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Abstract

Cerium oxide (ceria) has been shown to be very effective at trapping platinum atoms, due to formation
of stable surface complexes at step edges, where coordinatively unsaturated cerium cations are present.
But ceria loses its effectiveness when heated to high temperatures, due to loss of surface area and growth
in particle size associated with sintering of the oxide. Being a rare-earth, and with limited supplies
worldwide, it is important to develop methods to improve the effectiveness of ceria as a catalyst support.
Here we explore the performance for trapping Pt atoms when the ceria is supported on a high surface
area alumina carrier. This helps create a more sustainable catalyst formulation, especially if we can
retain the high dispersion of Pt seen on ceria supports. For this work, we studied the atom trapping
efficacy of ceria/alumina samples with increasing ceria content (8 wt% - 50%) and contrasted the
behavior with pure ceria. Electron microscopy reveals that when dispersed on alumina, ceria is present
in the form of crystalline nanoparticles as well as isolated cerium ions. These two forms of ceria differ
markedly in their ability to trap Pt atoms. Atomically dispersed cerium is present in the form of Ce**
cations on alumina, however this form of ceria is not effective for trapping Pt atoms. Our results show
that the atom trapped Pt resides primarily on crystalline ceria nanoparticles. CO oxidation was used as
a probe reaction to evaluate the performance of these Ptar/ceria-alumina catalysts. We conclude that
over the range of ceria loadings we investigated, 50% ceria/alumina represents the optimal catalyst
support for achieving high surface area and atom trapping efficiency while helping reduce the total ceria
content in this catalyst system.

Introduction

Transportation is a basic human need and access to transportation is associated with improved
quality of life. All vehicles powered by hydrocarbon fossil fuels emit the greenhouse gas CO2 and
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toxic components such as CO, NOx, particulate matter and unburnt hydrocarbons. The emissions
can cause health issues, especially in crowded urban environments. Hence, treatment of the
exhaust with catalytic emission control systems plays a major role in achieving the UN sustainable
development goals for climate change and the environment [1]. To decrease greenhouse gas
emissions, there is a push towards increased efficiency of engines. More efficient engines waste
less heat in the tailpipe, as also do hybrid drive trains, so the exhaust is cooler. Furthermore, air
pollutants such as CO, NOx and hydrocarbons (HC) from the exhaust of vehicles, arise mainly
during the cold-start process, since the current generation of catalysts are very effective once the
catalyst warms up [2, 3]. Emission control catalysts therefore need to be effective at lower
temperatures [2]. At the same time, these catalysts must withstand demanding driving conditions
and last the lifetime of the car or truck. To achieve these goals, catalysts need to survive stringent
protocols developed for accelerated aging [3]. To meet the criteria for future emission regulations,
the catalysts should achieve at least 90% conversion of criteria pollutants by 150 °C (the US DOE
150 °C challenge) and maintain thermal/hydrothermal durability under harsh conditions
encountered in automotive engine exhaust [2-4]. To achieve this performance, manufacturers add
higher loading of the precious metals. Combined with a growth in the number of cars and trucks,
automotive PGM demand continues to rise, with Pt, Pd and Rh prices increasing steadily. To make
transportation more affordable and sustainable and to provide clean air worldwide, there is an
urgent need to reduce the consumption of PGMs and rare earths in emission control systems. This
is the focus of our study, aimed at lowering the need for Pt and the rare-earth cerium oxide in
exhaust control devices.

Diesel oxidation catalysts (DOCs) are used for the oxidation of CO, HC, and NO under lean
conditions. DOCs typically consist of Pt with added Pd to enhance stability. For efficient
utilization of PGMs such as Pt, it is important to maximize the fraction of atoms at the surface,
which is why PGMs are present in the form of nanoparticles on an oxide support. The efficacy of
a nanoparticle is expressed in terms of the fraction of surface atoms (dispersion), and it varies
inversely with particle diameter, with 100% dispersion being achieved when the PGMs are present
as isolated single atoms. In industrial practice, especially with applications involving reactions at
high temperatures, such as exhaust emission control, atoms become mobile and agglomerate to
form large particles, losing efficiency [5]. To keep these atoms stable, they must be trapped on
the catalyst support. Our previous work has shown that Pt can be trapped in the form of single
atoms on ceria simply by heating the catalyst at 800 °C in flowing air [6]. Up to 3 wt% Pt could
remain atomically dispersed on ceria, but when we exceeded the saturation capacity of ceria, we
detected large metallic Pt particles [7]. The upper limit for stabilizing single atoms of Pt on ceria
in our previous work was dictated by the thermal stability of ceria. It is known that ceria is not
thermally stable and loses surface area during high temperature hydrothermal aging [8]. Recent
reports show improved performance when ceria is supported on alumina [9, 10]. However, the
effectiveness of ceria supported on alumina for atom trapping of Pt has not been investigated.
Therefore, in this work, we have studied the efficacy of ceria for trapping Pt atoms when 1 wt%
of Pt was supported on alumina with ceria loading varying from 8 wt% - 50 wt%. CO oxidation
reactivity, CO-DRIFTS, XRD and AC-STEM were used to quantify the amount of Pt that could
be trapped in the form of single atoms. As we show here, the 50% ceria/alumina has enough ceria
sites to capture almost all the Pt, yielding higher reactivity than Pt deposited on polyhedral ceria
(100% ceria).



