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Abstract

Identifying active sites of supported noble metal nanocatalysts remains challenging, since their
size and shape undergo changes depending on the support, temperature, and gas mixture
composition. Herein we simulate the anharmonic infrared spectrum of adsorbed CO using density
functional theory (DFT) to gain insight into the nature of Pd nanoparticles (NPs) supported on
ceria. We systematically determine how the simulated infrared spectra are affected by CO
coverage, NP size (0.5-1.5 nm), NP morphology (octahedral, icosahedral), and metal-support
contact angle, by exploring a diversity of realistic models inspired by ab initio molecular
dynamics. The simulated spectra are then used as a spectroscopic fingerprint to characterize
nanoparticles in a real catalyst, by comparison with in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) experiments. Truncated octahedral NPs with an acute Pd-ceria
angle reproduce most of the measurements. In particular, we isolate features characteristic of CO
adsorbed at the metal-support interface appearing at low frequencies, both seen in simulation and
experiment. This work illustrates the strong need for realistic models to provide a robust
description of the active sites, especially at the interface of supported metal nanocatalysts, which

can be highly dynamic and evolve considerably during reaction.



1. Introduction

The catalytic oxidation of methane plays a critical role in reducing the emissions of mobile and
stationary sources, since the global warming potential of methane is more than 20 times higher
than that of CO,.!'?l Among the various catalyst formulations tested so far, Pd-based nanocatalysts
remain the most promising systems for methane removal. However, their activity below 400 °C is
low, and their sensitivity toward water presence and sulfur poisoning is critical.>-! Insight into the
catalyst structure, especially at the interface between metal and support, is required in order to
improve their performance. In this sense, the contribution of Pd, PdO, or their mixture to the
activity profile of Pd-based catalysts is still strongly debated.®” Various Pd phases and
nanoparticles can be created and stabilized by pre-treatment of the catalyst, tuning its performance.
For instance, improved activity and stability were reported for pre-reduced ceria-supported
catalysts”-'% upon the formation of small Pd nanoparticles (NP).['!12] The oxidation state, size, and
shape of these noble metal nanoparticles can undergo changes depending on the support,
temperature, and gas mixture composition.! Therefore, significant efforts must be conceded to
elucidate the nanoscale nature of the relevant active phase of the catalyst.

Unraveling the structure of Pd nanoparticles remains challenging and requires a thorough
characterization, for which complementary spectroscopy experiments and density functional
theory (DFT) calculations constitute a powerful approach. Among possibilities, CO is a useful
probe molecule for identifying the morphology of supported metallic nanocatalysts.!'*!4! In this
work, we perform DFT calculations to evaluate the scaled anharmonic stretching frequencies of
CO molecules adsorbed on nanosized Pd/CeO, model systems and simulate their infrared spectra,
to interpret those obtained by in situ diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS). We develop this combined experimental and theoretical approach by using the



vibrational fingerprint of CO to identify the structure and coverage of supported palladium
nanocatalysts. Typically, DFT studies reporting the stretching frequency of CO adsorbed on Pd
restrict the analysis to simplified models such as extended Pd terraces!> or Pd single atoms and
very small clusters on oxide supports.['-181 Recently, comprehensive first-principles computational
studies of supported and unsupported Pd nanoparticles have been presented,'*-2!! opening the door
to calculations of the stretching frequency of CO adsorbed on such models. However, so far these
works have restricted the scope to a single NP morphology and a single CO molecule, usually
disregarding the impact of the support.?>*! The variety of catalytic sites resulting from the
morphology, structure, and size of the metallic nanoparticle and its interaction with an oxide
support are usually neglected or only roughly approximated in the theoretical literature, but often
invoked as critical by the experimental literature. Herein, Pd species generated in a reductively
activated Pd/CeO, catalyst for methane oxidation are systematically addressed by examining CO
adsorption on more realistic nanoscale theoretical models and comparing with experimentally

obtained DRIFTS spectra.

