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Abstract and TOC

CO oxidation

Pt single site

Temperature
Pt single sites are highly attractive due to their high atom economy and can be

generated on CeO:2 by an oxidative high-temperature treatment. However, their
location and activity are strongly debated. Furthermore, reaction-driven structural
dynamics have not been addressed so far. Here, we were able to evidence Pt-
induced CeO:2 surface restructuring, locate Pt single sites on CeO:2 and track the
variation of the active state under reaction conditions using a complementary
approach of density functional theory calculations, in situ infrared spectroscopy,
operando high-energy-resolution fluorescence detected X-ray absorption
spectroscopy and catalytic CO (as well as CsHs and CHa4) oxidation. We find that the
onset of CO oxidation is linked to the migration of Pt single sites from four-fold hollow
sites to form small clusters containing few Pt atoms. This demonstrates that
operando studies on single sites are essential to assess their fate and the resulting

catalytic properties.

INTRODUCTION

Precious metals are extensively used as heterogeneous catalysts, with emission
control being one of the most important applications.? The costs and scarcity
associated with the use of noble metals motivates the search for solutions with

substantially reduced noble metal contents.?* Single atom catalysts (SAC) hold such



a promise as they lower the noble metal content significantly as all atoms are
potentially active species.>® Exploiting the strong noble metal support interaction
between Pt and CeO2, metallic Pt particles can be formed or — in contrast to weakly
interacting supports like Al203 — redispersed, with tremendous impact on the catalyst
activity.19-13 The preparation of SAC has been demonstrated for Pt, which can be
atomically dispersed when using CeO:2 as a support through an oxidizing treatment
at 800 °C.*4

However, the exact structure of the single sites, their reactivity and, particularly,
their state and dynamics during reaction are still unknown and heavily debated.*1516
The location of Pt single sites is claimed to range from surface adsorbates on {111}
ceria steps,”18 {111},1° {110}?°2! or {100}52223 ceria facets to surface?:?42° or bulk
Ce substitutes?6-28 forming Ce1-xPt?*xO2-v-composites. During change of the gas
atmosphere and of the temperature, the structure of the single sites may strongly
change resulting in a new and more active state. For example, after a high
temperature treatment strong Pt-O-Ce bonds are reported to over-stabilize the single
sites which are thus less active.?® During the catalytic oxidation, oxygen is suggested
to be provided by the support, while the reactant e.g. CO is adsorbed directly on
Pt,22:25 similar to Pt nanoparticles on CeO2.%° Bera et al. correlated the intensity of
the Pt-O-Ce bond observed by Extended X-ray Absorption Fine Structure (EXAFS)
measurements with the catalytic activity for Ce1-xPt?*xOz2.v,3! and Nie et al.?*
demonstrated that the catalytic activation of a Pt single atom catalyst can be
increased by steam treatment. It is suggested that this treatment leads to the
formation of Ce1-xPt**xO2-vyH-OH species that are catalytically more active than
Ce1-xPt?*x02-v.?* In contrast, other studies report an increase in catalytic activity after

a reductive treatment at temperatures below 300 °C.%32-34 Importantly, such



reductive treatment has been shown to induce segregation of highly dispersed Pt
generating small nanoparticles (< 2 nm) that are very active for CO- and CsHs
oxidation.®®

Despite of all these efforts, an in depth understanding of the influence of reaction
conditions on the stability of Pt single sites is still missing. This directly relates to the
assignment of the catalytic activity to specific active sites and whether these are
really the Pt single sites. Addressing this requires elaborate and systematic
operando studies. Particularly, combining complementary spectroscopic techniques
and DFT-calculations represents a powerful approach,3¢:3” which was exploited in
the present study.

Herein, we present a comprehensive investigation on the nature of atomically
dispersed platinum supported on CeOz, the dynamic changes enforced during
oxidation reactions and the impact on the assessment of the activity of such catalytic
systems. We use the complementary application of operando high-energy-resolution
fluorescence detected X-ray absorption spectroscopy (HERFD-XAS), in situ infrared
spectroscopy (IR), and density functional theory calculations (DFT) to track the

formation, fate and activity of Pt species during CO, CsHes and CHa4 oxidation.



RESULTS

Pt single sites and nanoparticles catalysts. A Pt/CeO: catalyst with a low
surface area of 28 m?/g, to prevent sintering and gain a stable support, was
hydrothermally treated (10% H20, 10% Oz, 800 °C, 16 h) to generate Pt single sites
(Pt-SS). Despite its low surface area (25 m?/g after hydrothermal aging), the low Pt
loading (0.94 wt.%) is significantly below a monolayer (ML; see Supplementary Fig.
14). A reference catalyst containing Pt nanoparticles (Pt-NP) was prepared by
reduction of Pt-SS at 400 °C (2% H: for 30 min).3>38 No Pt reflections were found for
both samples in the corresponding XRD patterns, indicating the presence of very
small Pt entities (Supplementary Fig. 1). TEM results (Fig. 1a and b) confirmed the
presence of small, homogenously distributed Pt nanoparticles of ~1 nm for the Pt-NP
sample, while no Pt particles were identified for the Pt-SS catalyst. According to the
X-ray photoelectron spectroscopy (XPS) measurements (Fig. 1c and d), the Pt
oxidation state is about O for Pt-NP (characterized by the Pt 4f doublet at 71.4/74.7
eV). In agreement with previous theoretical and experimental studies on Pt single
sites on CeOz, a predominant +2 oxidation state (72.9/76.2 eV) was found for the Pt-
SS,14222539 while the amount of Pt** species (74.3/77.6 eV) was only minor. Based
on surface quantitative analysis, the atomic ratios between Pt and Ce was estimated
to be 2.5:97.5 for Pt-SS (Pt single sites) and 2.0:98.0 for Pt-NP (Pt nanoparticles).
Considering that both catalysts contain the same amount of Pt and Ce, the higher
Pt/Ce atomic ratio of Pt-SS (by about 25%) reveals the presence of highly dispersed
Pt species, in line with the TEM observations. The corresponding Ce3d core-level
spectra for both catalysts are shown in Supplementary Fig. 12. For Pt-NP, the
content of Ce®* species (formed along with the reduction of Pt-SS, due to UHV-