Experimental Section
Catalyst Preparation

Three ceria/alumina samples, which represent commercially available samples from our industry
co-authors, were used as supports for this study. We selected these ceria/alumina supports since
initial results showed they were thermally stable at temperatures up to 1000 °C. The catalyst
supports were 8 wt% Ce02/92 wt % Al203 (CA08), 30 wt% Ce02/70 wt % Al203 (CA30) and 50
wt% Ce02/50 wt % Al203 (CAS50). To establish that conventional impregnation and calcination
would yield very similar samples, we prepared a 13 wt% ceria sample in our laboratory. The
sample CA13 containing 13 wt% CeO2/87 wt% Al203 (CA13) was prepared by incipient wetness
impregnation using cerium (III) nitrate hexahydrate (Sigma Aldrich) on alumina (SASOL; SBA-
150) followed by calcination at 800 °C for 6 hr in flowing air. 1 wt% Pt on ceria/alumina supports
were prepared by incipient wetness impregnation using tetraammineplatinum (II) nitrate (Sigma
Aldrich). After drying at 100 — 120 °C, the samples were calcined at 350 °C for 4 hr in air (box
furnace) with 5 °C/min ramp rate. The samples were also calcined at 800 °C for 10 hr in air (box
furnace) with 10 °C/min ramp rate, which causes the Pt to form single atoms via atom trapping
(AT) [6]. For comparison, we used a laboratory-prepared ceria sample, which we have termed
polyhedral ceria (PHC) in our previous work [8]. Polyhedral ceria (PHC) was prepared via the
decomposition of cerium (III) nitrate hexahydrate. The nitrate was placed into a crucible and
decomposed in a box furnace at 350 °C (1 °C/min ramp rate) for 4 hr. The resulting solid was then
ground to a powder and used as the support to prepare 1 wt% Pt/PHC via the atom trapping
approach used for the ceria/alumina samples.

Catalyst Characterization

Samples were dispersed in ethanol and mounted on holey carbon grids for examination in a
JEOL NEOARM 200CF transmission electron microscope equipped with spherical aberration
correction to allow atomic resolution imaging, and an Oxford Aztec Energy Dispersive System
(EDS) for elemental analysis. The microscope is equipped with two large area JEOL EDS detectors
for higher throughput in acquisition of x-ray fluorescence signals. Images were recorded in
annular dark field (ADF) mode and in annular bright field (ABF) mode. ICP-AES was done at
Galbraith Laboratories, Inc. with selected samples, to obtain elemental analysis. Powder X-ray
diffraction (XRD) was performed using a Rigaku SmartLab diffractometer equipped with a Cu-
target X-ray source (40 kV, 40 mA), a D/teX Ultra 1-D position sensitive detector, and a Ni-foil
filter for reduction of the Cu-Kf3 component of the diffracted radiation. Data was collected from
20 — 150° 20 with a step size of 0.02°, and the crystallite sizes, composition and lattice constants
were obtained using the MDI Jade software. BET surface area and pore structure analysis was
performed via N2 adsorption at 77 K with an automatic gas sorption system: Quantasorb EVO/SI
from Quantachrome Instruments (Anton Paar). The samples were degassed under vacuum at 150
— 250 °C for 4 — 12 hr before the sorption measurements. The surface area was determined using
5 points BET (Brunauer-Emmett-Teller) method, and the BJH (Barrett-Joyner-Halenda) method
was used for pore volume and pore size distribution determination. Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) was used to study the nature of Pt species in these
catalysts. A Tensor 27 spectrometer (Bruker) equipped with a DRIFTS cell (Harrick Scientific
Inc.) was employed. For pre-treatment, samples (in the powder form) were loaded in the DRIFTS



cell and heated at 350 °C in flowing 10% O2 for 30 min and pure He for 20 min, consecutively.
Afterwards, the sample cell was cooled down in He to 125 °C and the background spectrum was
collected. Then the gas flow was switched to a lean CO oxidation stream (60 ml min™') consisting
of 1% CO, 4% Oz, balanced with Helium. During the measurements, DRIFTS spectra were
collected in absorption mode every 1 min with a resolution of 4 cm™. The ramp rate for heating up
and cooling down during all the measurements was 20 °C min™!. In another experiment, after
collecting a stable spectrum under CO oxidation conditions for 30 min, CO and Oz were stopped,
and the spectra were collected under He flow for 10 min. Afterward, O2 was switched on again to
investigate the reaction of the adsorbed CO with flowing 4% O2/He for 10 min.

