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ABSTRACT

Well-defined surface structures and uniformity are key factors in exploring structure—activity relationships in heterogeneous catalysts. A
modified atomic layer deposition method and three well-defined CeO, nanoshapes, octahedra with (111) surfaces, cubes exposing (100)
facets, and rods with (100) and (110) surface facet terminations, were utilized to synthesize ultra-low loading Pt/CeO, catalysts and allow
investigations on the influence of ceria surface facet on isolated Pt species under reducing conditions. A mild reduction temperature (150 °C)
reduces the initial platinum ions present on the surfaces of the ceria support but preserves the isolated Pt atoms on all ceria surface facets.
In contrast, a reduction temperature of 350 °C, reveals very different interactions between the initial single Pt atoms and the various ceria
surface facets, leading to dissimilar and non-uniform Pt ensembles on the three ceria shapes. To isolate facet dependent Pt-CeO interactions
and avoid variations between Pt species, the Pt1/CeO, catalysts after reduction at 150 °C were subjected to CO oxidation conditions. The
isolated Pt atoms on the CeO; octahedra and cubes are less active in the CO oxidation reaction. In the case of Pt on the CeO, octahedra this
is due to strongly bound CO blocking active sites together with a stable CeO»(111) surface limiting the oxygen supply from the support. On
the CeO; cubes, some Pt is not available for reaction and CO is bound strongly on the available Pt species. In addition, the Pt catalysts
supported on the CeO; cubes are not stable with time on stream. The isolated Pt atoms on the CeO, rods are considerably more active under
these conditions and this is due to a weaker Pt—-CO bond strength and more facile reverse oxygen spillover from the defect-rich (110) surfaces
of the rods due to the lower energy of oxygen vacancy formation on this CeO; surface. The Pt supported on the CeO, rods is also remarkably
stable with time on stream. This work demonstrates the importance of using ultra-low loadings of active metal and well-defined oxide supports
to isolate interactions between single metal atoms and oxide supports and determine the effects of the oxide support surface facet on the
active metal at the atomic level.

KEYWORDS
single atom catalyst, CeO2 shapes, facet effects, Pt1/CeQz, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
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1 Introduction relationships at an atomic level [7]. Such fundamental
understanding of metal-support interactions, under different
conditions is critical in the development of the next generation
heterogeneous catalysts with lower cost and higher
performance.

Platinum catalysts supported on cerium dioxide (CeO: or ceria)
are widely used in many applications including automotive
catalytic converters, water-gas shift reactions, and selective
partial oxidation of methane, to mention a few [8-10]. Using
CeO2 as the support is beneficial due to its reduction-oxidation
(redox) properties and oxygen storage capacity [11]. Therefore,
as the most abundant rare earth oxide, cerium dioxide has been
the subject of numerous studies over past decades [12-17]. The
surface structures of Ce02(111), (100), and (110) facets have
been extensively investigated by surface science groups via both
experimental and theoretical methods [18-22], and methods to
synthesize well-defined CeOz nanoparticles with specific surface
facets exposed are available in Refs. [13, 23]. Using a
hydrothermal synthesis strategy, ceria octahedra with (111)
surface terminations, cubes with (100) surface facets, and ceria

Single atom catalysts have gained a lot of attention in recent
years due to their maximized efficiency, which is particularly
important when using precious metals [1, 2]. Although extensive
efforts have been devoted to synthesizing single atom catalysts
and evaluating their catalytic performance in various reactions,
the interactions between individual metal atoms and specific
surface facets of oxide supports are less well understood [3].
High surface area supports commonly used commercially in
industry or in academic laboratories are generally ill-defined,
and therefore add uncertainty when evaluating atomic-level
structure-activity relationships of supported metal catalysts [4].
Adding to the complexity is the potential for the catalytic
properties to be dependent on the metal morphology, since
single atoms, small clusters, and large nanoparticles can exhibit
very different catalytic activities [3, 5, 6]. Therefore,
synthesizing very well-defined heterogeneous catalysts, such as
single atoms of active metal on nanoparticle oxide supports with
specific surface facets, has potential to reveal structure-activity
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rods with either (110) and (100) facets or (111) terminations
can be obtained [13]. The stability of the various CeO2 surface
facets and their reducibility are very important properties as
they affect the Pt-CeO: interactions and thus also the catalytic
activities of the resulting catalysts [24]. CeO2z(111) is the lowest
energy surface and thus also the most stable surface facet which
is more difficult to reduce compared with the Ce02(110) and
(100) surfaces. The Ce02(100) surface is the least stable and can
be reduced atlower temperatures compared with the CeO2(111)
surface [25]. The stability of the Ce02(110) surface is between
those of the (100) and (111) surfaces, but this surface exhibits
the lowest energy of oxygen vacancy formation [23]. When
comparing the three most common nanoparticle ceria shapes,
the rods typically have larger surface areas compared with CeO2
cubes and octahedra, and therefore also reveal a greater extent
of reduction [26]. For these reasons, the reducibility is often
reported to follow the order: (110) > (100) > (111) [23, 27],
which is the reverse of the oxygen vacancy formation energies
[28].

Avery large number of Pt/CeOz2 catalysts have been investigated
[6, 29, 30], but relatively few studies have included CeO:
supports with well-defined shapes to investigate the influence
of the CeO2 surface facet [27, 31-33]. There are indications that
the catalytic activity is dependent on the CeO: shape used but
isolating the influence of the CeO2 surface facet is challenging
[34]. It is well known that isolated Pt?* ions are very stable on
Ce0:2 surfaces under oxidative conditions [20, 24, 35-37]. The
Pt2+ ions bind strongly to four oxygen ions on (100) CeO: facets
[20, 38], and similar four-fold oxygen (O4) sites are present at
step-edges of both CeO2z nanoparticles with predominantly (111)
surfaces and CeO2(111) single crystals [19, 38]. The single Pt
ions in the Os4 pockets on CeO: nanoparticles are rather
unreactive, as they do not adsorb CO at room temperature and
are not reduced until temperatures above 400 °C [38, 39]. This
is in stark contrast to small supported PtOx clusters, which are
reduced at temperatures below 100 °C [27], or even below room
temperature [40-42]. Despite all the work reported on Pt/CeO:
catalysts, a detailed investigation of Pt-CeO: interactions under
reducing conditions and as a function of CeO: surface facet on
ultra-low Pt loading catalysts, where Pt-CeO: interactions are
isolated, have not been reported on CeO2 octahedra, cubes, and
rods.

To investigate metal-support interactions between isolated Pt
and different CeO: surface facets, ultra-low loadings are critical
to limit sintering and agglomeration to the extent possible,
particularly under reducing conditions. It is also essential that
only isolated Pt species are present, as the presence of small
amounts of PtOx clusters or even Pt dimers can greatly affect the
catalytic properties [38,43]. Under reducing conditions, the PtOx
clusters are reduced to small metallic Pt clusters at low
temperature [44], and this increases the rate of hydrogen
dissociation and facile hydrogen spillover results in reduction of
the CeO2 support [45]. The reduction of the CeO2 support, in turn,
reduces and destabilizes the remaining isolated Pt on the
surface, and also facilitates migration of Pt across the support
[20], and thus leads to formation of additional small metallic Pt
particles and a very rapid increase in hydrogen uptake [44]. The
presence of PtOx clusters can therefore cause reduction of
isolated Pt species at lower temperatures than if only isolated Pt
ions were present on the surface [38]. Moreover, at the
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temperatures required for reduction of strongly bound isolated
Pt2+ species in the 04 pockets on CeO: surfaces (> 400 °C), Pt is
very mobile and reduction of Pt2* ions to single Pt® atoms or Pt%,
where ¢ < 2, without the formation of Pt nanoparticles is
challenging at best.

