pt/Al,03-CeO,
did not demonstrate the same activity enhancement (Figure 6). The trends in CO oxidation on Pt@Al,Os-
CeQ; after thermal treatments in various gas environments (Figure 5) support the conclusion the steam
reduces the CeO,. The 1 h treatments in hydrogen and steam resulted in identical activation of Pt@Al,Os-
Ce0», while no activation occurred while O, was present in the aging mixture. Taken together, it is likely
the combination of co-location of Pt and CeO, and surface reduction of CeO; that enhance the CO oxidation
activity of Pt@Al>03-CeO, during steam treatment. Overall, this work demonstrates how this approach
leads to mixed oxides supported catalysts with improved activity and high thermal stability for emission
control applications.
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