conditions) was estimated to be 35 %.
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Fig. 1: Ex situ characterization of Pt-SS and Pt-NP. HAADF-STEM images of Pt-SS (a) and Pt-
NP including a particle size distribution (b). No Pt-particles were found for the Pt-SS catalyst, while
mono disperse particles around 1 nm where found for Pt-NP. XPS results show Pt to be in oxidation
state +2 in orange and partially +4 in red colour in case for the Pt-SS (c) and 0 (blue) for Pt-NP (d).
In contrast to Pt-NP, pronounced bands at 552 cm-! and 667 cm* were found in the Raman spectra
for Pt-SS (e). These features are characteristic for Pt/CeO2 materials typically assigned to Pt-O or
Pt-O-Ce and indicate a highly oxidized state of Pt-SS.

Raman spectroscopic characterization (Fig.1e) underlines these findings, showing
distinct features at 552 cm and 667 cm™ typical for the Pt-SS. These bands have
been previously assigned to vibrations originating from Pt-O or Pt-O-Ce bonds.2°4°

In contrast, these features were not found for the reduced Pt-NP sample.

Locating Pt single sites on CeO2. At first, we investigated the stability of Pt?*
(formal charge, cf. Fig. 1c and d) single atoms on the ceria support by means of DFT
calculations for various locations and binding geometries. Hereby, we considered Pt
adsorbed on the surface as well as Pt substituting a cerium atom on the surface and
in the bulk. CeO2{111}, CeO2{110}, Ce{100} as well as Ce02{211} and CeO2{221}
were taken for the surface adsorption and substitution of Pt. The latter represent
intersections between different facets and have local {100} and {110} geometries,

respectively (for detailed structures, see Supplementary Figs. 15-19).



We found that the stability of adsorbed Pt?* relative to PtOz2 (g) at 800 °C increases
from CeO2{111} (+2.16 eV) to CeO2{110} (+1.41 eV) and is the strongest for
Ce02{100} (+0.9 eV). Hence, the adsorption energy of Pt?* increases with an
increase of the coordination number of Pt adsorbed on the surface. Note, that a
single Pt?* atom being adsorbed on CeO2{100} at low coverage exhibits empty
neighbouring four-fold hollow sites resulting in an imperfect square planar geometry
(cf. inset in Fig. 2), where Pt?* is surrounded by only 3 oxygen atoms (cf.
Supplementary Fig. 17c). This can be overcome either by rearranging the surface
oxygen atoms, as Ce** is less sensitive to oxygen coordination (Pt>* adsorption
energy of +0.23 eV for a coverage of 0.25 ML), or by increasing the coverage of Pt?*
to 0.5 or 1 ML, which achieves +0.12 eV adsorption energy (for detailed structures
see Supplementary Fig. 17). The strong adsorption of Pt?* within the geometry of the
four-fold hollow site is observed at the {211} edge, which also exhibits {100} like
facets. In this case, we calculated the Pt?* adsorption to be 0.34 eV at low coverage
and 0.19 eV at a coverage of 1ML (see Supplementary Fig. 18). Substitution of Pt?*
into the ceria surface is calculated to be less stable (2.05 eV, 0.67 eV and 0.66 eV
for {111}, {110} and {221}, respectively) as is Pt** substitution into the bulk (2.28 eV).
Other adsorption geometries for Pt** as well as for Pt® have also been investigated
and are found, except at low coverage for {100}, to be less stable (all values are
given in Supplementary Table 5 and 6, as well as the corresponding phase
diagrams, Supplementary Figs. 21-25). For Pt°, the Bader charge analysis (cf.
Supplementary Table 11 and 12) showed to some extent an oxidation of Pt and a
corresponding reduction of Ce in most cases. For simplicity, these structures are

referred to as Pt°.



While the adsorption at 4 fold hollow sites is most favourable, the surface energy of
facets showing this geometry is much higher (11.1 eV/nm?for {100}) compared to the
close-packed {111} and {110} facets with 4.6 and 7.7 eV/nm?, respectively.** We
therefore speculate that the ceria support is initially primarily comprised of {111} and
{110} facets (including CeO2{221} intersection between them) and that the presence
of Pt?* atoms induces restructuring of the ceria surface creating 4-fold hollow sites as
it can be found on the {100} surface, where platinum adsorbs and is stabilized. This
would explain why these stable Pt-SS are formed during thermal treatment at 800 °C
but not at 500 °C (Fig. 2), since the restructuring of the ceria support is kinetically

hindered at low temperatures.183%

Fig. 2: Concept of the Pt-CeO; interaction. Illustration of Pt (e) nanoparticle redispersion and Pt
induced restructuring of the CeOz2 (inset: e Pt, - Ce, e O) support at high temperatures as well as

particle formation from the atomically dispersed state under reducing conditions.