In this work, we synthesized Pt catalysts with ultra-low loading
on three CeO: shapes, to allow a detailed investigation of the
interaction of isolated Pt species with different CeO2 surface
facets. A modified atomic layer deposition (ALD) technique was
used to allow precise control over the Pt loading down to ppm
levels on the different CeO: supports. The resulting catalysts
were then carefully characterized as a function of temperature
under reducing conditions using aberration-corrected high-
angle-annular-dark-field scanning transmission electron
microscopy (HAADF-STEM), temperature programmed
reduction in 5% hydrogen (Hz-TPR), CO oxidation, and in-situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) using CO as a probe molecule to investigate the
behavior of Pt on the different CeO: shapes, i.e., as a function of
CeO2 surface facet.

2 Experimental

2.1 Synthesis of CeOz nanoshapes

Atemplate-free hydrothermal method was utilized to synthesize
ceria rods, octahedra, and cubes [23]. Ceria rods or cubes were
synthesized by dissolving 1.736 g of Ce(NO3)3-6H20 (Fisher
Scientific, Certified ACS) and 19.2 g of NaOH (Fisher Scientific,
Certified ACS) in a 100 mL Teflon liner using 80 mL deionized
(DI) water. After stirring vigorously for 30 min, the white slurry
was sealed with a cap and transferred into a stainless-steel
autoclave. The autoclave was kept in an oven for 24 h at 100 °C
for rods and at 180 °C for cubes. To synthesize CeO: octahedra,
0.0304 g of Na3P04-12H20 (Fisher Scientific, Certified ACS) and
3.472 g of Ce(NO3)3-6H20 (ACROS, 99.5%) were dissolved in 320
mL of deionized water in a 500 mL Teflon liner. After stirring
vigorously for 60 min, the white solution was sealed with a cap
and transferred into a stainless-steel autoclave. The autoclave
was keptat 180 °C for 9.5 h inside an oven. The white precipitate
of nanocrystals was separated from the supernatant by
centrifugation and washed with deionized water and ethanol
alternately 4 times. The resulting yellowish paste was collected
in a crucible, dried in an oven overnight at 105 °C and then
calcined in static air at 350 °C for 3 h.

2.2 Pt single atom deposition

The ALD process was carried out in an RX series rotary ALD
reactor (ALD NanoSolutions). Trimethyl (methylcyclo-
pentadienyl) platinum(IV) was the Pt precursor and ultrahigh
purity (UHP) Oz (Airgas, 99.999%) was used as the oxidative
agent. The bubbler containing the Pt precursor was kept at 60 °C
to maintain sufficient vapor pressure, and the ALD inlet line was
keptat 110 °C to avoid condensation. UHP N3 (Airgas, 99.999%)
was used as the carrier gas at a 200 mL/min flow rate. In each
experiment, 300 mg of ceria shapes was loaded into the ALD
rotary chamber and two deposition temperatures were used,
180 and 230 °C, to further tune the Pt loading. Prior to Pt
deposition, a short exposure to DI water was included to ensure
abundant hydroxyl groups on the CeO: surfaces for optimal Pt
dispersion [46]. A carefully controlled dose time of 5 s was
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utilized to obtain an ultra-low Pt loading on the ceria supports.
The dosing sequence and timings were as follows: H20 dose
(three sequential 0.2 s doses with 10 s hold and 10 s evacuation
in between doses), N2 purge (120 s), Pt precursor exposure (5 s),
N2 purge (120 s), and Oz exposure (20 s). The as-synthesized
catalysts were calcined under static air at 350 °C for 3 h to
decompose the Pt precursor. The catalysts are labeled according
to their CeOz support shape, i.e., Oct for octahedra, Cub for cubes,
and Rod for the rod support, and the Pt content. This means that
Cub-9.5ppm is a catalyst supported on CeOz cubes with a 9.5
ppm loading of Pt by weight.

2.3 Characterization

The catalysts were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS Perkin-Elmer Corp. Norwalk, CT) to
determine the Pt loading. Each sample was measured three
times and independent high-purity standards were used for the
calibration curve and quality-assurance/quality control (QA/QC)
protocols.  Brunauer-Emmett-Teller (BET) surface area
measurements were performed using a one-point isotherm on a
ChemBET 3000 instrument (Quantachrome, Inc.), as described in
previous publications [47]. High resolution high-angle-annular-
dark-field (HAADF) scanning transmission electron microscopy
(STEM) images were collected on a probe aberration-corrected
JEM-ARM200 cF at 200 kV. The following experimental
conditions were used: probe size 7 c, condenser lens (CL)
aperture 30 um, scan speed 32.5 ps/pixel, and camera length 8
cm, which corresponds to a probe convergence angle of 21 mrad
and a collection angle of 74 mrad.

The temperature programmed reduction (TPR) experiments
were also performed on the ChemBET3000 instrument. 100 mg
fresh catalyst was placed inside a quartz U tube. A degassing pre-
treatment was done on all the catalysts under a flow of UHP
helium gas (Airgas, Inc) through the sample at a temperature of
200 °C for 20 min. After degassing, the catalyst was cooled to
room temperature and gas flow was switched to UHP 5% H:
balanced in 95% Ar (Airgas. Inc). The temperature was
controlled by a tube furnace with heating rate of 10 °C/min to
the set point, i.e., 350 °C. The catalysts analyzed by HAADF-STEM
after reduction at 150 °C were reduced using similar conditions,
i.e,, in a hydrogen mixture (5% Hz in 95% Ar) with a heating rate
of 10 °C/min to the 150 °C set point. The total heating time was
kept at 25 min for 150 °C reduction and 70 min in total for 350 °C
reduction.

The DRIFTS measurements were conducted on a Thermo
Nicolet 6700 instrument equipped with a liquid N2 cooled
Mercury-Cadmium-Telluride (MCT) detector and a high-
temperature reaction chamber with ZnSe windows (Praying
Mantis Harrick). All DRIFTS data were collected using 256 scans
with a4 cmresolution. CO-DRIFTS data were collected on fresh
(non-reduced) catalysts and after reduction treatment using 30
mg catalyst mixed with 270 mg KBr (ACROS, IR grade) in the
sample holder. The fresh catalysts were degassed under He
(Airgas, UHP) flow at 20 standard cubic centimeters per minute
(sccm) for 20 min at 200 °C in the reaction chamber before
cooling down to room temperature and collecting the
background spectrum. The catalysts were then exposed to CO at
room temperature by flowing a 5% CO mixture balanced in N:
(Airgas, UHP) over the sample at 40 sccm for 10 min.
Subsequently, He gas purging was continued at 20 sccm for 20

3

min to remove gas phase CO and weakly bound CO before
collecting the CO-DRIFTS data. Since very little CO was adsorbed
on the fresh catalysts, they were purged in 5% H: balanced in He
(Airgas, UHP, 40 sccm) at room temperature for 10 min, before
being heated to 150 °C, and then left at this temperature for 20
min. When the reduction was finished, the gas was switch back
to He at 20 sccm for 10 min to purge the chamber. After cooling
down to room temperature in He, the CO exposure at room
temperature was repeated and CO-DRIFTS data collected on the
reduced catalysts. CO-DRIFTS data were then collected as a
function of temperature (in increments of 25 °C) to determine
the binding strength of CO to the surface. The catalysts were first
heated to 50 °C under a He flow at 20 sccm before CO-DRIFTS
data were collected, then the catalysts were heated to 75 °C and
CO-DRIFTS data collected and finally to 100 °C and the last set of
CO-DRIFTS data were collected.