Catalyst Testing

The Pt reactivity was measured using CO oxidation as a probe reaction, under flowing CO (1.5
cm’(STP) min™'), Oz (1 cm*(STP) min™') and He (75 cm*(STP) min™!) conditions in a quartz tube.
Reactivity measurements for each catalyst sample (20 mg) were carried out from 25 to 300 °C (2
°C/min ramp rate). After the first run, the sample was cooled to room temperature in the reaction
mixture, and the second activity measurement was carried out to 300 °C. Triplicate runs were
performed to determine the stability of the Pt catalysts, the third run is reported, but the results
were quite consistent among the three runs. The sample was then reduced in-situ under flowing
CO (5.0 cm*(STP) min™") and He (75 cm?*(STP) min™") conditions at 275 °C for 1 hr followed by
another set of triplicate CO oxidation runs, with the third run also reported. The reactor effluent
was analyzed by a micro GC (Varian CP-4900).

Results and Discussion

Characterization and thermal stability of ceria/alumina supports

The AC-STEM images of the CAOS8 ceria/alumina are shown in Fig. 1. The CA08 support contains
ceria crystallites (Fig. 1a) and atomically dispersed Ce (Figure 1b). Table 1 shows the XRD and EDS
quantification, BET surface area, and pore volume of the supports, as well as an estimate of the surface
area of ceria. Since the surface area of ceria cannot be directly measured on the ceria/alumina supports
by BET, we estimated the surface area using the equation 6/pd, where p is the density of ceria and d is
the XRD-derived average crystallite size and multiplying this number by percent ceria in ceria/alumina.
For example, in the CA08 sample, with a crystallite size of 77 A, we would expect a BET surface area
of 109 m?/g. Since the ceria content is 7.8 wt%, this translates to 9 m?/g of ceria surface area as reported
in Table 1. This estimate assumes spherical ceria particles, with no agglomeration, but ignores any
surface roughness. Hence, this calculation generally underestimates the measured surface area in ceria
powders. It is provided here as an indication of the effective surface area of ceria provided by the
ceria/alumina powder samples.

We performed EDS analysis of sample CAO8 at low magnifications, to determine total ceria loading,
and we analyzed regions devoid of ceria crystallites to determine the loading of cerium in atomically
dispersed form on the alumina support (Fig. 1b). Overall EDS analysis showed significant variability,
ranging from 8.8 to 20.1 wt%, reflecting the heterogeneity of this sample. This variability is consistent
with the non-uniform distribution of ceria crystallites on the alumina (see Fig. S1), which is why we



cannot use this EDS analysis to derive total ceria loading. EDS analysis is reliable when the sample is
uniform, otherwise it is difficult to derive an average metal loading. To confirm the overall loading of
ceria, we therefore performed ICP-OES analysis of this sample which showed the loading to be 7.8 wt%
ceria on alumina, which is consistent with the nominal loading reported by the manufacturer. In our
previous work [6], we used whole pattern fitting and quantitative XRD analysis to determine the fraction
of crystalline Pt on ceria and alumina physical mixtures. Here we applied a similar approach to derive
the wt% of crystalline ceria on alumina. Fig. S2 shows XRD patterns of the ceria/alumina samples as
received and after 800 °C treatment in air. The powder patterns show that the ceria reflections increase
in intensity as the ceria content of the sample increases. The results of the quantitative XRD analysis
are presented in Table 1 which show that the estimated amount of ceria present in crystalline form is
5.6 wt% on the CA08 sample. If we subtract the amount of crystalline ceria (5.6 wt%) from the total
ceria in the sample (7.8 wt%) we infer that 2.2 wt% of ceria might be present in the form of single
atoms. Our spot EDS analysis shows the presence of atomically dispersed Ce present on the sample
(Fig. 1b). These isolated cerium atoms are also visible at high magnifications in AC-STEM images.
Both the EDS small area analysis and the XRD quantification are consistent with the presence of
atomically dispersed cerium being present on this sample in addition to the ceria crystallites seen via
XRD and the AC-STEM.

AC-STEM images of the CA30 and CAS50 supports are shown in Fig. 2 and Fig. 3, respectively. Both
supports contain ceria crystallites and atomically dispersed cerium on alumina. These samples are more
uniform than CA08 and the margin of error for CA30 and CA50 was + 0.9 and + 0.5 wt% respectively,
suggesting that ceria is uniformly dispersed on the alumina. By performing EDS analysis at low
magnification, which accounts for all the ceria present, we find the ceria loading to be 29.4 wt% in
CA30 and 53.8 wt% in CA50. This loading is consistent with the values reported by the manufacturer.
By using the same quantitative XRD analysis used for sample CA08, we find that these samples contain
23.2 wt% ceria in crystalline form in CA30 and 47.5 wt% in CA50. By difference, we would infer that
these samples contain 6.2 wt% Ce (29.4 wt% - 23.2 wt%) in single atom form on CA30 and 6.3 wt%
Ce (53.8 wt% - 47.5 wt%) in single atom form on CA50. When we perform EDS analysis of regions
devoid of ceria crystallites, we detect 5.5 + 1.6 wt% and 8.4 + 3.9 wt% cerium to be present in atomically
dispersed form in CA30 and CAS50, respectively. In view of the uncertainties in the methods used to
derive the loading of crystalline and atomically dispersed species, we conclude that both samples
contain significant concentrations of atomically dispersed Ce, as seen also via AC-STEM images (Fig.
2 and 3).