2. Results and Discussion

The 2 wt.% Pd/CeO, catalyst used in this study contains metallic Pd nanoparticles with an
average particle size of 1.7 nm (HAADF STEM/EDXS images in Figure 1a). These were obtained
by an oxidative treatment at 800 °C in static air to completely redisperse Pd on the CeO, surface
followed by a controlled pre-reductive treatment (see Experimental section). By this procedure, a
relatively narrow particle size distribution was obtained, although very small particles in the sub-

nanometer size range and larger up to 5 nm were observed as well. The resulting sample shows a



high methane oxidation activity at low temperatures, with already 50% CH. conversion at 291 °C

in a gas mixture containing 3200 ppm CH4, 10% O, in N, (Figure 1b).
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Figure 1. (a) HAADF-STEM/EDXS image and particle size distribution after reductive treatment.
(b) CH, oxidation activity of 2 wt.% Pd/CeQO, catalyst during light-off measurements (5 °C/min)

in 1000 ppm CHy, 8% O,, and balance N,.

CO was used as a probe molecule for DRIFTS investigations of the as-prepared catalyst
(Figure 2a). The complementary calculated spectra were calculated for Pd,4; model nanoparticles
(~1.5 nm of diameter) covered with CO and supported on CeO,(111), the most stable low-index
ceria termination'®!. The stoichiometric surface was considered, in line with the sample’s exposure
to air before characterization. Since the DRIFT spectrum was recorded at 30 °C, and linear CO is

usually observed only at coverage close to saturation on extended Pd surfaces,?-28 we set the CO



coverage to 0.75 monolayers (ML). A strongly irregular truncated octahedral (Pd,4;sito) cluster
was selected to model a wide variety of metallic coordination and CO adsorption sites (Figure 2b),
since this nanocluster contains (100) and (111) facets of different sizes and shapes, namely
hexagonal and pentagonal for (111) facets, and square and rectangular for (100) facets. Infrared
(IR) spectra (Figure 2a) were simulated by calculating scaled anharmonic frequencies from
harmonic vibrational analysis and evaluating the relative intensity of each normal mode as the
square of the derivative of one component of the dipole moment of the catalyst model, which is
perpendicular to the surface of the support (see Computational Details).

In the experimental spectrum, a distinct band separated by a valley is observed above 2000 cm™!
and deconvolved into two main peaks at 2081 and 2055 cm™'. Below 2000 cm™', we observe a clear
peak at 1972 cm™!, followed by a broad band, which can be deconvolved into Gaussian curves at

1952, 1920, 1870 and 1810 cm™, and finally two distinct peaks at 1760 and 1695 cm™'.
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Figure 2. (a) DRIFT spectrum of the ceria-supported Pd catalyst after the reductive treatment,
recorded in 1000 ppm CO at 303 K, together with the corresponding DFT-simulated IR spectrum,
both normalized to unity at the maximum value. Frequencies obtained from deconvolution with
Gaussian fits of the DRIFT spectrum are indicated. (b) DFT optimized structure of the catalyst
model: Pd,4sito nanoparticle covered by 0.75 ML of CO and deposited on a pristine two trilayer
CeO,(111) slab. (c) Selected DFT-calculated scaled anharmonic frequencies and corresponding
CO adsorption sites. Neighboring CO and surface oxygen are represented in lighter colors, to

highlight the CO molecule on the indicated adsorption site.