2.4 Catalyst activity test

The CO oxidation experiments were performed in a fixed bed
0.25-inch quartz tube reactor under ambient pressure. In each
experiment 10 mg of catalyst was mixed with 40 mg blank CeO2
support (same shape as the catalyst) and loaded into the tube.
This low amount of catalyst was selected to avoid hot spots in
the reactor and excess pressure drop. After purging in 5% H2
balanced with Ar for 30 min at a flow rate of 50 sccm, the
catalysts were heated at a rate of 10 °C/min up to 150 °C for a
total duration of 40 min. The Hz was then turned off and the
catalysts allowed to cool down to room temperate under pure Ar.
After reaching room temperature, the reaction gas, a mixture of
1% CO and 10% 02 balanced with 10% Ar and 79% He at a total
flow rate of 100 sccm, was introduced. The reactor outlet was
continuously monitored in-real time by an on-line mass
spectrometer (QGA or quantitative gas analysis, Hiden
Analytical) as a function of temperature. An ice bath was used to
prevent moisture from entering the QGA instrument. The CO
conversion was calculated based on the partial pressure signal
change of CO and COx.

3 Results and discussion

3.1 Catalyst synthesis
The hydrothermal synthesis method for ceria octahedra yields
shapes with well-defined (111) surface facets (Fig. 1(a)), and
with slightly modified conditions ceria cubes exposing
exclusively (100) surface facets can be obtained (Fig. 1(c)) [13,
23]. The ceria rods were synthesized to expose mainly (110) and
(100) facets (Fig. 1(e)) [11, 48]. It is important to note while the
Ce0:z cubes and octahedra are very well-defined with few defects,
this is not the case for the ceria rods. Numerous defects, i.e.,
cerium and oxygen vacancies, are visible on the surfaces of the
rods (Fig. 1(e) and Fig. S1 in the Electronic Supplementary
Material (ESM)) [23]. To minimize the Pt loading, a carefully
controlled 5 s ALD dose of the platinum precursor was utilized.
This is shorter than the saturation dose, i.e., the dose time
required to saturate the surface with Pt precursors, and was
selected since one ALD cycle at saturation conditions have been
shown to result in Pt nanoparticles [49, 50], and longer dose
times resulted in significantly higher Pt loadings [44, 51]. In this
study, ultra-low loadings were utilized to maximize the
interaction between the Pt and the CeO: surface and increase the
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distance between Pt atoms or ions in an attempt to avoid Pt
sintering and agglomeration. As mentioned, this is particularly
important under reducing conditions, as the presence of Pt (or
PtOx) clusters will initiate reduction at lower temperatures,
cause hydrogen spillover, and destabilize the isolated Pt species
[38]. At a deposition temperature of 180 °C the 5 s dose time
yields Pt loadings between 10-90 ppm (Table 1). The highest
loading is observed on the CeO2 nanorods. This is partly due to
their higher surface area compared to the other shapes, but the
rods also contain a larger number of defects, which could serve
as highly reactive anchoring sites. In contrast, a deposition
temperature of 230 °C results in similar and very low Pt loadings,
3 to 6.5 ppm, on all CeO2 shapes despite their differences in
surface terminations and surface areas (Table 1). These ultra-
low loadings (10 ppm = 0.001% by weight) result in Pt contents
that are an order of magnitude lower than typical low loading
catalysts (0.01%-0.05%) [38, 52], and assures, to the extent
possible, that the isolated Pt are well separated on the ceria
surfaces.

Table 1 Platinum loading as a function of ALD temperature

Catalyst Catalyst Surfacze area T'er_nDp. ICP Ioaging
label support (m?/g) °C) (ppm?)
Oct-16ppm Oct 14 180 16
Cub-9.5ppm Cub 18 180 9.5
Rod-92ppm Rod 67 180 92
Oct-6.5ppm Oct 14 230 6.5
Cub-3.0ppm Cub 18 230 3.0
Rod-5.5ppm Rod 67 230 55

a1 ppm equals 1 mg Pt metal over 10% mg CeOs..

The lower Pt loading at a higher deposition temperature is
unexpected, as typical ALD dose times (i.e., saturation
conditions) display a nearly linear increase in Pt loading with
temperature between 120 and 300 °C on various oxide supports
[53]. Evidently, the short dose times and the different CeO2
surface facets exhibit a unique behavior. This may be due to
removal of surface hydroxyl groups at the higher deposition
temperature (230 °C) under the vacuum conditions employed
during ALD. The ALD precursor reacts with surface hydroxyl
groups during deposition, which facilitate precursor ligand
removal and also anchor the Pt to the support [54-57]. Since the
oxygen vacancy formation energies follow the order (110) <
(100) < (111) [27, 58], it is expected that more hydroxyl groups
would be removed from the (110) surfaces of the rods,
compared with the other surfaces, leading to a more drastic
difference in Pt loading between deposition temperatures on the
CeO:z rods. This may also explain why the Pt loading on the
octahedra is slightly higher compared with the cubes and rods,
i.e., fewer hydroxyl groups are removed, even though typical Pt
ALD conditions on CeOz supports do not yield any Pt on the (111)
surface terminations if (100) and (110) surface facets are
available [51]. However, there are also indications that the
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reactivity of the surface hydroxyl groups on the various ceria
facets is different [13], which could lead to varying interactions
with the ALD precursor. Finally, it is possible that the lower
loading on the cubes compared with the octahedra, despite the
higher surface area, is because some of the cube surfaces are
cerium-terminated rather than oxygen-terminated [59], and
thus have fewer anchoring sites.

1
Distance (nm)

nm

Figure 1 Atomic resolution HAADF-STEM images of (a) a CeO2 octahedron
obtained from a Pt/CeOz-oct catalyst with a schematic of an octahedron
exposing (111) surface facets, (b) fresh Oct-16ppm, (c) a CeO: cube obtained
from a Pt/CeOz-cub catalyst with a schematic of a cube exposing (100)
surface facets, (d) fresh Cub-9.5 ppm, (e) a CeO: rod obtained from a
Pt/CeOz-rod catalyst with a schematic of a rod exposing (110) and (100)
surface facets, and (f) fresh Rod-92 ppm. Yellow circles in ((b), (d), and (f))
indicate individual Pt atoms and insets display the line intensity profile
along the line between two * symbols.

3.2 Influence of reducing conditions
Since ithas been shown thatisolated Ptions are not stable under
reducing conditions, particularly under hydrogen atmospheres
[44], the Pt/CeO: catalysts were reduced at low temperatures to
determine the influence of the CeO2 surface facet on the stability
of the isolated Pt. Based on previously collected TPR
measurements on the Pt catalysts supported on CeO:z octahedra
and cubes [60], two reduction temperatures, 150 and 350 °C,
were selected for characterization using HAADF-STEM. The

A @ Springer | www.editorialmanager.com/nare/default.asp
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temperature was carefully ramped at a rate of 10 °C per minute
in these experiments. A reduction temperature of 150 °C
preserves the isolated Pt species on all three CeO2 shapes (Figs.
2(a), 2(c), and 2(e)). No Pt nanoparticles can be observed in the
STEM images (Fig. S2 in the ESM), consistent with previous work
where lower loadings prevent sintering of isolated Pt atom [38].
After the reduction treatment at 350 °C, the high-resolution
STEM images reveal that the Pt-CeO: interactions are highly
facet dependent and the behavior of isolated Pt species on the
various CeO: shapes is very different under these reducing
conditions, as illustrated in Scheme 1. Isolated single Pt atoms
are the main species on the CeO2 octahedra after this reductive
treatment (Fig. 2(b)), and only a few small and flat Pt clusters
that appear to adopt the underlying (111) surface structure are
present [60]. This is consistent with strong electronic metal-
support interactions (EMSIs), which result in electron transfer
from Pt? to the CeOz support and flat Pt clusters interacting with
the (111) surface facets of CeO: [22, 45]. The fact that the CeO2
(111) surfaces are not easily reduced may also play a role in
providing stability for the single Pt? atoms on the octahedra.