Besides determining the amount of crystalline ceria, the XRD patterns of the three ceria/alumina
supports also provide information on lattice constant and crystallite sizes, before and after 800 °C
treatment in air for 10 h. This heat treatment causes modest growth in ceria crystallite size in sample
CAO08 (increasing from 7.7 nm to 8.7 nm) but a more significant ceria sintering in samples CA30 and
CAS50 with final crystallite sizes of 5.6 nm and 7.8 nm, respectively. The BET surface area of these
samples also decreases after the thermal treatment, from 147 m?%/g to 126 m%g for CA08, and similar
declines for the other ceria/alumina samples. We compared the characteristics of the ceria/alumina
samples with polyhedral ceria prepared via decomposition of cerium nitrate. Fig. S3 shows the XRD
patterns of the as-prepared polyhedral ceria, after heating at 800 °C in air for 5 hr and after heating 1
wt% Pt/polyhedral ceria for 5 hr also at 800 °C in air. In our previous work, we showed that after
heating polyhedral ceria at 800 °C, BET surface area significantly decreased from 83 to 5 m*/g (Table



1), with an increase in crystallite size to 53.6 nm [8]. This leads to the significant sharpening of the ceria
reflections in Fig. S3. In contrast, Pt helps to slow the sintering of the ceria and likewise ceria helps to
stabilize atomically dispersed Pt since we do not see any Pt XRD reflections after heating in air. It is
evident that sintering of ceria occurs to a much lesser extent in the ceria/alumina supports (Fig. S2), with
alumina helping to stabilize ceria when heating at high temperatures. In turn, atomically dispersed
cerium may help to minimize phase transformation of y-Al203 when heated to temperatures above 800
°C, which is important for DOCs in maintaining high surface area and dispersion of PGMs. The high
concentration of Ce atoms on the alumina support may play an important role. Since the mechanism of
ceria sintering likely involves surface diffusion of ceria, with the surface sites on alumina occupied, it
will reduce the driving force for Ostwald ripening. Likewise, the isolated Ce atoms may pin the alumina
surface sites and retard the phase transformation and sintering of alumina, just like atomically dispersed
La[11-15].

Fig. S4 shows AC-STEM images of CA13, which was prepared in our laboratory. This ceria/alumina
clearly shows both ceria crystallites (Fig. S4a) and atomically dispersed cerium on alumina (Fig. S4b),
with a morphology very similar to the commercial CA30 and CA50 samples. In contrast to CA30 and
CA50, we find both samples CA13 and CA08 show variability in overall EDS ceria loading, which is
likely a result of the lower ceria loading. For CA13 we find the overall loading to be 9.0 + 2.5 wt%,
and ~1.3 wt% of cerium is in atomically dispersed form. This characterization demonstrates that the
ceria/alumina prepared in the laboratory is very similar to the commercial ceria/alumina samples that
were used in this study.

Trapping of Pt single atoms on ceria/alumina

The efficacy of the ceria/alumina samples for trapping Pt in atomically dispersed form was studied by
heating the samples in air at 800 °C for 10 h. The catalysts prepared via atom trapping are designated
with the ‘AT’ subscript symbol followed by the support (CA08, CA13, CA30, CA50, or polyhedral
ceria PHC). XRD patterns of the 1 wt% Ptat/ceria-alumina catalysts are shown in Fig. 4. As we showed
previously, any Pt not atomically trapped on ceria forms abnormally large particles [7, 16], hence is
readily visible via XRD. The height of the Pt(111) and Pt(200) peaks decreases from CAO0S to CAS50,
suggesting improved efficiency for atom trapping Pt (since the XRD visible portion of Pt is decreasing)
despite identical Pt loading. The ceria/alumina supports, however, are not 100% efficient for atom
trapping Pt compared to pure ceria supports (see the complete absence of a Pt reflection on the 1 wt%
Pta1/PHC ceria here and in Fig. S3) [6]. Table 2 shows the XRD, BET surface area and pore volume
properties of the Pt/ceria-alumina catalysts and Ptat/PHC. Nz isotherms and pore size distributions are
shown in Fig. S5. Using XRD Rietveld refinement to quantify the crystalline Pt phase, we estimate the
metallic Pt loading after 800 °C heating in air to be 1.03 wt% on CAO08, 0.60 wt% on CA30 and 0.2
wt% on CAS0 with no crystalline Pt visible on the PHC ceria. Since the nominal Pt loading is 1 wt%,
there should be no single Pt atoms in Ptat/CA08, 0.4 wt% single Pt atoms in Pta1/CA30, 0.8 wt% single
Pt atoms in Ptat/CAS50 and 1 wt% single Pt atoms on PHC ceria. Based on the measured BET surface
area, we can estimate the surface atom concentration of Ptar/PHC to be 1.1 Pt atoms/nm? which is
consistent with the upper limit we obtained on Pt/ceria [7]. If we consider the estimated surface area of
ceria shown in Table 1 and the Pt in single atom form, the estimated surface atom concentration of the
Pt/ceria-alumina catalysts is in the range of 0.28 — 0.47 Pt atoms/nm?. With hemispherical particles of
ceria, if we assume only 50% of the surface area is available for atom trapping, it suggests that a



saturation coverage of ~1 atom Pt/nm? is reached in the CA50 sample. This would explain the presence
of Pt nanoparticles to differing extent on all the ceria/alumina samples.