In order to confirm the chemical and structural surroundings of Pt single sites as
determined by DFT modelling, the basic facets {111}, {110}, {100} (Fig. 3g-k), and
the edges {221} and {211} were used to fit experimental Extended X-ray Absorption
Fine Structure (EXAFS) spectroscopy data (Fig. 3a-e, Supplementary Fig. 2 and
Supplementary Table 1). Structures featuring shorter Pt-O bonds and additional
oxygen (Pt**-like structures; cf. Supplementary Fig. 2 and Supplementary Table 2)
were less suited to fit the EXAFS data. In agreement with the Gibbs free energy of

Pt?* adsorption on the {111} facet, a model based on this structure is not able to fit



the EXAFS spectrum (Fig. 3a). Especially, the first O coordination sphere at 1.59 A
is poorly represented by this configuration and the analogous structure on {110}
ceria (Fig. 3c). While Pt?* located in the four-fold hollow sites of the {100} facet is
able to render this feature, shells above 2.25 A are not reproduced correctly (Fig.
3e). In contrast, the theoretically calculated EXAFS data for Pt?* adsorbed at the
{211} edge (created during surface reconstruction) mimics very well the experimental

one (cf. Supplementary Fig. 2d; misfit factor of 3.3 %).
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Fig. 3: EXAFS analysis of the Pt-SS catalyst. Fourier transformed (FT) k3-weighed EXAFS data of Pt-
SS (a-e) and Pt-NP (f) recorded at the Pt Ls-edge (k-range: 3-12 A). Experimental data (blue) were fit (red)
using five possible locations for the Pt?* () ranging from an adsorbed species on {111} (a), {110} (c) or
{100} (e) CeO2 (e Pt, = Ce, @ O) facet to substituted species in the {111} (b) and {110} (d) facets. Bulk Pt

was used to fit Pt nanopatrticles (f). The corresponding structures are depicted in g-I.

Going from adsorbed to surface substituted Pt species, the fit improves
significantly for several exposed facets. Models with Pt>* substituted on the {110}
lattice (Fig. 3d, Supplementary Fig. 3 and Supplementary Table 3) can reproduce all
features within the fitting range (1.1-3.4 A; misfit factor of 2.2 %). In line with our DFT
calculations, the preferential location of Pt?* ions on the {110} ceria surface has been

also previously reported for isolated ions and for small PtOx clusters.?%?! Hence, by



benchmarking all relevant Pt adsorption and substitution sites from our DFT models
against the experimental findings, a direct spectroscopic assignment is provided:
Under oxidizing conditions at elevated temperatures Pt single sites are solely formed
at four-fold hollow sites on CeOz, i.e. as Pt?* substitute {110} or Pt?* adsorbate on
{211}, with perfect square planar geometry involving Pt-O-Ce bonds.

For the Pt-NP reference catalyst, EXAFS analysis (Fig. 3f) indicates an average Pt
particle diameter of 0.9-1.0 nm, confirming the findings from TEM characterization

(~1.1 nm; cf. Supplementary Fig. 5 and 6 and Supplementary Table 4).

Interaction of Pt single sites with gas adsorbates. Despite the identification of
the Pt location in ceria-supported single site catalysts being important, the interplay
with the components of the reaction gas mixture is a more relevant indicator for the
catalytic behaviour and structural variations. Moreover, the interaction with gas
molecules gives the opportunity to probe the presence of Pt on the ceria surface.
Hence, complementary UHV-FTIRS, DRIFTS and in situ HERFD-XAS
measurements were performed as a next step.

Using CO as probe molecule, the outermost layer of the catalyst material can be
selectively characterized by UHV-FTIRS and conventional DRIFTS. Note that
conventional DRIFTS at 298 K in CO may be critical as it can change the sample but
serves as a good reference point to other studies that report a band at 2090 cm to
be an indicator of Pt-SS.1442 Thus the Pt-SS catalyst was exposed at first in a UHV-
FTIRS to 0.01 mbar CO at a low temperature of 113 K. Three features at 2179 cm-?,
2161 cm* (Fig. 4a, red) and 2129 cm appear. Previous results indicate that the IR-
band at about 2170 cm™ can be attributed to the CO adsorption at Ce3* defect
sites.*® This assignment could be confirmed also in the present study, with pure ceria

showing one distinct feature at 2168 cm™ (Fig. 4d, e and Supplementary Fig. 7). For

10



the Pt-SS catalyst, the band corresponding to CO adsorption on pure CeO:z is slightly
shifted towards lower wavenumbers (2161 cm™). This could be due to the rather high
extent of Pt substitution/adsorption affecting the chemical environment of nearly
50 % of the CeO:2 surface and thus the adsorption sites, even if Pt is not the next
nearest neighbour (cf. Supplementary Fig. 13 and 14). It could also be caused by the
slight restructuring of the CeO:2 surface induced during Pt single site formation. Since
direct CO-adsorption on oxidized Pt species results in CO vibrations located
between 2090 and 2140 cm,*2 the feature at 2129 cm* was assigned to CO
physisorption on oxidized Pt?* species by DFT calculations (Fig. 4f and
Supplementary Table 8). The largely blue-shifted feature at 2179 cm can be only
attributed to CO adsorbed on surface Ce ions in the direct vicinity of Pt. Given that
the approach using IR and CO adsorption is extremely sensitive to the outermost
surface of catalysts, the observation of the predominant peak at 2179 cm? indicates
that Pt-substitution occurs at the ceria surface. DFT calculations of the vibrational
frequencies for Pt single sites and different pure ceria facets confirm these
assignments and especially the blue shift due to Pt-substitution (cf. Supplementary
Table 8). Overall, there is a good agreement between computed and experimental
frequencies (Fig. 4). The intensity difference of the CO bands observed in Fig. 4a
could be explained in terms of the different transition dipole moments (TDM) of the
vibrations** as well as the low surface concentration of highly dispersed Pt single
atoms.