In contrast, no isolated Pt atoms can be detected on the CeO:
cubes after reduction at 350 °C, and, despite the ultra-low Pt
loading, only Pt nanoparticles can be observed on this support
(Fig. 2(d)). The highly stable Pt?* ions on the Ce02(100) surfaces
[61], are destabilized during reduction at 350 °C, which is
expected when Pt%* is reduced to Pt° [20]. It is also known that
reduction of the Ce02(100) surface from hydrogen spillover
further destabilizes the Pt? and facilitates migration of Pt atoms
across the (100) surfaces of CeOz cubes [38]. The larger three-
dimensional (3D) Pt nanoparticles are likely the result of weaker
interactions between the metallic Pt and Ce02(100) compared
with the Ce02(111) surfaces.

On the CeO: rods, with surface facets of (110) and (100) as well
as a high number of oxygen defects, the formation of two-
dimensional (2D), i.e., flat, Pt particles of relatively uniform size
(1-2 nmin diameter) are observed after reduction at 350 °C. The
flat Pt clusters indicate strong interactions between the Pt and
the CeOz rod support, similar to that observed on the (111) CeO2
surfaces of the octahedra, and are consistent with the previously
reported Pt clusters observed on commercial CeOz support at
higher Pt loadings [62]. Moreover, the flat Pt cluster adopts the
facet pattern of the rod support, and they appear smaller in size
compared with the Pt nanoparticles on the CeO2 cubes. A few
scattered isolated Pt species are also observed on the surfaces of

S

o

Sy
&“r 4

350°C
Reduction

150°C
Reduction

150°C
Reduction

(111) Facet

' e

(100) Facet

5

the rods after reduction at 350 °C, consistent with the stronger
interaction between Pt and CeO: surface on the rods compared
with the cubes. More importantly, the ratio of isolated Pt atoms
to Pt clusters (or particles) is much smaller compared with the

Figure 2 Atomic resolution HAADF-STEM images obtained after reduction
treatment at different temperatures. (a) Oct-16ppm reduced at 150 °C, (b)
Oct-16ppm reduced at 350 °C, (c) Cub-9.5ppm reduced at 150 °C, (d) Cub-
9.5ppm reduced at 350 °C, (e) Rod-5.5ppm reduced at 150 °C, and (f) Rod-
92ppm reduced at 350 °C.

350°C
Reduction

350°C
Reduction

150°C
Reduction

(110) Facet

Scheme 1 The evolution of isolated Pt species from calcined fresh catalyst (light blue Pt%* ions) during reduction treatment (0.05 bar Hz) at 150 °C and 350 °C
on (111) ceria surface facets (left), (100) facets (middle), and (110) facets (right). The oxygen vacancies are not included on (110). Dark blue: Pt?, Red: 0%,

and Yellow: Ce*+.
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same ratio observed on the CeO2 octahedra, where isolated Pt
atoms are the dominant species after reduction. The presence of
oxygen vacancies is expected to facilitate reduction of Pt%* on the
CeO:2 rods [18], and the reductive treatment further leads to
migration and formation of small metallic Pt nanoparticles.

3.3 Temperature programmed reduction
The H2-TPR measurements up to 350 °C obtained from select
Pt/CeO: catalysts are displayed in Fig. 3. TPR spectra of all
catalysts and the bare supports are provided in Figs. S3-S6 in
the ESM. The hydrogen consumption over these catalysts is
orders of magnitude higher than expected from the Pt content
with an oxidation state of Pt%* or Pt** [63]. Therefore, most of the
hydrogen uptake on these catalysts is due to hydrogen spillover
onto the CeO2 support. Furthermore, at a maximum reduction
temperature of 350 °C, no bulk CeOz reduction is expected [64],
so only the CeO2 surface or near surface region is reduced. It is
also evident that Pt is needed to activate the hydrogen, as very
little hydrogen uptake is observed on the bare supports (Figs.
S3-S5 in the ESM). The hydrogen uptake from the Oct-16ppm
and Oct-6.5ppm catalysts is small (Fig. S3 in the ESM), as
expected at ppm-level loadings of Pt on the most stable CeO:
support. The TPR traces obtained from these catalysts are
similar and a slight difference in signal intensity is introduced
from Pt loading variance. Therefore, the data from Oct-16ppm
are presented in Fig. 3, due to the higher signal-to-noise. The
hydrogen uptake is very low also on the Cub-3ppm catalyst with
a Pt concentration of only 3 ppm (Fig. S4 in the ESM), so the
catalyst with the higher loading (Cub-9.5ppm) is presented in
Fig. 3 to facilitate comparison. The first peak in the TPR spectra
obtained from the Pt/CeO: catalysts supported on cubes and
octahedra is located around 190 °C. Peaks near this temperature
have been attributed to the reduction of the Pt-O-Ce bond of
single Pt%* ions on CeO2 supports [40]. The absence of peaks
below 100 °C is consistent with the lack of PtOx clusters on the
fresh catalysts in this study. However, the isolated Pt species
(Pt*) on both the CeO2 cubes and the octahedra are reduced at
lower temperatures compared with the isolated Pt?* species
located in the Os4 pockets on CeO: nanoparticle surfaces [38],
suggesting weaker interactions between the Pt and the CeO:2
shapes in this study. This may have been expected for the CeO2
octahedra since they lack these O4-pocket sites but is surprising
for the Pt on the CeO2 cubes. This may suggest that the CeO2
cubes are not thermally stable under these conditions, at least

not compared with the Os-pockets on commercial CeO2 supports.

Consistent with the more stable, and thus harder to reduce,
Ce02(111) surface [65], the hydrogen uptake is lower on the Oct-
16ppm catalyst compared with the Cub-9.5ppm.

Above 300 °C there is a sharp increase in hydrogen consumption
over the Cub-9.5ppm catalyst (Fig. 3). This is likely indicative of
Pt particle formation with a concomitant increase in hydrogen
spillover and reduction of the Ce02(100) surface. While the
initial reduction destabilizes the isolated Pt ions on the CeO:
cubes, temperatures closer to 300 °C appear to be required to
increase Pt mobility and allow Pt particle formation. This is
consistent with the STEM data in Fig. 2. However, once Pt
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particles form, hydrogen dissociation is facile and promotes
additional hydrogen spillover to the support, which causes the
rapid increase in hydrogen consumption (peak at 350 °C). The
absence of a sharp peak due to Pt nanoparticle formation in the
TPR spectra obtained from the Pt supported on the CeO:
octahedra (Oct-6.5ppm and Oct-16ppm) is consistent with
isolated Pt species being the predominant species observed on
the CeOz octahedra after reduction at 350 °C.