Fig. 5 shows AC-STEM images of the Ptar/CAS50 catalysts. The boxes shown in the figure indicate
regions from where we obtained EDS spectra. Regions devoid of ceria crystallites show no Pt (B and
C), whereas ceria crystallites contain 0.6 — 0.8 wt% Pt (A and D), but no Pt nanoparticles are visible.
The Pt detected on the crystalline ceria phase is close to the estimate of 0.8 wt% Pt as single atoms based
on the difference between the total Pt loading and the Pt detected via XRD. Polyhedral ceria particles
exhibit surface step sites on CeO2(111) where, in our previous work, we have found under-coordinated
Ce*" cations capable of reacting with mobile PtOz species [7]. The oxygen atoms provided by the Pt
are shared with Ce** cations to form strong covalent bonds, which trap the ionic Pt species and retain
them in atomically dispersed and thermally stable form. In the case of atomically dispersed cerium on
alumina, cerium is likely present as Ce®" cations which might be expected to help stabilize Pt**.
However, the isolated nature of the Ce** may not allow formation of the four-fold surface complex,
which is needed to stabilize atomically dispersed Pt. Heating at 800 °C in air for 10 hr is a very
demanding test and only strongly bound Pt surface complexes will survive. These results demonstrate
that such sites are only present on the ceria crystallites, and hence the CAS50 sample is more effective
for atom trapping Pt than CA30 due to the larger availability of ceria crystallites in CAS50. These images
show clearly the presence of atomically dispersed Ce which persists after high temperature treatments,
suggesting that analogous to the atomically dispersed La*" cations on alumina [11-14, 17], the dispersed
Ce may also help in thermally stabilizing alumina at high temperatures against sintering and phase
transformation.

The Pt/ceria-alumina samples were imaged using AC-STEM to verify the formation of large Pt
particles. For the Ptat/CAO8 catalyst, Fig. 6 shows large Pt particles (approaching 100 nm in size)
which we did not see in Ptar/CA30 and Ptar/CAS50 by AC-STEM. Although crystalline Pt was found
by XRD in all three catalysts and the average Pt crystallite sizes were large enough that they should be
easy to image, it is often difficult to find the few large Pt particles that may be present. The sum of
crystalline Pt via XRD data and atom trapped Pt via AC-STEM/EDS gives us the total Pt content,
allowing us to complete the mass balance for Pt. Within the margin of error, the total Pt content in
Pta1/CAS50 and Ptat/CA30 is close to 1 wt%. Fig. 7 shows higher magnification views of Ptat/CAO08,
demonstrating that while the crystalline ceria can trap Pt in atomically dispersed form, with a much
smaller ceria loading, most of the Pt is present in the form of metallic nanoparticles.

For the Pta1/CA13 catalyst, Fig. S6a also shows large Pt particles similar to what we see in Ptar/CA08
(Fig. 6). By XRD, Pt in crystalline form is 0.8 wt% on CA13 lying between the 1.03 wt% on CAO08
and 0.60 wt% on CA30 (Table 2). If the nominal Pt loading is 1 wt%, there should be 0.2 wt% single
Pt atoms in Ptar/CA13. As expected, Fig. S6b shows that regions devoid of ceria crystallites show no
Pt, whereas ceria crystallites show 0.1 — 0.7 wt% Pt. On average, by EDS the wt% Pt detected on the
crystalline ceria phase is 0.3 wt%, which is close to the estimate of 0.2 wt% Pt as single atoms based on
the difference between the total Pt loading and the Pt detected via XRD and this is also consistent with
the CO-DRIFTS as we show next.