For the same Pt-SS sample, predominant adsorption of CO on Pt was observed at
higher temperatures (298 K) and CO patrtial pressure (20 mbar), which resulted in a
distinctive band at 2090 cm* (Fig. 4b). This feature has been earlier reported for

single site Pt species and, thus, our catalyst is analogous to those reported in

11



literature.1#4? According to our DFT calculations, however, a slight distortion of Pt?*
(by 0.8 A) is observed upon CO chemisorption (see Supplementary Fig. 26). As
illustrated in Fig. 4g, Pt is relocated out of the four-fold hollow sites of CeO2. This
evolution of the single site is further supported by the UHV-FTIRS data obtained for
a Pt/CeO2 sample thermally treated at milder conditions (10 % O2 at 600 °C; Fig. 4a,
black). As we previously reported, at such lower temperatures an oxidative treatment
leads to highly dispersed and oxidized Pt species on the surface of Ce02.%° In line
with the prediction of the DFT calculations and EXAFS analysis, the absence of the
IR band around 2090 cm for Pt-SS under UHV conditions is a direct evidence for a
Pt-induced restructuring of the CeO: surface creating additional four fold hollow sites
for Pt?>* adsorption at 800 °C. Furthermore, the appearance of a feature at 2090 cm™
at higher CO partial pressure and temperatures clearly shows the change of the
single site local structure already at room temperature, which is once again in
agreement with our DFT calculations. Note that due to the lower binding energy of
CO on CeOg2, only a weak feature at 2167 cm™ was found in DRIFTS (Fig. 4b).
Additionally, some CO physisorbed on remaining Pt?>* species led to the appearance
of the IR band at 2121 cm™.

Complementary to IR spectroscopy we applied HERFD-XANES spectroscopy, as it
allows element specific detection of changes in the local structure, coordination and
interaction with different ligands due to its high energy resolution*64” and showed
already promising results for other classes of single atom catalysts.*® After an
oxidative treatment in 10% O2 at 500 °C followed by a subsequent cooling, Pt-SS
exhibits a distinct white line feature at 11,567.6 eV (Fig. 4c and Supplementary Fig.
10f). Its intensity significantly decreases during a dropout of oxygen and exposure to

an inert gas atmosphere. Sofanova et al. found a similar pronounced response of the

12



white line intensity for a Pt/Al203 catalyst containing Pt-nanopatrticles.8 In their
study, the interaction with oxygen led to an increased white line due to the partial
oxidation of the pre-reduced Pt-species. According to the XPS and EXAFS analysis,
the oxidation state of Pt was found to be +2 for the Pt-SS sample. Therefore, the
decrease of the white line during the change from an oxidizing to an inert
atmosphere is traced back to the desorption of adsorbed oxygen. This assumption is
supported by FDMNES calculations (cf. details in the Supplementary discussion) of
Pt**/{110}-CeO2 and Pt**-02/{110}-CeO2 with interfacial oxygen between the noble
metal and CeO: (cf. Fig. 6 and Supplementary Fig. 29). In comparison to the Pt state

in an inert atmosphere, the switch to 1000 ppm CO/He causes a minor shift of the
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confirm the location of Pt-SS in the utmost layer of CeOx.
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white line towards lower adsorption energies by 0.5 eV. This is in contrast to the
reported behaviour of Pt-nanoparticles on Al20s, where the white line is more
pronouncedly shifted towards higher energies due to the adsorption of CO bridging

two Pt atoms.46

We thus conclude that the distinct variation of the near edge region upon changes
in reaction mixture demonstrates two characteristics of Pt single site species: The
majority of Pt sites is located on the surface of CeO2 and adsorption/desorption of
gas phase species occurs even at room temperature. This is supported by our IR
results (Fig. 4a) and in line with reports using surface sensitive characterization
techniques like low energy ion scattering (LEIS) or XPS, as well as theoretical
calculations.®21 Hence, both, the Pt-SS and Pt-NP catalyst, provide Pt on the

surface and are ideal for comparison in catalytic tests.

Oxidation activity of Pt single sites. The CO, CsHs and CHa4 oxidation activity of
Pt-SS under oxygen rich conditions was thus compared to that of Pt-NP (Fig. 5). In
all three cases, Pt-NP showed a higher catalytic activity than Pt-SS, with the
difference in Tso (temperature of 50% conversion) being 125 °C and 66 °C for CO
and CsHs oxidation, respectively. The high activity of such Pt-NP is well known in
literature.® In case of CH4 oxidation, Pt-SS reached a maximum of 10 % conversion
at 500 °C, which is in a similar order of magnitude as that obtained for the Pt single
site catalyst supported on Fe203.%° In contrast, the same conversion was measured
below 300 °C for Pt-NP and over 90% CHa4 oxidation was achieved at 420 °C for the
same catalyst. The beneficial effect of a pre-reduction step was also found on Pd-

based CHas-oxidation catalysts.>%51 However, above 460 °C, the catalytic

14



performance decreases again, which may be due to in situ reoxidation or even
redispersion of Pt in lean reaction mixtures in an excess of oxygen.3®