3350
4300
S5 ——Oct-16ppm |1250 ©
9, t—— Cub-9.5ppm ®
T —— Rod-5.5ppm | 1200 5
5 ©
P 1150 &
5
1100 @
450
.
. ’
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Figure 3 TPR profiles collected from catalysts, Oct-16ppm, Cub-9.5ppm, and
Rod-5.5ppm. The corresponding temperature ramping profile is in dark red.

Reduction is initiated at lower temperatures (160 °C) over the
two rod-supported catalysts (Rod-5.5ppm and Rod-92ppm)
compared with Pt supported on CeO: cubes or octahedra (Fig. 3
and Figs. S3-S5 in the ESM). The lower reduction temperature
for the Rod-5.5ppm and Rod-92ppm catalysts may in part be due
to the high number of defect sites on the CeO: rods compared
with the other shapes. A very sharp increase in hydrogen
consumption immediately follows the initial reduction peak.
Compared with the major reduction peak obtained from the
Cub-9.5ppm catalyst, the peak in the TPR spectrum obtained
from the Rod-5.5ppm catalyst is substantially larger and is
located at a lower temperature (270 °C). The higher hydrogen
consumption and lower temperature of the major reduction
peak over the Rod-5.5ppm catalyst is consistent with the lower
energy of oxygen vacancy formation for the Ce02(110) rods [23],
and the larger surface area compared with the other CeO:
shapes (Table 1). This is more evident in Fig. S6 in the ESM
where the data from the bare supports are plotted on the same
scale. The main difference between the two rod-supported
catalysts is a higher hydrogen consumption for the Rod-92ppm
catalyst, although a slight shift to lower temperatures is also
observed (Fig. S5 in the ESM) compared with the Rod-5.5ppm
catalyst.

3.4 The electronic properties of isolated Pt atoms

To investigate the electronic properties of isolated Pt atoms on
the different CeO: surface facets, DRIFTS measurements were
performed on fresh as well as Pt/CeO: catalysts reduced at
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150 °C using CO as a probe molecule. CO-DRIFTS is a very
sensitive tool for investigating adsorbed species down to
concentrations on the order of 10-¢ monolayers [66], and is
therefore more sensitive than other surface characterization
techniques, such as X-ray photoelectron spectroscopy (XPS).
Furthermore, the vibrational frequency of the C=0 bond of
adsorbed CO molecules is highly susceptible to the local
environment, i.e., the electronic structure at the adsorption site,
which can help in elucidating the electronic properties of the
single Pt atoms [67]. A previous study has shown that reduction
of isolated Pt2* ions (TPR up to 350 °C) results in electron-poor
Pt species supported on CeO: octahedra and electron-rich Pt
nanoparticles on CeOz cubes [60]. However, unambiguous
assignment of DRIFTS peaks to specific species in that study was
not possible due to the presence of more than one Pt species [68].
Therefore, all catalysts in this study were subjected to CO-
DRIFTS experiments after calcination treatment and after
reduction at 150 °C, where only isolated atoms were visible on
the ceria shape supports.

The Oct-16ppm catalyst was selected over the Oct-6.5ppm
sample, to improve the signal-to-noise. This still allows
comparisons since the catalysts behave similarly and even after
more harsh reduction (at 350 °C), the main difference in the CO-
DRIFTS data obtained from these two catalysts is the signal
intensity (Fig. S7 in the ESM). On the fresh Oct-16ppm catalyst,
a small feature due to CO adsorbed on Pt%* species is observed at
2,116 cm™ (Fig. 4). This is in contrast to literature observations
over single Pt ions on CeO: nanoparticles, where no CO is
adsorbed on isolated Pt?* located in the O pockets on the CeO2
surfaces [38]. The Pt** species at these 04 sites are likely
coordinatively saturated and do not have available adsorption
sites. However, the CeOz octahedra used in the current study lack
these Os pockets, and the Pt on the (111) surfaces of the CeO2
octahedra may instead have additional coordinated oxygens (i.e.,
on-top oxygens) from the calcination treatment to satisfy the
requirements for coordinative saturation of surface Pt. The CO
exposure at room temperature may remove some of the weakly
coordinated on-top oxygens to expose an adsorption site, which
would explain the observed CO adsorption. The high
wavenumber of this peak is consistent with electron-poor Pt
species, potentially with a coadsorbed oxygen species [69].
However, the CO-DRIFTS peak is small indicating that only a
limited amount of Pt is available for CO adsorption, and no
further reduction is observed with extended CO exposure at
room temperature (Fig. S8 in the ESM). A low temperature
reduction (150 °C) using the same reducing gas as during the
TPR experiments (5% Hz in N2) removes additional on-top
oxygens on Oct-16ppm and liberates more adsorption sites,
resulting in an intensity increase of the CO-DRIFTS peak at 2,116
cm-L. Reduction of the Pt% species is also observed in a new
feature at 2,074 cm! (Fig. 4). According to most literature, CO-
DRIFTS peaks at 2,074 cm~! are due to CO adsorbed on relatively
large Pt nanoparticles (very small nanoparticles are typically
more electron rich and yield peaks at lower wavenumbers, i.e. <
2,050 cm-1) [38, 51]. However, CO-DRIFTS peaks between
2,075-2,065 cm~! have also been assigned to single Pt atoms on
Ce0:z nanorods [70]. Since, no Pt nanoparticles are observed on
this catalyst with STEM after reduction at 150 °C (Fig. 2 and Fig.
S2 in the ESM), we assign the peak at 2,074 cm™! to isolated Pt°-
like species on the Ce02(111) surface facets. Considering the
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absence of detectable Pt clusters in the STEM data and the high
intensity of the DRIFTS peak, it is unlikely that the 2,074 cm™!
peak is due to Pt nanoparticles. Also, no shift in the position of
this peak due to decreasing dipole-dipole interactions with CO
desorption is observed, further supporting the assignment to
single atoms rather than nanoparticles (Fig. 5(a)). These Pt
species are clearly more electron-rich than previously reported
isolated Pt species, which are often ionic (Pt%*) in nature and
therefore yield CO-DRIFTS peaks at significantly higher
wavenumber (> 2,085 cm™1) [8, 38, 51, 71]. The ultra-low Pt
loading and well-defined CeO2 surface facets in the current study
are critical to the reduction of isolated Pt2* or Pt ions to single
Pt? atoms without Pt agglomeration. Since CO-DRIFTS peaks at
awavenumber of 2,074 cm~! have been assigned to both large Pt
nanoparticles and single Pt atoms, and different Pt species can
have very similar electronic environments and therefore yield
DRIFTS peaks at the same wavenumbers [38, 68], the HR-STEM
images after the reduction treatment (Fig. 2) are critical to the
assignment of the DRIFTS peak to isolated Pt° instead of Pt
nanoparticles on CeOz supports.

0.001

E}
LS Oct-16ppm
° AALN
Q
c
©
-} A
5
@ | 150°C H: J\ Cub-9.5ppm
< | Fresh /\ -

150°C H: Rod-5.5ppm

Fresh

2300 2200 2100 2000 1900 1800 1700

Wavenumber [cm™]
Figure 4 DRIFTS data collected from Oct-16ppm, Cub-9.5ppm, and Rod-
5.5ppm catalysts after different treatments followed by exposure to CO at
room temperature. Data collected after (top) degassing with 20 sccm He flow
at 200 °C for 20 min before experiments (fresh), (bottom) a mild reduction
in situ 150 °C. Light blue color in cartoon indicates Pt* and dark blue Pt°,

while black and red are carbon and oxygen of the adsorbed CO.

