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ABSTRACT: Single atom catalysts (SACs) have shown high activity and selectivity in a
growing number of chemical reactions. Many efforts aimed at unveiling the structure-property
relationships underpinning these activities and developing synthesis methods for obtaining SACs
with the desired structures are hindered by the paucity of experimental methods capable of probing
the attributes of local structure, electronic properties and interaction with support—features that
comprise key descriptors of their activity. In this work, we describe a combination of experimental
and theoretical approaches that combine photon and electron spectroscopy, scattering and imaging
methods, linked by density functional theory calculations, for providing detailed and
comprehensive information on the atomic structure and electronic properties of SACs This
characterization toolbox is demonstrated here using a model single atom Pt/CeQO, catalyst prepared
via a sol-gel-based synthesis method. Isolated Pt atoms together with extra oxygen atoms passivate
the (100) surface of nanosized ceria. A detailed picture of the local structure of Pt nearest
environment emerges from this work involving the bonding of isolated Pt** ions at the hollow sites
of perturbed (100) surface planes of the CeO, support, as well as a substantial (and heretofore
unrecognized) strain within the CeQO, lattice in the immediate vicinity of the Pt centers. The
detailed information on structural attributes provided by our approach is the key for understanding

and improving the properties of SACs.
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INTRODUCTION.
Single atoms catalysts (SACs) have been heavily investigated in recent years since the concepts of
“single-atom catalysts” and “single-atom catalysis” were first introduced in 2011 by T. Zhang and
co-workers.! These types of catalysts show high activities and selectivity for many reactions®* and
have extremely high atomic efficiency.>¢ This follows from the fact that ideally in SACs, every
atom might contribute to reactivity (in contrast with metal cluster or nanoparticle catalysts, where
active sites frequently coexist with non-directly contributing mass fractions that can change in
nature during reaction conditions).” Such high atomic efficiency, from the applied point of view,
is very important for noble metals, which are naturally scarce yet widely used in industry for a vast
number of important chemical reactions.*!° From the fundamental point of view, the distinctive
catalytic performances of SACs are correlated with the unique electronic and atomic structures of
the single atoms which are distinctly different from those of cluster or nanoparticle catalysts.'' For
instance, many experiments have shown that the active site of the SAC is the positively charged
single metal species as present under operando conditions in exemplary catalytic processes (e.g.,
Pt/MgO for propane combustion, Pt/FeO, for CO oxidation, Pd/Al,O; for the selective aerobic
oxidation of allylic alcohols, Au/CeO, and Pt/CeO, for water-gas shift reaction, Au/ZrO, for the
selective hydrogenation of 1,3-butadiene to butenes).!-!>15 Recently, Lu et al. identified the active
single-atom complex for CO oxidation over single-atom Ir/MgAl,O,, in which Ir single atoms
preferentially bind with CO molecules and the oxidation reaction proceeds through an Eley-Rideal
mechanism.'¢

There have been numerous efforts to determine the structure of the active species in SACs. Based
on theoretical calculations, some of the important structural features of SACs have been identified

(e.g., partially vacant 5d orbital of single Pt atoms/FeOx,' Pt in a square pocket of O* ions at a



(100) nano-facet of CeO,,"” Pt anchoring unsaturated pentacoordinate Al** centers on the (100)
facets of y-Al,Os,and PtO; anchoring with under-coordinated cerium cations at CeO2(111) step
edges!8-1) 202 Though these structural attributes are believed to play roles in the atomic/electronic
structural dynamics that lead to the enhanced activity and stability of SACs,* there are other results
showing that some SACs are less active or comparable in activity to nanoparticle counterparts for
the same catalytic reaction.?*?¢ These results imply the existence of other structural attributes that
may dominantly control the catalytic properties of SACs, yet currently the understandings of the
structure of SACs are quite limited. As a consequence, the relationship between the structure and
catalytic properties could not be established. Also, design of new SACs is limited as a result. Due
to the high free energy of isolated metal atoms, preventing them from aggregation is vital for
SACs, especially under high temperature reductive reaction conditions. Reliance on the strong
metal — support interaction and creation of anchor sites in the supports are proposed as effective
strategies for stabilizing and trapping single metal atoms under reaction conditions, and have been
applied in many synthesis methods (e.g., wet-impregnation method, modular synthetic approach,
derivation from metal — organic complexes, the atomic layer deposition, high temperature atom
trapping approach?’) for preparing stable SACs. However, developing methods to stabilize single
atoms on the support is just the first step in catalyst design, for which the ultimate goal should be
to develop methods to construct SACs with active structures. Therefore, poor understanding of
the structure of SACs is a gap towards rational catalyst design.