CO-DRIFTS of the Pt catalysts

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) using CO as a probe
molecule was employed to probe the nature of Pt supported on different ceria/alumina supports.
CO-DRIFTS was used instead of CO pulse chemisorption due, in part, to the oxidized form of Pt
which adsorbs CO weakly [18]. Furthermore, CO can reduce the Pt and react with ceria, making
CO chemisorption unreliable as a probe for Pt dispersion on the as-prepared atom trapped Pt
samples on ceria. For CO-DRIFTS, all catalysts were tested under lean CO oxidation (1% CO,
4% Oz2) at 125 °C. The spectra after 30 min CO oxidation were summarized, normalized by the
gaseous CO absorption peak at 2174 cm™'. As shown in Fig. 8, all samples only showed a peak
located around 2090 cm!, which we assign to CO adsorbed on isolated Pt** cations (i.e., Pt single
atoms) [6, 7, 19]. We recognize that other authors have reported CO-IR bands assigned to CO-Pt
isolated species in Pt/ceria, ranging from 2088 cm™' to 2095 cm™ [20-23]. It has also been
suggested that definitive assignment of the adsorbed CO band can only be performed with samples
that have very low Pt loading (0.05 wt%) since higher loadings can lead to formation of sub-
nanometer clusters [24]. Meunier [25] has described the challenges in unambiguously assigning
IR bands. We note that our assignment of the band in Figure 8 is based not just on the peak position
but the physical characteristics of the CO band. CO linearly adsorbed on extended Pt surfaces
(e.g., Pt/PtOx clusters/NPs) shows blueshifts with increased CO coverage due to the dipole
coupling (or repulsive interaction) of CO molecules. This has been extensively confirmed in real
catalysts as well as model catalysts [26, 27], i.e., redshifts of CO-Pt NPs will be observed upon
CO desorption due to the decreased CO coverage. We studied the effect of coverage by allowing
the CO to desorb by flushing the catalyst with He and He/O2 for two of the catalysts. Fig. S7
shows that for Ptar/PHC and Ptat/CA50, the well-defined ~2090 cm™ peak shows no shift in peak
position upon He/O2 purging. Since the 2090 cm™! peak on these samples cannot be reacted by O2
even at 120 °C, it suggests that this peak does not come from Pt NPs/clusters where the adsorbed
CO can be readily reacted in O2 once CO flow is stopped. Furthermore, we can rule out partially
oxidized Pt clusters since they will show CO-IR bands above 2100 cm™ [23], which is supported
by DFT calculations. In addition, the absence of any Pt clusters on the ceria crystallites supports
our assignment of the strongly bound CO feature as arising from atomically dispersed Pt.

The strongly bound CO feature on the single atom catalysts may seem surprising since previous
studies suggested via DFT that square planar PtiO4 provides very weak binding to CO [28, 29].
Our observations of strongly bound CO are not inconsistent with this finding, since we have also
previously confirmed that CO-Pti band is very weak at room temperature. In fact, room
temperature CO-chemisorption showed that the ratio between adsorbed CO and loaded Pt atoms
was only 3% [21]. Surprisingly, the 2090 cm™' peak height increased with temperature, indicating
increased CO adsorption on Pti. We proposed this was due to the transformation of PtiO4 to Pt1O3
as supported by DFT [18]. The 2090 cm™! peak arises from isolated Pt species, supported by STEM
images showing the absence of clusters/nanoparticles in the spent catalyst and EXAFS. It should
be noted all our CO-DRIFTS data are obtained at elevated temperature (e.g., 120 °C) under lean
CO oxidation which avoids Pti reduction/sintering.



The CO-Pt*" peak intensity decreased in the order Ptat/CAS0 > Ptar/PHC > Ptat/CA13 >
Ptat/CAO08, indicating that the concentration of isolated Pt atoms in these samples decreased in the
same order. As ceria loading decreased in the ceria/alumina supports, the trapping of isolated Pt
atoms was less efficient, resulting in the decreased CO-Pt*" peak intensity. Since no metallic Pt
XRD peak was seen on the PHC ceria, we can assume the entire 1 wt% of Pt atoms was present in
the form of isolated Pt species. In contrast, our estimate was 0.8 wt% single Pt atoms on CAS50,
which showed a more prominent CO peak. Compared to PHC, which sintered during the atom
trapping process, a small amount of Pt may be buried in the PHC ceria, resulting in less surface
exposure of Pt atoms and the smaller CO band on this sample.

None of these samples showed lower wavenumber IR features (~ 2080 and < 2000 cm™') which
are characteristic of CO adsorption on Pt nanoparticles [19, 21, 30] despite the clear detection of
an XRD peak due to metallic Pt. We reported a similar absence of the IR band for Pt nanoparticles
in 4 wt% Pt/ceria which had a metal loading in excess of the single atom limit, leading to a co-
existence of single atoms and large Pt particles [7]. This was explained by the presence of very
large Pt particles, which are also seen in these samples (Fig. 6). The low surface area of these
large Pt particles may make them difficult to detect by via CO-DRIFTS. To demonstrate the
absence of smaller metallic Pt clusters in these samples, we treated the Ptat/CA13 in CO at 275
°C (Fig. S8) to cause a transformation of the single atoms into metallic nanoparticles. The IR
spectra now show bands characteristic of CO adsorbed to metallic Pt, with a small residual CO-
Pt** peak. After purging in He/O2, CO adsorbed on Pt nanoparticles was readily reacted away,
showing a clear difference compared to the stability of the 2090 cm-1 band (Fig. S7). This
confirms that the CO-DRIFTS features shown in Fig. 8 arise from single atom Pt species
atomically trapped on the ceria and not from metallic clusters of Pt.