By comparing with the DFT-simulated IR spectrum, we identify four main features labeled I-IV,
as depicted in Figure 2a. The first feature (I) above 2000 cm™! corresponds to linear CO, for which

the simulated spectrum shows a peak at 2064 cm™' associated with the vibration of CO on the



vertices of the NP, and one at 2043 cm™' corresponding to linear CO on the edges of the NP (see
Figure 2c¢ for illustrations). These values are in good agreement with the experiments. Feature (II)
corresponds to the peak at 1969 cm™!, which matches the measured peak at 1972 cm™" and is given
by the symmetric vibration of multiple bridge-bound CO molecules on the truncated octahedral
nanoparticle. The DFT calculation also gives other more anti-symmetric bridge modes, in which
some CO molecules stretch in opposite phase. These are also IR-active in the specular mode and
thus contribute to the spectrum (Table S1). Feature (III) corresponds to the experimental peak at
1870 cm™" and can be interpreted by the calculated one at 1849 cm™', given by threefold hollow-
bound CO molecules on (111) facets. Finally, feature (IV) given by the experimental peaks at
1810, 1760 and 1695 cm™' can be assigned to CO molecules on bridge and hollow sites near the
Pd-ceria interface, respectively, bound to Pd by the C atom and to Ce via the O atom. Such a bond
to the ceria support weakens significantly the C—O bond, explaining the decrease (redshift) in the
CO stretching frequencies. The DFT calculations for CO molecules at the Pd-ceria interface
produce peaks for bridge CO in the range of 1772—-1802 cm™! and hollow CO at 1666—1706 cm™!
(Table S1), in good agreement with the experiments. Overall, the features observed in the
experimental spectrum can be clearly identified in the DFT simulation, and the error with respect
to the frequencies obtained by Gaussian deconvolution of the former is below 13 cm™. In addition,
the presence of an oxygen vacancy at the vicinity of the ceria-supported Pd,4;sito nanoparticle does
not alter significantly the large majority of CO stretching frequencies (Table S10).

By considering a strongly irregular truncated octahedral Pd,4;sito nanoparticle supported on
CeOy(111) at high CO coverage we obtain a good agreement with experiments, identifying the
main vibrational bands in the DRIFT spectra. To evaluate the presence of competitive species and

further assess the robustness of this model, we compare these vibrations with those calculated for



extended Pd surface slabs (representative of very large nanoparticles), and Pd single atoms, dimers,
and trimers on CeO,(111), which constitute the extreme models in terms of the number of Pd
atoms. These comparisons highlight the importance of the holistic nanoscale approach that

comprises the multiple states of a noble metal-based catalyst lifetime.

2.1. Extended flat surfaces and small clusters

Extended flat surface models cannot capture several features specific to nanoparticles such as
the lower metallic coordination, the edges and kinks, the interaction with the support, and their
finite nature. Furthermore, the dynamic coupling of stretching vibrations between neighbor CO
molecules is maximized on flat terraces, thus shifting the vibrations towards higher frequencies.
Therefore, although the (111) and (100) surface terminations are observed on nanoparticle facets,
the extended terrace models are only representative of very large nanoparticles, where large flat
facets dominate over edges and kinks. In line with this, we find that extended surface models do
not reproduce the experimental IR spectrum of our Pd/CeO, catalyst containing mainly small
nanoparticles. On the compact Pd(111) surface, CO adsorbs preferentially threefold on hollow fcc
sites at low coverage, while at high coverage (0.75 ML), hollow CO is found to coexist with linear
CO 131 thus producing two peaks and coupled normal modes (Table S6). Bridge CO on the other
hand is only found in a narrow window of coverages around 0.50 ML, and does not coexist with
linear CO.*! Furthermore, the calculated frequencies are too high in wavenumber compared to the
experiments, with values of 2106 and 1897 cm™! for linear and hollow CO, respectively (Table
S6). This reflects that the interaction with the extended (111) surface does not destabilize the C—
O bond sufficiently and the vibrational coupling between CO molecules is too strong, highlighting

the need to consider a nanoparticle model. On the other hand, the Pd(100) surface is covered



exclusively with bridge CO even at a high coverage of 0.75 ML,23% with a stretching frequency
of 2028 cm™'. In addition, none of these extended surfaces can explain the peaks at 1760 and
1695 cm™', which we have assigned to CO molecules adsorbed on Pd but concomitantly bound to
the ceria support.