But why is it difficult to determine the structure of SACs? The main challenges are: a) the low
weight loading of metal, which currently is required by the most strategies for synthesizing SACs
and which limits the sensitivity of imaging, scattering and spectroscopic techniques; and b) the

heterogeneity of the structural motifs of single atom sites (e.g., various speciations as surface sites



and bulk-like dopants of the supporting oxide phase). It is acknowledged that samples containing
atomically disperse metal species do not necessarily have identical environments around each
metal species due to the non-uniform nature of most solid supports.®-28

To address the above-mentioned challenges, we chose to focus on developing a characterization
approach that provides atomic-level detail of the model SAC systems that feature catalytically
relevant structures and electronic properties. To enhance their sensitivity to the SAC properties,
we adapted an existing synthesis method of high surface area cerium oxide particles to synthesize
isolated Pt atoms with high weight loading, singly dispersed on the oxide support. The
characterization tools include scanning transmission electron microscopy (STEM), Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), X-ray absorption spectroscopy
(XAS), Resonant Inelastic X-ray Scattering (RIXS), X-ray photoelectron spectroscopy (XPS) that,
when combined with density functional theory (DFT), help answer the following key questions:
1) is it single atom system? 2) what is the charge state of the isolated metal ions? 3) what is the
nature of the nearest environment, including the local perturbations of the support? The answers

to these questions are keys for designing active SACs and understanding working mechanisms.

EXPERIMENTAL SECTION

Sample preparation. To prepare the single atom sample, 0.50 g of cerium (IV) oxide
nanopowder (<25 nm) was dispersed in a solution made from 2.0 g of urea and 8 mL of water.
Afterwards, 0.42 g cerium (III) nitrate hexahydrate and 3.3 g of a solution (approx. 1 wt % Pt) of
chloroplatinic acid hydrate in water were added. All chemicals were purchased from Sigma-
Aldrich. Ultrapure water (18.2 MOhm) was provided by a Millipore purification system. The

mixture was sealed in a vial and stirred for 24 h in an oil bath at 368 K. The post-deposition sample



was separated and washed by 3 cycles of centrifuging/redispersing in water to remove ions from
precursors. After drying overnight at 333 K, the sample was crushed into a powder and calcined
at 773 K (10 K/min heating ramp). Exclusion of the cerium nitrate hexahydrate precursor and a
decrease to 1.9 g of the chloroplatinic acid solution in an otherwise identical procedure was used
to prepare the cluster sample. The resulting platinum loading of both samples was measured by
ICP elemental analysis (the measured wt % loadings of the single atom and surface loaded samples
used in this work were 1.84% and 1.74%, respectively).

Scanning Transmission Electron Microscopy Characterization. Aberration corrected high-
angle annular dark-field — scanning transmission electron microscopy (HAADF-STEM) was used
to image the samples. The samples were dispersed in water and drop-casted onto lacey carbon
copper grids (Ted Pella) for analysis using either a JEOL 2200FS operated at 200 kV (100 pm
resolution limit) or an FEI Themis Z operated at 300 kV (60 pm resolution limit).

Diffuse Reflectance Infrared Fourier-Transform Spectroscopy. The spectra were collected
using a Nicolet 6700 FTIR spectrometer equipped with a rapid-scanning liquid-nitrogen-cooled
mercury cadmium telluride (MCT) detector and a Praying Mantis™ High Temperature Reaction
Chamber (Harrick Scientific Products). Prior to each measurement, the sample was heated at 10
°C/min to 300 °C under He and held for 10 min. The sample was subsequently cooled to room
temperature and the background spectrum (256 scans) was collected with a resolution of 4 cm™'. A
10% CO/He mixture was then flowed through the chamber for 1 h before the spectra featuring CO
adsorption were acquired. Afterwards, the chamber was purged with He for 1 h before the CO
desorption spectra was acquired.

X-Ray Photoelectron Spectroscopy. A commercial SPECS AP-XPS chamber equipped with a

PHOIBOS 150 EP MCD-9 analyzer at the Chemistry Division of Brookhaven National Laboratory



(BNL) was used for XPS analysis. The Ce 3d photoemission line with the strongest Ce** feature
(9169 eV) was used for the energy calibration. The powder sample (Pt-CeO, catalyst) was pressed
on an aluminum plate and then loaded into the AP-XPS chamber. 10 mTorr of H, or 10 mTorr of
CO + 23 mTorr of H,O was leaked into the reaction chamber through a high precision leak valve.
O 1s, Ce 4d, Pt 4f, and Pt valence band XPS regions were collected at 300 K under the reaction
gas environment.

X-Ray Absorption Spectroscopy and Resonant Inelastic X-ray Scattering. X-ray absorption
spectroscopy (XAS) and Resonant Inelastic X-ray Scattering (RIXS) were performed at Beamline
20-ID-C of the Advanced Photon Source (APS), Argonne National Laboratory. The sample
powders were loaded in a quartz tubing (2 mm I.D., 2.4 mm O.D.) and mounted in a Clausen cell.*
The incident beam was monochromatized with a Si (111) monochromator and focused using a
toroidal mirror. Harmonic rejection was also provided by the toroidal mirror. A pair of slits were
used to define the beam to a size of 300 wm horizontally and 200 um vertically. The energy scale
was calibrated by defining the first derivative maximum of Pt foil as 11564.00 eV. The XAS data
were collected in fluorescence mode by using a Vortex (Hitachi) silicon drift detector.