The catalytic activity for CO, CsHes and CH4 oxidation data indicates that despite of
the maximum noble metal dispersion in the Pt-SS sample, this catalyst is
outperformed by the Pt-NP during heating in the reaction mixture. As in Pt-NP the
number of surface sites is lower than in Pt-SS, the TOF is even higher for Pt-NP.
However, during cooling, Pt-NP (Ts0=171 °C) and Pt-SS (Ts0=175 °C) exhibit a very
similar CO oxidation activity. Small Pt nanoparticles deactivate due to their oxidation
and redispersion above 400 °C.%> A normal hysteresis as found for Pt-SS is usually
observed for larger Pt particles.>? These variations in catalytic activity can originate
from heat effects or structural changes during the transient measurements.> Such
phenomena were found to be less pronounced for CsHs or CH4 oxidation (Fig. 5b
and c). Hence, the possible structural variations of the single sites in Pt-SS were

followed by operando (HERFD-) XAS investigations during CO conversion.
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Fig. 5: Oxidation activity of Pt-SS and Pt-NP. Light-off curves during heating (10 K/min; dark
colours) and cooling (light colours) of Pt-SS (red) and Pt-NP (blue) in a lean reaction mixture (8% O
in N2) containing 1000 ppm CO (a), 1000 ppm CsHe (b) and 1000 ppm CHa4 (c). Pt-NP is superior to

Pt-SS in terms of oxidation performance.

Operando tracking of Pt single sites. The CO-conversion during operando XAS
and the oxidation state in terms of reduced Pt° (for spectra cf. Supplementary Fig.

11) are shown in Fig. 6a. In line with the laboratory tests, high CO conversion was
15



reached for Pt-NP below 100 °C and only above 200 °C for Pt-SS during the
operando conventional XAS experiments. Pt-NP kept its initial oxidation state (77-
79% reduced Pt) until full CO conversion was reached and is strongly oxidized at
higher temperatures. In contrast, the as prepared Pt-SS catalyst was already highly
oxidized in its initial state. Up to 150 °C no structural changes occurred for this
sample, with little to no CO conversion. Only when Pt was reduced to a considerable
extent (fraction of 38 % Pt° at 220 °C), CO conversion set in (Fig. 6a). The structural
changes during the operando tests seem to be reversible: EXAFS analysis of Pt-SS
before and after the catalytic tests confirmed the same single site structure for both
catalyst states (cf. Supplementary Fig. 8). Consecutive light-off tests to 500 °C
showed Pt-SS to be rather stable as well (cf. Supplementary Fig. 9). The structural
changes occurring during start of CO-oxidation in the Pt-SS catalyst are difficult to
derive from conventional XAS. Therefore, HERFD-XANES was additionally
employed on Pt-SS to separate the plain reduction of single sites from restructuring
processes.

HERFD-XANES spectra collected for the Pt-SS catalysts in reaction mixture (Fig.
6b; 1000 ppm CO, 10% Oz in He), in a temperature range from 50-400 °C, show
pronounced changes in the white line position and intensity. First, a steep decrease
in intensity up to 150 °C is observed followed by a shift of the white line towards
lower adsorption energies. In order to interpret intermediate structural states in the
spectroscopic data, a linear combination analysis was performed using references
obtained by a Multivariate Curve Resolution-Alternating Least Squares algorithm
(MCR-ALS; cf. Supplementary Fig. 10)°45°, which has been demonstrated as a
highly efficient analysis method.>¢ Four reference states corresponding to Pt**, Pt?*,

more reduced Pt®*-CO as well as a Pt-cluster like Ptx®*-CO were extracted including
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Fig. 6: Spectroscopic assignment of the active state. CO-conversion and results (with standard error)

of the linear combination fitting of transiently recorded XANES spectra for Pt-SS and Pt-NP during heating
(5 K/min) in 1000 ppm CO and 10% O: (a). Operando HERFD-XANES spectra of Pt-SS at different
temperatures in reaction mixture (b; 1000 ppm CO, 10% O2) under steady state conditions using a WHSV
of 34,000 L/get/h. Catalytic activity during the HERFD-XANES experiments and fraction of Pt**, Pt?*, Pt3*
with adsorbed CO and Ptx®* cluster, obtained by LCA (c; with standard error) using references obtained
by MCR-ALS, experimental references (d), MCR-ALS derived references (e); and FDMNES calculated
HERFD-XANES (f) using relaxed Pt-SS structures on the {110} facet (indexed i-iii) and on the {111} facet
(indexed iv) determined by DFT and depicted in g). Proposed scheme of the reversible formation of
catalytically active Ptx®* cluster based on the operando HERFD-XANES results (g; e Pt, - Ce, @ O, e C).
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their quantitative distribution during heating in reaction mixture. The spectra of the
corresponding species were systematically assigned based on in situ HERFD-
XANES experiments (Fig. 6d and cf. Supplementary Fig. 10a and b) of Pt-SS under
oxidizing (10% O2/He) and reducing conditions (1000 ppm CO/He), bulk references,
XPS data (Fig. 1; assignment of Pt?* and Pt**), in situ UHV-FTIRS studies (Fig. 4;
assignment of Pt>*-CO), FEFF and FDMNES calculations (Figs. 6 and
Supplementary Fig. 29) of the XANES spectra using the respective structures
calculated by DFT (Fig. 69).