Regarding the presence of Pd single-atoms, previous works performing DFT calculations on Pd
single-atoms adsorbed on CeO,(111) reported frequencies of 2047, 2098 and 2137 cm™! for Pd,
PdO, and PdO,, respectively.!'! Although at low Pd coverages we find similar frequencies, when
the coverage is large enough the Pd single-atom model gives a frequency of 2078 cm™' (Table S7).
This indicates that a simple non-oxidized single-atom model is satisfactory to explain the peaks
for linear CO observed in our experimental spectra, and therefore Pd single atoms could coexist
with larger nanoparticles on the surface. Nevertheless, single-atom models are inadequate to
explain the numerous bands below 2000 cm™!, since they can only bind linear CO. We have
considered dimer and trimer models as well, allowing bridge-bound CO, but we find that these do
not properly reproduce the features observed in the experiment either (Table S7).

Having established the need to use a model consisting of a nanoparticle adsorbed on ceria to
describe the Pd catalyst, we subsequently studied the effects of nanoparticle size and morphology,
the contact angle at the metal-support interface, and the CO coverage on the simulated spectrum.
Such exploration allows us to further determine the relevance of our interpretation and the

robustness of our theoretical analysis.

2.2. Effect of size and morphology
We considered the effect of size by comparing with a Pd,; cluster of about 0.8 nm, representing

the sub-nanometer clusters observed by microscopy. Due to the large fluxionality at this size, the
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structure of the cluster was optimized via canonical sampling through velocity rescaling, from
three different seeds. Details can be found in the Supporting Information. The resulting structure
(Figure 3a) is a bilayer cluster (9+4) covered mostly with hollow CO, but with some linear and
bridge CO as well. Linear CO appears in the computed spectrum at 2043 cm™', similar to single
atoms and Pd,4;sito. However, bridge and hollow CO appear at 1900 and 1868 cm™' respectively
(Figure 3b), where no feature was observed for the Pd,,;sito nanoparticle. Therefore, these results
complement the ones for Pd,s;sito, and help explain the broad band that spans over the whole
frequency range, observed by DRIFTS. Overall, the statistical contribution of NPs of various sizes
and different co-adsorption configurations might explain the continuous nature of the band

recorded in the experiment.
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Figure 3. Size effect. (a) DFT optimized structure of Pd;; on pristine CeO,(111) covered with CO.
(b) DFT-simulated IR spectra for strongly irregular truncated octahedral Pd,ssito and Pd,;
nanoparticles covered with CO and supported on pristine CeO,(111), both normalized to unity at
the maximum value. Selected DFT-calculated frequencies and corresponding CO adsorption sites
are shown below. Neighboring CO and surface oxygen are represented in lighter colors, to

highlight the CO molecule on the indicated adsorption site.

Regarding the nanoparticle morphology, the previously discussed truncated octahedron

(Pd,4ssito), which provides a good agreement with experiments, presents (100)-type facets and
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(100)—(111) edges that favor bridge-bound CO, resulting in the peak appearing at 1969 cm™'. But
it also offers large (111) facets, which are dominated by hollow CO, and therefore are at the origin
of peaks in the range of 1800—-1900 cm™' (Figure 2a). To consider the effect of the morphology
change we compared the spectrum with that of a competitive structural isomer, namely a Pd,4;
icosahedron (Pd,4;ico). Our DFT calculations indicate that the icosahedron is less stable in vacuum
than the truncated octahedron, but only by 27 kJ.mol~!. Hence, they could coexist depending on
the temperature and coverage. However, the icosahedron structure is exclusively composed of
(11T1) facets, which favor hollow CO, even for CO molecules close to the edges of the nanoparticle,
where hollow hcp sites are preferred over bridge sites (Table S8). Therefore, the icosahedral