The emission spectra were obtained using a 100 mm diameter spherical, strip-bent crystal
analyzer of 0.5 m bending radius. The analyzer was acquired from XRS Tech LLC, New Jersey.
The (933) reflection was used to measure the valence band emission. The scattering angle was at
90 degrees to minimize the intensity of the elastic peak. The scattered radiation was detected using
a Dectris Pilatus 100K area detector. A region of interest that encloses the area encountered by the
scattered radiation was carefully chosen to minimize background scattering and maximize the
signal-to-noise. The instrumental energy resolution was determined to ~ 2.7 eV by monitoring the

FWHM of the elastic scattering line from a thin Kapton sheet.



Computational. All the calculations are performed with density functional theory (DFT) using
the projector augmented wave (PAW) method**-3! as implemented in the Vienna ab initio
simulation package (VASP)?? with a plane-wave energy cutoff of 500 eV. The generalized gradient
approximation (GGA) of DFT in the form of the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional® is used. Ce semi-core states (5s, 5p and 5d) are treated explicitly as valence
electrons in the pseudopotential, and the Ce 4f electrons are treated with the DFT+U method** with
an effective Hubbard U of 5.0 eV, The optimized lattice constant of bulk CeO, is 5.50 A, which
is about 1.6% longer than 5.41 A measured in the experiment.3” A similar trend of overestimation
of lattice constant using PBE+U is known in the literature.*® The Pt-passivated CeO, (100) slab is
modeled with seven Ce layers and eight oxygen layers without surface reconstruction, and the
central O-Ce-O trilayer fixed at the bulk geometry during structure optimization. A vacuum layer
of 15 A along the z direction is used in the slab model to prevent spurious interactions of image
cells. The Brillouin zone of this slab model is sampled with a 6 x 6 x 1 I'-centered k-point grid.
At the end of the structure optimization, forces on each atom are less than 0.01 eV A, Fully
optimized atomic models were obtained from DFT, including Pt on a cuboctahedral CesOs
nanopaticle and several CeO, (100) slab models. Structural parameters from these models, such as
Pt-O and Pt-Ce distances and Pt coordination numbers, were used to corroborate results from the
EXAFS measurement. The charge state of Pt was determined from Bader charge analysis* in order

to corroborate the XPS measurement.

RESULTS AND DISCUSSION
In this section, we first introduce a new method which, based on the data presented, yields

materials carrying high concentrations of single-Pt-atom sites that are localized at the ambient



(gas-phase-contacting) surfaces of the nanoscale ceria support. The very low mass fraction of other
bonded forms of Pt, whether present as bulk dopants or surface-bound clusters (Pt-metal or PtO,,
vide infra) make it possible to extract more meaningful conclusions from multimodal methods of
structural characterization that are complicated by ensemble averaging when applied to a
heterogeneously speciated system.*

The synthetic method that we developed for preparing Pt/CeO, SAC is shown schematically in
Figure 1. It was exploited to generate (vide infra) the materials comprised of nearly homogeneous
dispersions of the single-surface Pt atoms on CeO,—a hydrothermal sol-gel process that deposits
Pt-doped Ce(OH)CO; nanoparticles as a precursor on the surface of a commercial CeO, support
material 414> Subsequent calcination leads to a structural transformation of the precursor phase to
supported CeO, nanoparticles bearing isolated Pt atoms on their surface. The sol-based
“impregnation” process serves to effectively increase the numbers of Pt atoms present at the
surface of the support. Although not a subject considered in depth in the current report, this method
can be used to generate hybrid Pt/CeO, SACs supported on other oxide support materials—SiO,
and ALO; as notable exemplars—with appropriate modifications made to the reported synthetic
methods. Compared to incipient wetness impregnation*>#5 and solution combustion*é-#®, synthetic
approaches that have been reported for the preparation of ceria -supported Pt-SACs, the new
developed synthetic method improves the weight loading of metal atoms on the surface of the
support. In the case of incipient wetness impregnation, metal weight loadings below 0.5% are
generally required to avoid aggregation of Pt-precursor species into clusters.*-4° Subsequent etch-
back processes also have been described that make it possible to remove Pt atoms that are present
in cluster-like speciations, but the impact of these procedures on the chemistry of active supports

such as ceria have not been fully established.!* Solution combustion synthesis, on the other hand,



is less efficient in generating surface localizations of the Pt, producing instead significant
populations of bulk/substitutional habits of Pt atoms with complex/heterogeneously speciated

metal atom-support coordination environments.
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Figure 1. Preparation schematic of single atom Pt on CeO,. Exclusion of the Ce(NO;); precursor

results in PtOy clusters on CeO, while exclusion of H,PtCl, results in CeO, on CeO,.