The signal-to-noise in the DRIFTS data obtained from the Cub-
3.0ppm catalyst is also very low (Fig. S9 in the ESM), so the Cub-
9.5 ppm catalyst was used for these measurements (Fig. 4).
Similar to the Oct-16ppm catalyst, the fresh Cub-9.5 ppm sample
adsorbs a small amount of CO at room temperature. However,
the Pt species on the Cub-9.5ppm catalyst are more electron rich
than on the Oct-16ppm catalyst, as evidenced by the red shift to
2,082 cmL. This suggests that some of the Pt** ions on the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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surfaces of the CeO2 cubes are not bound as strongly as would be
expected in the O4 pockets of Ce02(100) surfaces and that the CO
exposure at room temperature is sufficient to reduce some of the
Pt2* on this catalyst. The peak position (2,082 cm~1) suggests an
electron density closer to Pt° (rather than Pt3*) and the peak is
likely due to isolated Pt atoms on the support, as the CO
exposure at room temperature is not expected to induce
migration of Pt across the surface to form nanoparticles [24].
This assignment is also consistent with the peak due to isolated
Pt atoms near 2,074 cm™ on Oct-16ppm after reduction at
150 °C. The small variation in peak position is likely caused by a
Ce0: facet effect between the (111) and (100) surfaces. It
suggests that the isolated Pt on the CeO: (100) surfaces is
slightly more electron-deficient compared with the Pt on the
Ce02(111) facets. Mild reduction at 150 °C in 5% Hz only results
in a slight increase in intensity, but the peak is narrower at 2,082
cm~! peak. The small intensity change suggests that the
remaining Pt?* ions on the surface are difficult to reduce in
agreement with previous observations of Pt?* ions in the O4
pockets of CeO: nanoparticles [38, 39]. This indicates that
coordinatively saturated Pt?* are still the primary species after
hydrogen treatment at 150 °C, i.e., most of the platinum on the
surface is not reduced and is therefore not available for CO
adsorption.

No detectable amounts of CO molecules are adsorbed on the
fresh Rod-5.5ppm catalyst (The same is true for the Rod-92ppm
catalyst, Fig. S10 in the ESM), suggesting that the isolated Pt?+
species on the surface of this catalyst are coordinatively
saturated (Fig. 5). Reduction at 150 °C, a temperature close to
the first TPR peak obtained from this catalyst, evidently reduces
some of the isolated Pt?* species on the surface of this catalyst. A
peak at 2,074 cm~1 is introduced after reduction (Fig. 5). This is
similar to the peak observed in the CO-DRIFTS measurements
obtained from the catalysts supported on octahedra and cubes
and is therefore assigned to isolated Pt° species. The lack of
observable clusters in the STEM images (Fig. 2(e) and Fig. S2 in
the ESM) supports this assignment since only isolated Pt species
are observed on this catalyst after reduction at 150 °C. Again,
this is also consistent with the isolated Pt species on CeO:
nanorods reported in Ref. [70]. The absence of CO-DRIFTS peaks
above 2,090 cm-! suggests that the Pt* species on the surface
are coordinatively saturated.

The CO adsorption strength was also evaluated by heating the
catalyst in situ and collecting CO-DRIFTS data at 50, 75 and
100 °C (Fig. 5). As expected from Ref. [8], the electron deficient
Pt% on the CeO2 octahedra (Oct-16ppm) binds CO strongly and
very little CO has desorbed from the Pt* (2,116 cm-!
wavenumber) even at 100 °C (Fig. 5(a)). In contrast, the CO
adsorbed on the isolated Pt? atoms on the Oct-16ppm catalyst
(peak at 2,074 cm1) begins desorbing at 50 °C and is almost
completely removed by 100 °C. Interestingly, the CO adsorbed
on the isolated Pt supported on the CeO: cubes (peak at 2,082
cm™1) is very strongly bound. Most of the CO on the Cub-9.5ppm
remains on the surface at 100 °C. In stark contrast, the CO bound
to the isolated Pt atoms on the CeO2 rods (peak at 2,074 cm™1)
is weakly adsorbed. No detectable amount of CO remains on the
Rod-5.5ppm catalyst at 100 °C.
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Figure 5 (a) CO-DRIFTS data collected from Oct-16ppm, Cub-9.5ppm and
Rod-5.5ppm catalysts after reduction at 150 °C. All samples were purged
under 20 sccm He flow at each temperature for 20 min.

3.5 CO oxidation of single atoms over shape supports

The CO oxidation activity of the isolated Pt atoms supported on
the various CeO2 shapes was evaluated after the reduction
treatment (5% Hz) at 150 °C. The reduction temperature was
kept low to avoid formation of the Pt ensembles observed after
reduction at 350 °C. Furthermore, non-reduced catalysts are
poorly active (Fig. S11 in the ESM), as expected from the weak
or non-existent CO adsorption on the fresh catalysts during the
DRIFTS experiments (Fig. 4). Itis evident that Pt is necessary for
CO oxidation activity, even at ppm levels, as the bare supports
have very little activity in this temperature range (Fig. S12 in the
ESM). The catalytic activities of Pt/CeO: catalysts are known to
be dependent on the CeO: shape, i.e. CeO2 surface structure [72-
75], but it is difficult to differentiate between Pt particle size
effects and the influence of CeO: surface structure in Pt/CeO:
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catalysts with higher Pt loadings. Catalysts with ppm levels of Pt
on well-defined CeO: supports have not been investigated
previously, but this low Pt loading is necessary to determine
interactions between isolated Pt atoms and specific CeO: facets,
and how these interactions in turn affect the catalytic activity.
Figure 6(a) reveals that the CO oxidation activity is dependent
on the CeO: facet of these catalysts.

As expected from prior studies [27], the Pt species on the
octahedra exposing (111) facets are the least active and require
temperatures well above 200 °C to convert a significant amount
of CO. The Oct-16ppm catalyst does not reach 100 % conversion
to COz until 275 °C. The poor activity of single Pt atoms over
Ce02(111) is expected, since electron-deficient platinum (Pt%*)
species are known to bind CO strongly, which can result in CO
poisoning of the catalysts by site blocking [8, 71]. The strong CO
binding is consistent with the CO-DRIFTS experiments as a
function of temperature (Fig. 5(a)). Furthermore, it is well
known that the CO oxidation mechanism on reducible supports
involves a Mars van Krevelen mechanism in which reverse
spillover of oxygen occurs from CeO: to Pt [8], and this is much
more difficult on the low energy (111) surface facets of the more
stable CeO:z octahedra compared with other CeO: surfaces [23].
The low activity of the Pt catalysts supported on the CeO:
octahedra is therefore due to the strong CO adsorption (site
blocking) and the limited oxygen supply from the CeO:
octahedra with very few defects and exclusively low-energy
(111) surface facets exposed. The stability of the Pt catalysts
under reaction conditions was also tested for additional 5 h at
the lowest temperature where each catalyst reached 100 %
conversion, as shown in Fig. S13 in the ESM. The Oct-16 ppm
catalyst is remarkably stable with time on stream, indicating
that isolated Pt atoms can maintain stable catalytic performance
under the oxygen-rich CO oxidation conditions.