Considering the poor thermodynamic stability of Pt** species (Fig. 6g-i) on the
ceria surface irrespective of the exposed facet, the adsorption of oxygen occurs only
in the low temperature range on the highly stabilized Pt?* (Fig. 6g-ii) planar square
hollow sites at the {110} facet, {221} or {211} edges. Accordingly, Pt seems to reduce
during heating in 10% O2 as illustrated by the in situ HERFD-XANES results (cf.
Supplementary Fig. 10a). Complementary DFT calculations indicate that two types of
interfacial oxygen exist. The first type corresponds to adsorbed oxygen, which is
easily desorbed already at room temperature in an inert or CO containing
atmosphere. Consequently, it is not expected to participate in the oxidation reaction.
We identified two concurring structures that are very similar in energy but differ in
their local geometry and oxidation state of Pt (more details, cf. Supplementary Fig.
27). A similar behaviour for Pt** at a {211} edge was claimed by Kunwar et al.
involving molecular oxygen.® The second interfacial oxygen type appears due to the
localization of Pt?* at the four-fold hollow sites forming Pt-O-Ce bonds. Removing it
from the system and thus reducing Pt, which is known as a necessary step for the
CO oxidation onset, is rather difficult due to strong binding energies (cf.

Supplementary Tables 9 and 10).
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In contrast, regardless of their location on CeOz2, the adsorption of CO onto Pt?*
single sites is spontaneous with the {100} facet being most and {110} least favoured
(cf. Supplementary Table 9). Reducing conditions (cf. Supplementary Fig. 10b and e,
1000 ppm CO/He) lead to complete oxygen desorption at 50 °C and Pt?* is mainly
covered with CO at 100 °C (Fig. 4g and Fig. 6g-iii). Above 100 °C, Pt?* starts to
reduce to Pt®*-CO. The corresponding shift of the white line between 100-150 °C
towards higher absorption energies can be found as well during formation of Pt°
nanoparticles on Al203 due to the adsorption of CO.# Above 150 °C, the white line
shifts towards lower energies indicating the formation of small Ptx®* clusters (Fig. 69-
iv).

Hence, under reaction conditions (Fig. 6¢ and g), oxygen is desorbed from Pt**
sites (Fig. 6g-i) below 100 °C. Up to 150 °C, over 22% of the Pt species underwent
restructuring to Pt>*-CO sites (Fig. 6g-iii). Nevertheless, the catalyst remained
inactive in this state. This behaviour indicates that interfacial oxygen from CeO: is
not available for this reaction under such conditions (single site state, low
temperature), in line with our DFT calculations and recent studies.?%242° Qur results
now reveal that such Pt-O-Ce bonds can be broken at temperatures above 150 °C in
the reaction atmosphere applied here, leading to small Ptx®* entities (Fig. 6g-iv). A
similar CO assisted sintering in case of reducible supports was only proposed for a
Pd/Fes304 catalyst under model conditions by Parkinson et al. using scanning
tunnelling microscopy®’. Once the formation of these clusters (approximately 2% at
150 °C) occurred, CO conversion could be observed. Their major role for the
reaction course is clearly indicated by the further boost in CO oxidation activity at
higher temperatures and for larger amounts of Ptx®*. Considering the high

reproducibility of the light-off/light-out cycles as well as the virtually same Pt-SS site

19



structure before and after the catalytic test, we assume that the in situ formed Ptx®*
clusters contain only few Pt atoms, which reoxidize and redisperse during cooling
down in oxygen generating the initial Pt-SS state as described in the scheme in Fig.

69-i.

CONCLUSIONS

Complementary surface and bulk characterization techniques, substantiated by
DFT calculations allowed the detailed assignment of the Pt single site location on
ceria after a typical high-temperature treatment. During single site formation at
elevated temperatures planar square hollow positions, found e.g. at the {211} edge
or generated by restructuring of the ceria surface lattice on the {110} facet or {221}
edge, offer an ideal binding site for Pt?>* ions. UHV-FTIR results together with EXAFS
analysis and DFT calculations indicate that such noble metal induced CeOz2-
restructuring occurs above 600 °C. The operando HERFD-XAS and in situ UHV-
FTIRS investigations furthermore confirmed that these Pt-SS are available for the
adsorption and desorption of gas phase species even at low temperatures. Despite
the interaction and high dispersion, Pt-SS performed poorly in CO, C3Hs or CHa
oxidation compared to homogenously distributed Pt nanoparticles. DFT calculations
suggest that such behaviour originates from the inhibition of the oxygen supply in a
stable Pt?*-CeO: structure that can adsorb CO, as Pt?* reduction under the applied
testing conditions is thermodynamically disadvantageous for the system. Therefore,
higher temperatures are needed under lean conditions to initiate the generation of
active Ptx®* clusters. Such entities, most probably containing at least a few Pt atoms,

seem to be essential for CO oxidation. This outcome is supported by a higher activity
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of the same but pre-reduced catalyst, which becomes less active once the Pt sites
are redispersed under lean reaction conditions. During reaction light-out, the in situ
formed Ptx®* clusters reoxidize and redisperse to the initial single site state.
Consequently, the oxidation activity of Pt single sites is low, but highly reproducible
compared to Pt nanoparticles. Hence, the stabilization of highly dispersed reduced
clusters or higher dynamics of single sites on less interacting facets or different
supports could be a promising approach to efficiently use the noble metal and
maintain a high activity. In all cases, before concluding on the catalytic properties o
single site catalysts and, in more general, to fully understand catalytic properties,
tracking of the structure of the active species in situ upon interaction with the gas
atmosphere and operando upon reaction onset is required. The use of additional
complementary characterization tools, including theoretical DFT calculations, is
essential for deriving and accurate conclusion on the catalytic performance of the

active site.