In the section that follows we describe the structure of the as-prepared Pt/CeQO, catalyst,
documenting features of the conversion of precursor phases that mediate its formation. The
correlated data from multimodal techniques address questions that include: 1) the nature of the
homogeneous speciation of the single atoms catalysts obtained via a new preparative method
(investigations combining STEM, CO-chemisorption examined via DRIFTS, XPS and XAS); 2)
the valence state of singly disposed Pt atoms present on the ceria surface (investigations of CO-
chemisorption combining DRIFTS and XPS); 3) the nature of the complex interactions that occur
between single Pt atom sites and the ceria support, the substantial near-surface structural
modifications they elicit, and their effect on the electronic properties of the Pt atom sites
(correlated data combining XPS, RIXS, and XAS measurements); and 4) the unexpected geometry
that defines the bonding of single Pt atoms to the ceria support (insights from the correlations of
XPS and XAS data with DFT calculations).

The structure of the synthesized materials obtained following the final calcination step at 773 K

was examined by STEM (Figure 2). The crystalline structure of the ceria support is clearly revealed



by the representative STEM data shown in Figure 2a. The deposition of Pt on this material by a
conventional incipient wetness method (see experimental methods) yields, after calcination, large
(1.5-2 nm) PtOy clusters on the surface of the commercial CeO; (Figure 2b), a result consistent
with previously reported literature. The ceria sol-impregnation method of Figure 1 yields a very
different material post calcination. In this case the STEM data reveal (via Z-contrast) the presence
of isolated Pt atoms concentrated on the surface of regions of sol-derived CeO, (Figure 2¢). The
data presented here (and that which follows) demonstrate that the sol-process makes it possible to
obtain isolated Pt surface atoms at high effective mass coverages. We note that interpretations of
the STEM data (that presented in the figure and others as shown in Figure S1) remain somewhat
qualitative due to the poor Z-contrast of Pt against a more intense Ce-dominated background. This
is most evident in the determining the positions of the isolated Pt atoms relative to the surface of
a CeO; substrate when viewing regions precisely aligned along a zone axis (these materials are
also highly sensitive to radiation damage due to the mobility of the Pt surface atoms seen under
the 300 keV beam). As we show below, XAS data allow a more quantitative determination of the
surface speciation and coordination environments of the Pt single atoms which, when
complemented with computational modeling, provides locations and structural trends for the atoms
on the surface of the CeO» support. Even so, while a thorough STEM examination of the materials
has not resulted in observation of Pt-based clusters or nanoparticles, an independent verification
of the absence of such speciations remains an important requirement. To address this concern, we
performed CO-chemisorption studies monitored by DRIFTS—a technique that detects all Pt
surface atoms present—to confirm the uniform single atom speciation and, in conjunction with

XPS data, determine their oxidation state(s). These data are presented in the section that follows.



Figure 2. Scanning transmission electron micrographs of (a) unmodified ceria support, (b) PtO,

clusters on ceria support as produced via a traditional incipient wetness method and (c) isolated Pt
atoms on the surface of deposited CeO, as produced via the CeO, sol-impregnation method
detailed in Figure 1. Scale bars are 2 nm. Additional images of the PtO, cluster and single atom
samples can be found in Figure S1. STEM images of a sample prepared via the sol-gel-based

synthesis with the Pt precursor excluded can be found in Figure S2.

DRIFTS data for two forms of Pt supported on ceria are shown in Figure 3—the first for a
standard sample of the larger (1.5-2 nm) PtOx clusters (Fig. 2b) afforded by an incipient wetness
preparation method and the second for the sol-derived SACs. As shown in Figure 3(a),
characteristic peaks appear between 1700 and 2300 cm' corresponding to the
vibrational/stretching modes of CO adsorbed on Pt sites. The peak at 2170 cm™! is due to gas-phase
molecules, and it disappeared after the CO is flushed away. The peaks at about 2090 and 2045 cmr
I'are assigned to the modes of CO molecules adsorbed atop a Pt atom.>*>! The peak at about 1835
cm! is assigned to CO molecules bound to a bridge site.’> Binding at the latter site is only seen for
the PtO, cluster sample. This species is also very weakly bound, being lost when the CO
overpressure is removed (the atop-site bonding persists, suggesting higher binding energy for this

moiety). It is also noteworthy that the highly asymmetric line shape for the atop species on PtO,



strongly supports bonding interactions occurring at heterogeneously speciated Pt sites, a point we
discuss in more detail below. These data demonstrate a heterogeneity that likely convolves
distinctions of both composition and valence state within these clusters (vide supra). For the Pt
SACs, a single narrow yet intense mode is seen, one assignable to CO bound atop single metal
sites. The frequency of this mode, appearing at 2090 cm!, is consistent with bonding interactions
of CO on a higher valence (Pt>*) site. The additional mode seen for the PtO, clusters, a peak
centered at ~2045 cm’!, corresponds to an atop bonded CO molecule on Pt°.*> While the CO probe
gas may partially reduce the PtO, clusters, examination of the XPS measurement of the as-prepared
sample demonstrates an initial population of Pt atoms. The Pt SAC sample displays a very weak
feature centered at ~2045 cm!, but this may be attributed to noise due to the lack of such a feature
in the CO adsorption curve and the lack of evidence for a Pt° speciation in the XPS data. The data
therefore strongly support the presence of a significant density of single higher valence Pt®* surface
atoms in the SAC material, which contrasts markedly with the heterogeneous, mixed valence
Pt>+/Pt speciation seen for the PtO, clusters. The assignments for the formal oxidation states of the
Pt present in each case follow more conclusively from the data of XPS studies.