The Pt species on the CeO2 cubes with (100) surface facets are
more active at low temperatures (< 260 °C) compared with the
Pt on CeO: octahedra. The temperature where the Cub-9.5ppm
catalyst reaches 50% CO conversion (Tso) is 10 °C lower than for
the Oct-16ppm catalyst. A higher activity is expected since the
(100) surfaces of the CeO2 cubes are more easily reduced
compared with the (111) surfaces of the CeO:2 octahedra.
However, few sites are available for CO adsorption on this
catalyst and according to the CO-DRIFTS data the Pt sites on the
Ce0: cubes adsorb CO molecules strongly. This may explain why
the Pt on the CeO2 cubes is much less active compared with Pt
on the CeO2 rods. It may also be why the temperature where
Cub-9.5ppm reaches 90% CO conversion (T9) is higher than the
Too for the Pt supported on the CeO2 octahedra. Furthermore, the
shape of the light-off curve suggests that the Cub-9.5ppm
catalyst is not stable during reaction. One explanation could be
that the Ce02(100) surfaces of the cubes are not stable and
undergo reconstruction during reaction, and this could also
destabilize the isolated Pt atoms [76]. This in turn may lead to
sintering, i.e., Pt particle growth, and/or oxidation of Pt particles
during reaction. The stability test does reveal that the Cub-
9.5ppm catalyst is not stable and is exhibiting a clear
deactivation trend with time on stream (Fig. S14 in the ESM).
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Figure 6 (a) The CO oxidation activity as a function of temperature over Oct-
16ppm, Rod-5.5ppm, and Cub-9.5ppm. CO:02:Ar:He = 1:10:10:79 sccm and
heating rate 10 °C/min. (b) Arrhenius plot of CO oxidation rate with
calculated activation energies for the same catalysts as in (a). (c) Reaction
rate in molco converted per gram of Pt per hour at a temperature of 190 °C.

The Pt supported on the CeO2 rods are the most active catalysts,
which is consistent with literature results [27, 70]. This is likely
due to the electronic metal-support interactions on these
catalysts, and the lower energy of oxygen vacancy formation,
which lead to facile reverse oxygen spillover [31, 77].
Furthermore, the CO bond strength to isolated Pt species is the
weakest among the three catalysts supported on the ceria
shapes, as seen in Fig. 5(c). Despite having the lowest Pt loading
of the three catalysts tested for activity in the CO oxidation
reaction (Fig. 6), the Rod-5.5ppm catalyst is the most active. This
catalyst begins to convert CO to COz around 100 °C and achieve
100% conversion near 200 °C. The temperature where the Rod-
5.5ppm catalyst reaches 50% conversion is 32 °C lower than for
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the Cub-9.5ppm catalyst. Even though the best Pt/CeO: CO
oxidation catalyst reported in literature reaches 100% CO
conversion at a lower temperature [62], the ultra-low Pt loading
catalysts in this study are remarkably active with a noble metal
content that is three or four orders of magnitude lower. The
stability test also demonstrated the durability of Rod-5.5ppm
under reaction conditions (Fig. S15 in the ESM). To confirm that
exposure to reaction conditions does not lead to Pt particle
formation, the CO-DRIFTS data were repeated for the Rod-
5.5ppm and Oct-16ppm catalysts after exposure to CO oxidation
inside the DRIFTS cell. No Pt particles, i.e. CO-DRIFTS peaks at
lower wavenumber, were observed in either case (Figs. S16 and
S17 in the ESM).

Comparing the Pt catalysts supported on the different CeO2
shapes, itis revealed that the exposed surface facet can influence
both the stability and the activity of isolated Pt atoms in the CO
oxidation reaction. However, electronic interactions between
the Pt and CeO: support are not the only factor determining the
CO oxidation activity over these catalysts. Under the conditions
used in this study, the oxygen supply from the support also
greatly influences the overall activity. While the Pt loadings are
not identical over these catalysts, it is evident that the observed
differences over these catalysts are not due to variations in Pt
loading. The observed effects are due to the specific CeO2 facet
exposed. The activation energies (32-49 k]J/mol) over these
catalysts are in agreement with those reported in the literature
(Fig. 6(b)) [31], but the CO converted per unit mass of Pt is
significantly higher than previously reported values (Fig. 6(c)
and Table S1 in the ESM). This reveals that the Pt is utilized very
effectively on these catalysts. The single atoms of Pt on the CeO2
rods are most active compared with the isolated Pt on the CeO2
octahedra or cubes. This is likely due to a combination of Pt-
CeO: interactions resulting in a weaker Pt-CO bond and the
lower energy of oxygen vacancy formation on the CeOz rods. The
results demonstrate that the exposed CeO2 surface facet has a
pronounced effect on the catalytic activity in the CO oxidation
over Pt/CeO: catalysts.

4 Conclusions

Ultra-low loading catalysts with isolated Pt species were
synthesized by a modified ALD technique on three well-defined
ceria shapes exposing different surface facets, namely octahedra
with (111), cubes with (100), and rods with (100) and (110)
surface facets. All three CeOz nanoshapes only have isolated Pt?*
or Pt species on the fresh (non-reduced) catalysts, and a mild
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reduction at 150 °C reduces the initial Pt ions while preserving
the isolated Pt species. The Pt-CeO: interactions are very
dependent on the specific surface facet exposed, and this is
particularly evident under reducing condition. Reduction in
hydrogen at 350 °C results in very different Pt ensembles on the
three shapes, ranging from isolated Pt to Pt nanoparticles. To
examine Pt-CeO: interactions as a function of CeO: surface facet
and how these properties influence the CO oxidation reaction,
the isolated Pt atoms after reduction at 150 °C were selected.
Even though quantification is difficult using DRIFTS, it is likely
that fewer Pt sites are available for CO oxidation over the Cub-
9.5ppm catalyst (a smaller fraction of the initial Pt?* species are
reduced at 150 °C on the CeOz cubes compared with the other
shapes) and, furthermore, this catalyst is not very stable. The
most active catalyst is the Rod-5.5ppm and this is likely due to a
weaker Pt-CO bond (more available sites for reaction) and the
Ce02(110) surfaces having the lowest energy of oxygen vacancy
formation, which facilitates reverse oxygen spillover. Under the
conditions used in the current study, the temperature required
for 100% conversion of CO to COz (175 °C) is higher than the best
catalyst in Ref. [36], but, the Pt on the surface of the Rod-5.5ppm
catalyst is utilized much more efficiently in the current study.
The CO conversion rate per unit weight of Pt is two orders of
magnitude larger than those commonly reported in the
literature. This stems from not only the optimized Pt-CO bond
strength on the Pt/CeOz-rod catalysts but also efficient oxygen
transfer, which is facilitated by a favorable facet effect (Pt-CeO2
interactions) and low Pt loading. This study highlights the
importance of ultra-low loadings of active metal and well-
defined oxide shapes with specific surface facets exposed when
investigating metal-support interactions at an atomic level.
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Figure S1. HR-STEM data at different magnifications obtained from CeO2 nanorods. Vacancies and defects are visible as dark spots on
the rods. The dark spots are evident on fresh as well as reduced rods. (a) and (b) Rod-5.5ppm after reduction at 150 °C. (c) Fresh Rod-
92ppm.