f
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EXPERIMENTAL SECTION

Catalyst preparation

Commercial ceria (MEL chemicals) was calcined at 700 °C for 5 h in order to
reduce the amount of defect sites and triggering the formation of {111} facets (cf.
Supplementary Table 5). A robot controlled incipient wetness impregnation (IWI) was
performed using an Accelerator SLT106 Parallel Synthesizer — SLT CATIMPREG
(ChemSpeed Technologies).%8 First, 1 g of ceria was placed in a batch reactor, then
0.16 mL of a 25.8x10-3 molar tetraammineplatinum(ll) nitrate (99.995%, Sigmar-
Aldrich) solution were added and dried under reduced pressure for 20 min at 70 °C.
This step was repeated, until the desired platinum weight loading was achieved. The
Pt/CeO: catalyst denoted as Pt-single site (Pt-SS), was first calcined at 500 °C for 5
h and then hydrothermally (10% Oz and 10% H20 in N2) treated at 800 °C for 16 h.
The catalyst was cooled down in steam until ~200 °C, then in 10 % O2/N2 to room
temperature. For comparison, the same catalyst was reduced subsequently in 2% H:>
for 30 min at 400 °C to generate reduced Pt-nanopatrticles (Pt-NP). For the catalytic
tests and X-ray based characterization, Pt-NP was prepared in situ directly before

the measurements.

Catalytic activity tests

The CO oxidation activity of Pt-SS and Pt-NP was evaluated using 50 mg of the
granulated (125-250 um) catalyst powder diluted with 450 mg of SiO2 of the same
sieve fraction in a plug flow reactor (ID: 8.0 mm, OD: 10.0 mm). The temperature in
the reactor was monitored by two thermocouples up- and downstream of the catalyst
bed. The upstream thermocouple was also used to control the furnace. For the Light

Off (LO) tests, the catalyst was heated in an oxygen rich atmosphere (1000 ppm CO,
22



1000 ppm CsHs, 1000 ppm CH4 or 1000 ppm CO and 150 ppm CsHes and 8% O3)
from 50 °C to 500 °C with 10 K/min and hold at 500 °C for 1 h using a weight hourly
space velocity (WHSV) of 60,000 L/grt/h. These tests were repeated twice after each
treatment. The gas concentration in the product flow was monitored on-line by a
Fourier transformed infrared spectrometer (MultiGas™ 2030 FTIR Continuous Gas

Analyzer, MKS Instruments).

Ex situ characterization

ICP-OES — The composition and platinum loading of the catalyst were determined
by inductively coupled plasma optical emission spectrometry at the institute for
applied materials of the KIT (Karlsruhe, Germany). The measurement was repeated
two times. Prior to the analysis, the samples were digested using acids and high

pressure.

BET — The pore volume and specific surface area were evaluated by N2-
physisorption using the Brunauer-Emmett-Teller method.>® The samples were
pretreated at 300 °C under reduced pressure (BELprep Il, BEL Inc.). The N2

physisorption itself was performed using a BELsorp Il mini (BEL Inc.).

TEM — High angle annular dark-field imaging (HAADF) scanning transmission
electron microscopy was performed at the laboratory for electron microscopy at the
KIT (Karlsruhe, Germany) using a FEI Tecnai Osiris (Scanning) Transmission
Electron Microscope at 80-300 kV. The particle size evaluation of Pt-NP was
performed using ImageJ (version 1.52h). In total 557 particles were considered for

the distribution.
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XRD — Powder X-ray diffraction data were acquired in a 20 range of 20-100° with
a step size of 0.0162° using a Bruker D8 advance XRD. The mean crystallite size of
ceria for Pt-SS was determined by applying the Scherrer equation for the reflexes at

28°, 33° and 47° with a dimensionless shape factor of 0.94.

In situ characterization

A capillary micro reactor heated by a hot air gas blower (Oxford) was used as in
situ cell.®® Gases were dosed by mass flow controllers (Bronkhorst). The gas
concentration in the product flow was monitored on-line by a mass spectrometer
(Omnistar, Pfeiffer Vacuum) and a Fourier transformed infrared spectrometer
(MultiGas™ 2030 FTIR Continuous Gas Analyzer, MKS Instruments). For the tests,
the capillary reactor (1.5 mm outer diameter, 1.48 mm inner diameter) was loaded
with 14 mg of the granulated (100-200 pum) Pt/CeO:2 catalyst sample.

Conventional X-ray absorption spectroscopy (XAS) in fluorescence mode was
performed at the P65 beamline at the DESY (Hamburg, Germany). The incident
energy (Pt L3 edge) of the X-ray beam was pitched by a Si(111) crystal with an
energy resolution of 1.4 x 104. A 7 element Ge-detector was used to detect and
select the emitted radiation of the sample. The beam size was 0.8 mm in vertical and
2.0 mm in horizontal. Scans were performed in step scanning mode. For transient
measurements, X-ray absorption near edge spectra were collected from 11.413 to
11.905 keV, resulting in a time resolution of 11 min per scan or one spectrum every
55 K. For linear combination fitting, the as prepared Pt-SS was used as oxidized
reference and the in situ reduced Pt-NP as reduced reference. Extended X-ray
absorption fine structure spectra were recorded at room temperature in step

scanning mode. The acquisition range was set to 11.314 to 13.056 keV. For the
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EXAFS evaluation (details cf. Supplementary Table 2 and Supplementary Fig. 2), at
least 2 spectra were merged to improve signal quality. Reference samples were
measured as foil (Pt) or pellet (PtO2).