Exemplary XPS data for the materials examined above are shown in Figure 3(b). Again, for
purposes of comparison, Pt 4f XPS core level data for both ceria supported SAC and PtO, materials
are presented in the figure. For the PtOy cluster sample, the spectrum is well fit by two groups of
peaks (one group in blue and one group in green). The binding energies of these components
support an assignment of the Pt oxidation state in the one case (green) to Pt°, and the other (blue)
to Pt>*. For Pt°, the experimentally observed binding energy of the Pt-4f;,core level is 71.5 eV and
73.1 eV for the Pt** species. These values are slightly higher than those reported for reference

compounds with these oxidation states, a shift that is likely a result of the final state effects from



bonding perturbations due to the CeO, support and/or the small size of the PtO, clusters.*> For
the SACs, it is most significant that no contributions assignable to Pt° are evidenced, confirming
the homogeneity of Pt** sites in the single atom sample in contrast to the mixed Pt**/Pt® speciation
of the materials obtained via standard solution-based impregnation methods.

The valence band spectrum of Pt SACs on CeO, was measured to examine the valence electronic
structure of near surface Pt and Ce atoms. As references, the spectra of a Pt foil, CeO,, as-prepared
PtO,/CeQ,, and Pt NPs/CeO, reduced in H, were also collected (Figure 3c). For Pt foil, the valence
electronic structure is dominated by a broad partially occupied 5d-band in the region of -1.0 to 8.0
eV 3657 For CeQ,, the valence band structure is dominant in the range of 2.0 to 8.0 eV, and the
broad feature seen here is due to hybridized O 2p states.’®*° The valence band spectra of all the
various Pt/CeO, samples are similar to that of CeO,, which is expected because of its dominant
mass fraction in all of the latter samples. In Figure 3(c), the vertical line shows the positions of the
maxima of XPS spectra for CeO, standard and various samples. For the as-prepared SAC sample,
the maximum shifts towards lower binding energy while for the as-prepared PtO, sample it shifts
towards higher binding energy. After the clusters in the latter sample are reduced, the maximum
shifts back, and is very close to that of the CeO, standard. In addition, a weak peak appears after
reduction at about 1.6 eV. This peak is due to the splitting of Ce 4f states and can be assigned to
the occupied (Ce?*) Ce 4f state.®-% For the as-prepared samples, the shifts relative to CeO, standard
illustrate the different strong support interactions that occur between Pt and ceria, ones causing the

marked electronic structure changes for both CeO, and Pt atom sites.
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Figure 3. (a) DRIFTS spectra after CO adsorption (red) and CO desorption (black) of PtO; clusters
on CeO, (incipient wetness sample) and Pt single atoms on CeO, (sol-impregnation sample).
Characteristic peaks for CO in the gas-phase (2170 cm™'), adsorbed atop Pt>* or Pt° (2090 and 2045
cm’!, respectively), and bound to a bridge site (1835 cm™) are noted. (b) The Pt 4f region of XPS
spectra for the PtO, cluster and Pt single atom samples with Pt** (blue) and Pt° (green) fitting
curves. (¢) Valence band XPS spectra of the afforementioned samples with the addition of Pt foil,
commercial CeQ,, and H, treated (20 mTorr H, at 623K for 30 minutes) PtO, on CeO, (noted Pt

NP/CeOQ,) samples for comparison.

To more completely examine the electronic structure of the Pt SACs, we performed RIXS
measurements. Figure 4 shows the RIXS planes of the Pt SAC materials on CeO,, metallic Pt

nanoparticles supported on carbon as taken from previous work®, along with the data for PtO, and



Pt foil standards. The horizontal axis is the incident energy, scanned across the Pt L; edge energy
(11564 eV). The vertical axis is the energy transfer representing the energy difference between the
incident and emitted photon energies. The RIXS process can be viewed schematically as one
including three states and two steps.®>¢ In Step 1, starting from the initial state, the incident photon
excites a core level Pt 2p electron to unoccupied Pt 5d valence states, which leads to the creation
of an intermediate state with a core hole left at the core level. In the following step, from the
intermediate state, an electron from the occupied region of the Pt 5d valence state fills the core
hole, producing the photon emission that yields the final state configuration. The RIXS planes
therefore provide information related to both the unoccupied and occupied regions of the Pt 5d
states. The energy transfer, here, arises from valence excitations. In the current RIXS data (Figure
4), the main features observed are due to the transitions occurring between occupied and
unoccupied Pt 5d (dd) states. In RIXS planes, the zero-energy transfer point corresponds to the
position of the elastic peak, which serves for energy calibration purpose and indicates the state in
which no energy is deposited into the sample. For a Pt foil, the elastic peak and the valence-band
excitations merge together (Figure 4a), as expected for a case where the Fermi level lies within a
partially filled band. For PtO,, a material with a bandgap in the range of 1.3-1.8 €V, a gap is seen
between the elastic peak (zero energy transfer) and the lowest unoccupied 5d electronic states, one
corresponding to a gap between the unoccupied 5d and occupied 5d states, with the Fermi level
lying in the gap. The merging of the elastic peak and the valence-band excitations has been
reported to occur in a simulated Pts; cluster®, a simulated Pts cluster, and a 2 wt% Pt/AL,O; sample
with a particle size about 1 nm.%” The latter observations affirm the metallic electronic structure of
the small Pt clusters in these cases. For both the Pt single atom sample and nanoparticles samples,