Figure S2. HAADF-STEM images of lower magnification to reveal that no Pt particles are observed after reduction at 150 °C. (a) Oct-
6.5ppm, (b) Cub-9.5ppm catalyst, and (c) Rod-5.5ppm. Note that, when present, this resolution is sufficient to see Pt nanoparticles,

as we have shown in our previous publication [60].
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Figure S3. TPR profiles collected from Oct-16ppm, Oct-6.5ppm and blank octahedral support. The temperature measured as a function
of time is shown in gray and displayed on the right y-axis. The x4 on the y-axis indicates that the signal intensity of this figure was
multiplied by four compared with Figure S5 to allow comparisons, while at the same time reveal detailed features in the TPR profiles

of these catalysts with lower intensities.
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Figure S4. Temperature programmed reduction profiles collected from Cub-9.5ppm, Cub-3.0ppm and blank cube support. The
corresponding temperature ramping file is shown in gray. The x4 on the y-axis indicates that the signal intensity of this figure was
multiplied by four compared with Figure S5 to allow comparisons, while at the same time reveal detailed features in the TPR profiles

of these catalysts with lower intensities.
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Figure S5. Temperature programmed reduction profiles collected from Rod-92ppm, Rod-5.5ppm and blank rod support. The

corresponding temperature ramping file is shown in gray.
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Figure S6. Temperature programmed reduction profiles collected from the bare rods, cubes and octahedra. Data is plotted on the
same scale to facilitate comparison. However, the x4 on the y-axis indicates that the signal intensity of this figure was multiplied by

four compared with Figure S5. The corresponding temperature ramping file is shown in gray..
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Figure S7. CO DRIFTS data collected from Oct-16ppm and Oct-6.5ppm after TPR experiments (reduction at 350 °C). After loading the
catalysts into the DRIFTS cell, they were subjected to another reduction treatment at 200 °C to remove any oxygen that may have
been adsorbed during sample transfer (flow of 5% H2 (Airgas, UHP) and 95% Ar (Airgas, UHP) at 40 sccm for 30 minutes). After
cooling to room temperature (25 °C) under a 40 sccm He flow, a background spectrum was collected. The catalysts were then exposed

to CO at room temperature before data collection as described in the experimental section.
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Figure S8. CO DRIFTS data collected from fresh (non-reduced) Oct-16ppm during two consecutive CO exposure at room temperature.

Each CO exposure lasted 20 min under 20 sccm 5% CO balanced with Nz. The fresh sample was calcined at 350 °C for 3 hours and

was degassed at 200 °C for 20 min under 20 sccm He flow prior colleting the spectra.
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Figure S9. CO DRIFTS data collected from Cub-9.5ppm and Cub-3.0ppm. The samples were from the 350 °C TPR experiment and was
mildly reduced at 200 °C for 20 min prior colleting the spectra (as described in the figure caption of Figure S7).
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Figure S10. CO DRIFTS data collected from fresh (non-reduced) Rod-92ppm and Rod-5.5ppm catalysts after CO exposure at room
temperature. The fresh catalysts were calcined at 350 °C for 3 hours under static air and degassed at 200 °C for 20 min in situ under

20 sccm He flow prior to the CO exposure.
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Figure S11. CO oxidation activity as a function of temperature over Rod-5.5ppm fresh (after calcination) and reduced at 150 °C.

Reaction conditions: CO=1.0 sccm, 0z =10 sccm, Ar=10 sccm, He=79 sccm and heating rate 10 °C/min.
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Figure S12. CO oxidation activity as a function of temperature over the three supports (CeOz octahedra, cubes and rods) after a 150 °C

reduction treatment. Reaction conditions: CO=1.0 sccm, 02 =10 sccm, Ar=10 sccm, He=79 sccm and heating rate 10 °C/min.
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Figure S13. CO oxidation activity as a function of time at a temperature of 283 °C obtained over Oct-16ppm after a 150 °C reduction

treatment in 5% Ha. Reaction conditions: CO=1.0 sccm, Oz =10 sccm, Ar=10 sccm, He=79 sccm.
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Figure S14. CO oxidation activity as a function of time at a temperature of 295 °C obtained over Cub-9.5ppm, Reaction conditions:

C0=1.0 sccm, 02 =10 sccm, Ar=10 sccm, He=79 sccm.
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Figure S15. CO oxidation activity as a function of time at a temperature of 213 °C obtained over Rod-5.5ppm. Reaction conditions:

C0=1.0 sccm, 02 =10 sccm, Ar=10 sccm, He=79 sccm.
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Figure S16. CO-DRIFTS data collected from Rod-5.5ppm after an in-situ exposure to CO oxidation conditions (CO=0.5 sccm, 02 =5.0
sccm, He=44.5 sccm) at 213 °C inside the DRIFTS cell for 1 hour. After CO reaction, the catalyst was outgassed at 200 °C and cooled
down in inert before being reduced at 150 °C (same procedure as for the fresh catalyst). The CO-DRIFTS spectra obtained from the
Rod-5.5ppm catalyst after reaction are identical to those before reaction treatment, indicating the isolated Pt atoms were maintained

on the surface.
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Figure S17. CO-DRIFTS data collected from Oct-16ppm after an in-situ exposure to CO oxidation conditions (CO=0.5 sccm, Oz =5.0
sccm, He=44.5 sccm) at 283 °C inside the DRIFTS cell for 1 hour. After CO reaction, the catalyst was outgassed at 200 °C and cooled
down in inert before being reduced at 150 °C (same procedure as for the fresh catalyst). Exposure of Oct-16ppm to the oxidative
reaction conditions (excess oxygen), apparently reoxidized the Pt0 species, while the non-reduced Pt?* species remain unaltered. It is
expected that the Pt® atoms on the surface are very susceptible to reoxidation. These results further support the assignment of these
species as single atoms. If Pt clusters were formed, more intense CO-DRIFTS peaks are expected as they would be more easily reduced
compared with isolated Pt ions and the peaks would also shift to lower wavenumber. These experiments instead suggest that the
single Pt? atoms have been converted to Pt* species that are not reduced at 150 °C (or coordinatively saturated Pt%* species that does
not adsorb CO) during these treatments. Unfortunately, the signal intensities cannot easily be compared between different runs as

they are very sensitive to sample packing in the in-situ DRIFTS cell making quantitative comparisons difficult.
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Table S1. Comparison of reaction rates. Note that the specific rates from previous literature have in some cases been calculated

based on data provided in the references.

Catalyst Pt T X Rate x10* Ref. ©
[wt%] @ [°’Cl® [%] © [mol CO/(h-g P{] ¢
Pt1/PN-CeO2 0.57 60 30 26 [70]
Pt/CeO2 25 60 97 3.1 [62]
Pt-O-Pt/CeO2-a 0.27 60 10 360 [43]
CeO2-AA-Pt 1.0 60 90 110 [42]
Pt1/CeO2 0.22 60 10 33 [51]
Rod-5.5ppm 0.00055 60 1.5 67,000 This work
Rod-92ppm 0.0092 60 27 4,000 This work

2 Pt loading [weight %]

b Reaction temperature

¢ CO conversion [%]

4 Specific reaction rate [mol CO converted per unit weight of Pt per hour]
¢ Data taken or calculated from reference indicated.

Itis evident from Table S1 that the CO oxidation rate, i.e. the mole of CO reacted per unit time, is not the same for the Rod-5.5ppm and
Rod-92ppm catalysts. This suggests that all Pt species in the Rod-92ppm are not same, which may be due to the high number of
defects on the rod support, and the fact that this support does not expose exclusively one surface facet. Due to the high number of
defects on this support, there is no guarantee that all Pt atoms are located at identical support sites when the Pt loading is increased
from 5.5 to 92 ppm. Furthermore, it is evident that the rod support is very important in the reaction and participates by providing
oxygen to the CO reactant (due to the low energy barrier to oxygen vacancy formation). If the Pt content is increased, the available

oxygen will decrease due to a higher Pt:CeO2 ratio and this is expected to result in a lower CO rate per Pt site.
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