High-Energy-Resolution Fluorescence Detected X-ray Absorption Near Edge
Structure (HERFD XANES) measurements were recorded at the BM16/FAME-UHD
beamline at the ESRF (Grenoble, France). A Si(220) double crystal monochromator
was used to tune the incident energy (Pt L3 edge) on the sample and three Ge(660)
crystals were used to select the energy of the emitted fluorescence radiation (Lat
emission line). The beam size on the sample was set to 150 x 300 um. Spectra were
recorded in step scanning mode with an energy resolution of 1-2 eV. Operando and
in situ measurements were performed under steady state conditions. Ex situ
measurements of reference powder samples were performed using capillaries to
ensure the same geometry between incident beam, sample and detector.
References for the linear combination analysis were extracted from in situ data

recorded during TPR and TPO using the MCR-ALS method>*%,

Ab initio calculations of XANES spectra

Pt Ls edge XANES simulations were performed using the FDMNES®! code
(revision 01/2020). The self-consistent calculations were executed with the finite
difference method, resulting in better agreement®2.62 with the experimental data than
full multiple scattering approach and muffin tin approximation also implemented in
FDMNES. Real Hedin—Lundgvist exchange—correlation potential and no core hole
approximation were used. Parameters for ab initio XANES simulations were chosen
based on the best agreement with experimental data (see Fig. 6 and Supplementary

Fig. 29). For the comparison with experimental data, the calculated convoluted
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spectra were shifted in energy by AE to align the energy scale used in theoretical

calculations with the one of experimental spectra.
Density functional theory calculations

The density functional theory (DFT) calculations in this work are performed using
the Vienna Ab Initio Simulation Package (VASP)%485 in connection with the Atomic
Simulation Environment (ASE).%6 A plane-wave basis set with a cut-off energy of 450
eV, the projector augmented wave method (PAW)87:68 and the Bayesian Error
Estimation Functional with van der Waals correlations (BEEF-vdW)® exchange
correlation functional were used. Due to the presence of delocalized Ce f orbitals, we
applied GGA+U (U = 5.0 eV) method "0 in order to obtain more accurate energies.
The infinite slab models, used to represent different facets of CeO2, consist of a
three {110} or four {111, 100, 211 and 221} layers thick 2x2x1 unit-cells, separated
by more than 15 A of vacuum in z direction. We tested the validity of the CeO2 model
using 5 CeO: layers in the z-direction and found no significant difference (cf.
Supplementary Table 13 and Supplementary Fig. 30). Atoms in top two layers were
allowed to relax during geometry optimizations. The Brillouin zones were sampled
using (4x4x1) Monkhorst—Pack k-point grid”* for {111} and {110} facets, (6x6x1) for
{100} and (3x4x1) for {221} and {211} surfaces. The convergence criterion for
geometry optimizations was a maximum force of 0.01 eV/A. Spin polarization was
considered in all calculations. Vibrational analyses were carried out in the harmonic
approximation using finite difference with magnitude of displacements of 0.01 A.

Total DFT energies of reference materials are reported in Supplementary Table 7.
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UHV-FTIR Spectroscopy and XPS

The ultra-high vacuum Fourier transformed infrared spectroscopy (UHV-FTIRS)
and X-ray photoelectron spectroscopy (XPS) measurements were conducted with a
sophisticated UHV apparatus combing a state-of-the-art FTIR spectrometer (Bruker
Vertex 80v) and a multichamber UHV system (Prevac). This dedicated apparatus
allows performing both IR transmission experiments on nanostructured powders and
infrared reflection-absorption spectroscopy (IRRAS) measurements on well-defined
model catalysts (single crystals and supported thin films). The Pt/CeO2 powder
sample (approximately 200 mg) was pressed into an inert metal mesh and then
mounted on a sample holder specially designed for transmission FTIR
measurements. Exposure to carbon monoxide (CO) was achieved using a leak-
valve-based directional doser connected to a tube of 2 mm in diameter, which is
terminated 3 cm from the sample surface and 50 cm from the hot-cathode ionization
gauge. The IR experiments were carried out at temperatures as low as 113 K. The
XPS experiments were performed using a VG Scienta R4000 electron energy
analyser. The binding energies were calibrated using the C1s line at 284.8 eV as a
reference. The XP spectra were deconvoluted using the software Casa XPS with a
Gaussian-Lorentzian mix function and a Doniach—Sunjic function for metallic Pt°

species.

DRIFTS

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was
performed using the VERTEX 70 FTIR spectrometer (Bruker) equipped with Praying
Mantis diffuse reflection optics (Harrick) and a liquid nitrogen-cooled mercury

cadmium telluride detector. The granulated catalyst (50 mg; sieve fraction: 125-
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250 um) was placed inside a high-temperature in situ cell (Harrick) covered by a
CaF2 window. The gas flow (300 mL/min) downwards through the sample
compartment was analysed at the reactor exit with a ThermoStar quadrupole mass
spectrometer (Pfeiffer Vacuum). After an oxidative treatment in 10% O2 at 400 °C,
the catalyst was cooled down to room temperature, flushed with inert gas (He) and
exposed to 2% CO for 30 min. Subsequently the Pt-SS sample was kept 1 h under

inert atmosphere (He) before spectra were collected.

Data Availability Statement

All data generated or analysed during this study are included in this published
article (and its supplementary information files) or can be obtained from the authors

upon reasonable request.
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