as shown in Figure 4(c) and (d), the d band features lower than the 2eV in energy transfer could



not be observed due to the strong background from the elastic peak. Despite that, a notable
difference is observed in the shape of the RIXS signal for the Pt SAC material on ceria as compared
to that for a C-supported sample of metallic Pt NPs. We see here that for both the Pt foil and Pt
nanoparticle sample, the contribution of d band tails along the diagonal of the RIXS plane (shown
by white line in Figure 4 (a) and (d)), which corresponds to a scan of the incident energy at the
fixed emission energy. Such emission energy is associated with the transition between the
occupied Pt 5d to Pt 2p levels. For PtO, and Pt single atoms sample, similar features are not
observed, instead the contribution of d band tails along the vertical axis due to the Pt 5d-O 2p
transitions that occur at higher energy transfer, suggesting the localized character of the Pt 5d
states.® The similarity between the RIXS behavior in PtO, and Pt SAC sample validates this
hypothesis because in both samples Pt is bonded to the O atoms (XAS data described below

provide an independent support of this conclusion as well).
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Figure 4. RIXS planes measured across Pt L; edge for (a) Pt foil and (b) PtO, standards, (c) Pt
single atoms on CeO, and (d) Pt NPs on carbon from a previous work (reproduced with

persmission, Ref. %)



XANES spectra in Figure 5a further document the strong interaction occurring between Pt and
O in the ceria-supported single atom sample. For the SAC, the white line at about 11565 eV is
quite high and closely resembles that of PtO>. A reference material for this part of the study was
generated by in-situ reduction of the PtO, nanoparticles (the material present in Figure 2b) in a H»
atmosphere (as described in the Methods section). The intensity of white line seen in this case is
similar to that of Pt foil, suggesting the metallic nature of the nanoparticles present in the reduced
sample. Though the white line of single atoms sample is similar to that of PtO,, the XANES
spectrum of the single atoms sample shows distinct features in the energy range of 11570 to 11630
eV. Important differences between the spectra of the SAC and PtO, samples are also observed in
EXAFS region, ones that include: 1) in k-space spectra (Figure 5b), in addition to the lower
oscillation amplitude, the spectrum of the single atoms sample shows different shapes in the range
of 6 to 9 A''; and 2) in R-space (Figure 5¢), though each of the spectra for PtO, and SAC samples
have a pronounced peak at about 1.5 A which is assigned to Pt-O contribution, the PtO, data
contains two additional pronounced peaks in the range of 2.5 to 4.0 A, while in the same region,
the SAC data show a contrasting relatively strong peak at about 2.8 A and weak features in the
range of 3 —4 A. For PtO,, the additional two peaks in the range of 2.5 to 4.0 A are contributed by
the second coordination shell (Pt-Pt) and Pt-O-Pt-O-Pt linear multiple scattering paths. The
spectrum of Pt foil in comparison shows two peaks in the region of 2.0 to 3.5 A, ones due to the
contribution of the first nearest Pt-Pt scattering path. The XAS spectrum of the reduced Pt
nanoparticles on ceria has similar spectral shape to that of Pt foil, but with a lower intensity of the
peaks, in agreement with the metallic and nanosized nature of the former sample. For the SAC
sample, the R-space EXAFS spectrum shows two peaks in the region of 2.0 to 3.0 A, with the

intensity of the shorter R-space distance peak being lower than the one at larger R values. In the



XAS data for a Pt foil, however, an opposing trend is seen. According to the above raw data
examination, we could conclude that the XAS spectra of the single atoms sample show unique
features in the region of 2.0 to 3.5 A. Such uniqueness could be also observed by comparing
wavelet transform (WT)-EXAFS (Figure S3) of the as-prepared Pt single atoms/ceria with reduced
Pt cluster/ceria, Pt foil and PtO,. Those features could not be explained by the contributions of Pt-
Pt in metal or oxide, suggesting a new Pt-X (most likely Pt-Ce) contribution should be considered

(more details about the tested models and best fitting results are presented in the following section).
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Figure 5. Pt L; edge XAS spectra of Pt single atoms on ceria support. For comparison, the XAS

spectra of standards (Pt foil and a-PtO,) and ceria supported Pt nanoparticles (after reduction in

H, of the PtOx cluster on CeO, sample; reduction condition: 3.5% H, (balance He) at 423K for 1



hour; data was collected at room temperature after the treatment) are included. (a) XANES, (b)
EXAFS spectra in k space, (¢) EXAFS spectra in R space, and (d) comparison of experimental
spectrum with the fit for the single atom sample. In Figure 5c, the k range used for Fourier
transform is 2.0 to 11.0 A-! for all spectra in the main figure. In Figure 5d, for the fitting, the k

range is 2.0 to 13.0 A and the R range is 1.0 to 3.5 A.