CO Ocxidation as a probe for atom trapping of Pt

CO oxidation was used as a probe reaction to evaluate the performance of the Pt catalysts prepared
via atom trapping. This is based on previous work [19, 31] that shows that atom trapping creates
the precursor to the active catalyst. When the Pt is converted into nanoparticles, we see excellent
low temperature reactivity. The dramatic shifts in CO oxidation reactivity serve as a probe for the
presence of isolated single atom Pt sites on the ceria. Using this approach, we studied the reactivity
of the as-prepared (calcined and oxidized) catalyst and after reduction in flowing CO at 275 °C.
For each catalyst, we performed three runs. Both in the as-prepared state and after reduction, the
CO oxidation performance is reproducible over multiple runs. To illustrate this, we report the
results of the first and third runs on a reduced catalyst in Fig. S9. Fig. S10 shows that all the
catalysts show low reactivity in the as-prepared atom trapped state and excellent low temperature
reactivity after reduction in CO. The enhancement in reactivity can be seen very clearly in the
Arrhenius plots for CO oxidation, shown in Fig. S11. The greatest degree of enhancement in
reactivity upon reduction is seen on the Pt/PHC sample, which has all the Pt in atomically dispersed
form. In the low temperature region, this is the most active catalyst.

The performance of the reduced catalysts is shown in Fig. 9, once again for the third run (RT to
300 °C) in a lean mixture (excess oxygen). These catalysts show onset of CO oxidation reactivity
near room temperature. This is surprising since it is well known that CO adsorbs strongly on
metallic Pt, leading to low reactivity below the desorption temperature of CO. As we have shown
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recently, on the reduced Pt/ceria prepared via atom trapping, the enhancement in low temperature
CO oxidation reactivity [32] is due to facile oxygen transfer from the ceria support and not due to
any changes in the CO binding energy. The temperature to achieve 90% conversion of CO is
regarded as a measure of the performance of the catalyst. The Too for Ptat/CAS0, Ptat/PHC,
Ptat/CA30, Ptar/CAO08, and Ptat/CA13 is 120 °C, 138 °C, 160 °C, 206 °C, and 215 °C,
respectively. The differences in activity (lower light-off temperature) can be correlated with the
area of the DRIFTS peak for adsorbed CO. The most active catalyst (lowest Too) had the largest
adsorbed CO peak in Fig. 8, indicating the highest concentration of trapped Pt atoms. Surprisingly,
the pure ceria sample does not exhibit the lowest Too, suggesting that the ceria/alumina samples
outperform the pure ceria. This could be a result of the differences in physical characteristics such
as BET surface area and might also suggest that the close proximity of the ceria and alumina may
be beneficial in this reaction.

Conclusions

In this study, we examined ceria/alumina supports with increasing ceria content (CA08, CA13,
CA30, CAS50) to assess their ability to trap Pt atoms compared to pure ceria prepared by
decomposition of cerium nitrate (polyhedral ceria). All ceria/alumina supports contained
crystalline ceria as well as isolated cerium cations dispersed on alumina, but the two forms of ceria
differed remarkably in their ability to trap Pt atoms. The atom trapped Pt resided primarily on the
ceria crystallites, whereas the atomically dispersed cerium present in the form of Ce*" cations on
alumina was not effective for trapping Pt atoms, at least not at 800 °C in air. Using CO oxidation
as a probe reaction to evaluate the performance of the Pt catalysts, CA50 was the best catalyst
support for achieving very good low temperature reactivity for the Pt catalyst. The ceria/alumina
samples retained small crystallite sizes helping preserve a high surface area compared to pure ceria,
which lost almost all its surface area after heating at 800 °C in air. However, in terms of atom
trapping efficiency, pure crystalline ceria was the most effective, despite having a lower surface
area and larger crystallite size. The work suggests that just the presence of Ce*" cations is not
sufficient for atom trapping, the extended surface is needed to allow Pt to form the stable four-fold
complex. Our work also suggests that the smallest ceria crystallites in CAO8 provide the greatest
thermal stability, since the ceria phase in CA08 sample did not show significant sintering or
particle growth after heating to 800 °C in air for 10 hr. From the viewpoint of developing
sustainable emission control catalysts with the lowest rare-earth loading, we see 50% ceria as the
optimal sample since its performance after depositing Pt exceeds that of pure ceria.

Supporting Information. The Supporting Information is available free of charge.

AC-STEM images of CA08 and CA13 supports, and Ptat/CA13 catalyst; XRD patterns of
ceria/alumina and polyhedral ceria supports; N2 isotherms and pore size distributions of Ptar/ceria-
alumina catalysts; additional CO-DRIFTS, CO oxidation and Arrhenius plots of Ptat/ceria-
alumina and Ptar/polyhedral ceria catalysts.
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1.0+ 0.2 wt% Ce

Fig. 1. AC-STEM images of CA08 showing a) ceria crystallites on the alumina. b) The region devoid of
ceria crystallites shows a low concentration of Ce single atoms, and by EDS we find that the average loading
is ~ 1.0 wt% atomically dispersed Ce cations (seen as bright dots) on alumina.