EXAFS data fitting was performed to quantify the nature of the local structural features present
around Pt in the ceria supported SACs. The XAS data were processed and analyzed using the
Ifeffit package®. The amplitude reduction factor S,* was determined by fitting the spectrum of Pt
foil, which was measured at the same beamline. This value of Sy? (0.83) was then used in fitting
the spectrum of the SAC sample. To fit the latter data, two possible models were considered and
tested. Model 1 included Pt-O, Pt-Pt and Pt-O paths, while Model 2 included Pt-O, Pt-Ce and Pt-
O paths. Only Model 2 provided reasonable results and good agreement between the experimental
and fitted spectra, as shown in Figure 5b, inset. The structural parameters for Pt-Pt, obtained by
using Model 1, are not physically reasonable and the fit quality is much worse than for Model 2.
The best fitting results are summarized in Table I. The absence of detectable (beyond the sensitivity
of EXAFS) Pt-Pt contributions confirms that in the SAC sample, Pt atoms are predominantly
singly dispersed, in agreement with the STEM and DRIFTs results discussed above. The fitting
results further suggest that the Pt in the SAC interacts strongly with the support as evidenced by

the significant contributions from Pt-O and Pt-Ce scattering paths.



Table 1. Summary of the best fit results as displayed in the Figure 5b inset.

Bond N R(A) 62(A?)

Pt-O | 4.2+0.1 | 1.995+0.002 | 0.0011+0.0005

Pt-Ce 4+1 3.34+0.01 0.006+0.001

Pt-O 5+1 3.57+0.01 0.004+0.005

Based on the EXAFS measurements of the as-prepared SAC sample, on average there are four
oxygen atoms that form the nearest-neighbor shell of Pt with a Pt-O bond length of 1.995 A and
four to five Ce atoms in the second nearest-neighbor shell of Pt with a Pt-Ce distance of 3.34 A.
These coordination numbers and distances pose strong geometric constraints to the local atomic
arrangement around the Pt atom, and allow us to rule out scenarios of a Pt atom embedded in the
ceria matrix or adsorbed on the clean ceria (111) surface. The most notable reason here is that the
Pt-O and Pt-Ce distances are far shorter than the corresponding Ce-O and Ce-Ce distances (2.34
and 3.83 A, respectively™), suggesting that a substantial local strain is generated in the nearest
vicinity of Pt atoms, of a magnitude suggesting a broader need to define precise placement sites of
the Pt on ceria support in ways that correspond to the observed Pt-O and Pt-Ce coordination
numbers and distances. To address this need, we performed theoretical DFT simulations, the
results of which are discussed below.

In order to search for a possible location of Pt eight candidate structures were examined, whose
structure models are shown in Figures 6, S4 and S5. We started from a previously reported
structure, where a single Pt atom is placed on one of the (100) nanofacets of a cuboctahedral
Ce4Os nanoparticle (NP) in a truncated octahedral shape with O-terminated (111) and very small

(100) nanofacets'’-7'73, Although the (100) surface is much less stable than the (111) surface of
g



ceria’, the (100) nanofacets are in fact abundant in ceria nanostructures’>”3. In this PtCe,Ogo NP
model, the Pt atom is surrounded by four O atoms in a square shape with the Pt-O bond length of
2.05 A7, in reasonable agreement with the EXAFS results. There are four Ce atoms in the second
shell”>, however the Pt-Ce distance has not been reported. As we will show below, the Pt-Ce
distance is the key result that favors our ceria (100) surface model over the reported PtCe,Ogy NP
model.

We performed the structure optimization of the PtCe.,Ogso NP model (see Figure S4 g), and found
that the average Pt-O bond length is 2.04 A, in close agreement with previous calculations™. The
Pt-Ce distance found in this optimized structure, however, turns out to be 3.05 A, a distance that
is almost 9% shorter than the 3.34 A value determined from the EXAFS data. To further investigate
whether the local structural motifs of the ceria support contribute to this discrepancy, we
constructed six slab models containing isolated Pt atoms on a small ceria cluster, mimicking the
(100) nanofacets, on the ceria (111) surface (Figures S4 and S5). We found that both the average
Pt-O bond length (2.03 10\) and Pt-Ce distance (3.07~3.08 10\) are similar to those in the PtCe4Oyg
NP model (see Table S1).

The underestimation of the Pt-Ce distance in these models can be attributed to the under-
coordination of Ce atoms. For example, in the PtCe;,Og NP model, Ce atoms in the second shell
of the Pt atoms are located at the edge of the (111) and (100) nanofacets, with a coordination
number of 6 as compared to 8 in the bulk ceria. As a consequence, the average Ce-O bond length
between the first shell O and the second shell Ce in the PtCe,,Ogo NP (2.343 10\) is 0.039 A shorter
than that calculated in the bulk (2.382 A). It is very likely that local structural motifs with less
under-coordinated Ce atoms in the second shell may have a longer Ce-O bond length and hence a

longer Pt-Ce distance. To verify this hypothesis, we constructed a model of a ceria (100) surface



fully passivated by Pt atoms as shown in Figure 6. The structure is kept symmetric in the surface
normal direction with Pt atoms occupying the hollow sites. Separate calculations show that Pt
atoms at the on-top sites are unstable. The unit cell, as shown in Figure 6a and b, has stoichiometric
CeO, plus 4 Pt atoms (two on each side) and 4 extra O atoms (Pt,/O,/CeO, (100)). Like the bulk,
all the second shell Ce atoms in this model have a coordination number of 8. This structure is
stable against separation into CeQO,, Pt and PtO, by 0.28 eV per Pt atom (see details of the reaction
energies in Table S2). Like the bulk, all the second shell Ce atoms in this model have a coordination
number of 8. As a result, both the Pt-O bond length (1.987 10\) and Pt-Ce distance (3.32 10\) are in
excellent agreement (within 0.5% relative error) with EXAFS measurements. Besides confirming
the experimental (XAS) results, theory plays additional role here. Our calculations revealed that
the average Ce-O bond length between the top layer O and the second layer Ce increases to 2.433
A, a significant local strain, given that the corresponding bond length in the bulk is 2.382 A. The
average Ce-O bond length between the second layer Ce and the third layer O is 2.364 A, slightly
shorter than the bulk value.

We further analyzed the charge state of Pt in this model using the Bader charge analysis*. The
resulting Bader is 1.079, which is close to the value of 0.944 in PtO, but far away from the value
of 1.770 in PtO,. Bader charge analysis indicates that the charge state of Pt in the ceria (100) model
is close to +2. In Fig. 6, we plot the Bader charge from theory against Pt 4f;, core level binding
energy of Pt foil, PtO, PtO, and the SAC sample before the chemical reaction. First we see that
there is a very clear linear relationship indicated by the dashed line between the Bader charge of
Pt and the Pt 4f;, binding energy. If we assume the Pt-passivated ceria (100) model has the same
binding energy as the SAC sample, then this data point falls on the dashed line, indicating that the

Pt-passivated ceria (100) model yields the correct charge state of Pt in the SAC sample. In addition



to that, in the Pt-passivated ceria (100) model, the Pt density is 6.6 atoms/nm?, i.e., close to that
estimated for the SAC sample (SI), which, again, validates the Pt,/O,/CeO, (100) structure (Figure

6).

a A A A A b Ox POt rCeO—2 433A 204 S
) i ¥ ) x x x f— rceo 64A *E}.OZ

-~ N S em \ : ‘ x x - ) .

(v) \ED{‘ ) - ’@/ .(--X— -x--x--)-.

X[ X X|» 0 P Toeo(bulk)

Pt SNCeO?\* PtO

Bader Charge

. vy (/\-; ¥ oo 1K - =2 382 A 054
(AXMX > <X 00 NN
o S S : oi
C o O <xix XD EN 73 72 7
f YWY WY % <« PP Binding Energy (eV)

Figure 6. Top (a) and side (b) views of the Pt-passivated ceria (100) surface (The 3D structure of
this model is shown in Figure S6). The structure consists of Pt atoms occupying the hollow sites
with 4 additional O atoms surrounding. Black lines indicate the unit cell. Pt: grey; Ce: light gold;
O: red. The dashed box in (b) indicates the central O-Ce-O trilayer fixed at the bulk geometry. (c)
Comparison of theoretical Bader charge with Pt 4f;, core level binding energy for Pt, PtO, and
PtO, standards (asterisk markers, theory) and Pt single atoms on CeO, and Pt foil (dot markers,

experiment).

CONCLUSIONS

In summary, we show the capability of determining the atomic and electronic structure of SACs
by employing a new multimodal approach which involves complimentary experimental techniques
(STEM, DRIFTS, XPS, RIXS and XAS) and DFT calculations on a model catalyst with single Pt
atoms (1.8% of weight loading) localized on the surface of ceria support. This characterization
approach provides detailed information of SACs: the position and geometry of single atoms on the

support, the bonding of the single atom with the support, the effects of single atoms to the



electronic structure of the support, the strain in the lattice due to the accommodation of single
atoms, and the charge state of the single atom, With this comprehensive information on structural
attributes of SACs provide by this approach, connections between synthesis and catalytic
properties could be made. For example, in studying the model catalyst of Pt/CeQ,, the Pt single
atom interacts with support by forming the Pt-O-Ce bonds which in some works is believed to be
a consequence of the strong metal-support interaction and therefore the reason for the high stability
of single atoms. However, in our ongoing work which studies the stability of Pt/CeO; in reduction
conditions (CO or Hy) at elevated temperatures we find that both the bonding between the metal
atoms with the support and the distance between isolated Pt atoms should be considered in
improving the thermal stability of SACs. Another important outcome of this work is that it
highlights the prospect of possible synergies that might exist between the activity of SACs and

strained surface states of their oxide support.
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