Fig. 2. AC-STEM images of CA30 showing a) ceria crystallites uniformly dispersed on the alumina. b)
The region devoid of ceria crystallites shows a higher concentration of Ce single atoms, and by EDS we
find that the average loading is ~ 5.5 wt% atomically dispersed Ce cations (seen as bright dots) on alumina.
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8.4 £8.9 wt% Ce

Fig. 3. AC-STEM images of CA50 showing a) a high concentration of ceria crystallites uniformly
dispersed on the alumina. b) The regions devoid of crystallites show a higher concentration of single atoms
of Ce (seen as bright dots), and by EDS the support has ~ 8.4 wt% atomically dispersed Ce on alumina.
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Table 1. XRD, EDS, Surface Area and Pore Volume of Polyhedral Ceria and Ceria/Alumina

Crystalline  Ceria BET

Ceria  Crystallite Lattice  Ceria Surface Pore  Surface Area
Samples by XRD Size  Constant Loading Area Volume  of Ceria?

(Wt%) (A) A (W) (m’g)  (cc/g) (m’/g)
CAO08, As-Received 5.6 77 5.405 7.8 147 0.93 9
CA30, As-Received 23.2 38 5411 29.4 190 1.12 66
CAS0, As-Received 47.5 51 5411 53.8 171 1.1 81
Polyhedral Ceria,
As-Prepared 100 127 5.411 100 83 — 83
CAO08, 800 °C, 10 hr, air — 87 5411 7.8 126 0.79 8
CA30, 800 °C, 10 hr, air — 56 5411 29.4 159 1.04 45
CAS50, 800 °C, 10 hr, air - 78 5.409 53.8 126 0.97 53
Polyhedral Ceria,
800°C, 5 hr, air 100 536 5.410 100 5 — 5

aEstimated using 6/pd, where p is the density of ceria and d is the XRD derived crystallite size, and accounting for the
wt% of ceria in the ceria/alumina supports. For pure ceria, we simply report the measured BET surface area.
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Fig. 4. XRD patterns of the 1 wt% Pt on ceria/alumina prepared using the atom trapping method (after
heating in air for 10h at 800 °C). The ceria peaks are shown with (*) and belong to the fluorite structure of
cerianite. The alumina reflections are marked with diamonds. The smaller the Pt peaks, more of the Pt is
present in the form of single atoms. From the size of these peaks, it is evident that in sample CAOS the
majority of Pt is present in the form of large crystals, with only a small fraction of Pt present in the form of
single atoms, while in sample CA50 we see only a very small Pt peak since most of the Pt is present in the
form of single atoms. Pt on polyhedral ceria shows no Pt peak indicating all the Pt is atomically dispersed.
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Table 2. XRD, BET Surface Area and Pore Volume of 1 wt% Pt on PHC Ceria and Ceria/Alumina

Samples Crystalline Pt Pt Crystallite Size Surface Area Pore Volume
(Wt%) (nm) (m?/g) (cc/g)

1 wt% Ptar/CAO08, 800 °C 1.03 40 128 0.65

1 wt% Ptar/CA13, 800 °C 0.80 31 - -

1 wt% Ptar/CA30, 800 °C 0.60 96 161 0.89

1 wt% Ptar/CA50, 800 °C 0.20 89 121 0.90

1 wt% Ptar/PHC, 800 °C Not Detected Not Detected 26 -
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Fig. 5. AC-STEM images of the Ptat/CAS50 catalyst. Regions A and D contain Pt atoms trapped on the ceria
crystallites. Regions B and C are devoid of ceria crystallites and do not contain any Pt.
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Fig. 6. AC-STEM images of the Ptar/CAO08 catalyst showing the presence of large Pt particles,
with little to no evidence for Pt via EDS in regions devoid of ceria crystallites. The ceria detected
in the regions indicated in the boxes comes from the atomically dispersed Ce on the alumina, the
bright objects are all large Pt particles.
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Fig. 7. AC-STEM images of the Ptar/CAO08 catalyst showing EDS analysis of (a) large ceria
aggregates and (b) smaller ceria crystallites. Like the other ceria/alumina samples, we see that
crystalline ceria particles are able to trap Pt in atomically dispersed form, the amount of Pt is at
the limit of detection in the smallest ceria crystallites.
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Fig. 8. CO-DRIFTS of 1 wt% Ptat/ceria-alumina and Ptat/PHC ceria catalysts. Experimental
conditions: heating at 350 °C in flowing 10% Oz for 30 min followed by pure He for 20 min;
cooling in He to 125 °C, then switching to CO oxidation conditions (1% CO, 4% Oz, balance He)
at 60 ml/min.
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Fig. 9. CO oxidation on 1 wt% Ptar/ceria-alumina and Ptar/ceria catalysts after reduction in
flowing CO. Data plotted are for the third run. Experimental conditions for CO oxidation: 20 mg
sample, He = 75ml/min, CO = 1.5ml/min, O2= Iml/min, ramp rate 2 °C/min to 300 °C. Reduction
Treatment: He=75 ml/min and CO = 5ml/min at 275 °C for 1 hr. The improved performance of
Pta1/CAS50 can be attributed to smaller crystallites of ceria on the alumina, providing a higher
surface area and more facile oxygen transfer to the Pt metal crystallites formed during reduction.
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Alumina

CeO2 crystallites trap Pt in atomically dispersed form when heated at 800 °C in air. The dispersed
Ce species on alumina do not trap Pt.
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