structure cannot explain the peak at 1972 cm™' associated with bridge CO, as shown in Figure 4.
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Figure 4. Morphological effect. (a) DFT optimized structure of Pd,4ico on pristine CeO,(111)
covered with 0.75 ML of CO. (b) DFT-simulated IR spectra for strongly irregular truncated
octahedral Pd,4;sito and icosahedral Pd,s;ico nanoparticles covered with 0.75 ML of CO and
supported on pristine CeO,(111). Selected DFT-calculated frequencies and corresponding CO
adsorption sites are shown below. Neighboring CO and surface oxygen are represented in lighter

colors, to highlight the CO molecule on the indicated adsorption site.
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The DFT simulation predicts three main distinguishable peaks. The first one corresponds to
linear CO at vertices (linear CO at edges was not considered in this model), with an intense mode
at 2049 cm™!, and lower intensity contributions at 2053 and 2069 cm™! (Figure 4, Table S3). The
second peak is a convolution of hollow modes, in the range 1838—1871 cm™'. Finally, hollow CO
bound to ceria at the Pd-ceria interface appears at ~1664 cm™', a range masked by carbonates in
the experimental spectrum. Overall, the presence of icosahedral NP cannot be discarded since it
gives frequencies consistent with the experiment, but their concentration should be negligible
compared to that of truncated octahedral NPs, since the most intense peak ascribed to bridge CO

is absent for the icosahedral morphology.

2.3. Effect of the metal-support interface

To evaluate the effect of the contact angle we generated a “hemispherical” Pd;/CeO,(111)
model, consisting of half of the truncated octahedral Pd,4sito nanoparticle covered with 0.75 ML
of CO, deposited on the CeO,(111) surface (Figure 5a, right). The NP is cut at the widest part so
that its diameter remains the same, matching the experimental value. This adsorbed truncated
cluster is only 11 kJ per mole of Pd higher in formation energy than the supported spherical
nanoparticle. We observe that the spectrum for the hemispherical NP compares well with the one
for spherical nanoparticle for the most part, except for the low-frequency peaks below 1810 cm™!
previously assigned to CO at the Pd-ceria interface, which are not reproduced by the hemispherical
model (Figure 5b). This can be understood by looking at the orientation of the CO molecules at
the interface. In the hemispherical NP the obtuse contact angle (~110-130°) is such that CO
molecules on hollow sites at the interface point away from the support, and therefore cannot form

the bond with ceria that would lower the stretching frequency (the OCO-Ce distances are greater
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than 3 A). To form a bond with Ce cations, CO molecules must bind twofold on the edge of the
hemispherical NP and adopt an orientation parallel to the surface, but this results in non-IR active
stretching modes. On the other hand, the acute angle between the spherical nanoparticle and ceria
(~60—70°) allows the formation of IR active CO species bound to both Pd and ceria (i.e. vibrating
with a component perpendicular to the surface). Such CO species show CO-Ce distances shorter
than 2.85 A (Figure 5¢), and intramolecular C—O bond lengths increased by about 0.02 A with
respect to CO molecules bound only to Pd. This suggests that an acute contact angle allows the

IR-active low-frequency vibrations corresponding to CO molecules interacting with the support.
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Figure 5. Contact angle effect. (a) Optimized structures of Pd,4;sito (left) and truncated sito Pdso

(right) nanoparticles covered with 0.75 ML of CO adsorbed on pristine CeO,(111), constituting
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spherical and hemispherical models, respectively. (b) DFT-simulated IR spectra for both systems.
(c) Scheme illustrating the difference in the adsorption of CO on hollow sites at the Pd-ceria

interface between spherical and hemispherical models.

2.4. Effect of the CO coverage

Finally, we considered the effect of CO coverage by calculating the simulated IR spectrum for
the truncated octahedral nanoparticle at 0.25 ML (Figure 6a). At this low coverage no linear CO
should be present, since single Pd atoms are not the most favorable adsorption sites for isolated
CO (Table S8), in line with experiments and calculations for CO adsorption on Pd thin films.?8-32

We generated this model by adsorbing CO exclusively on the most favorable sites, namely
bridge sites at edges. Therefore, the spectrum shows no peak corresponding to linear and hollow
CO, and the main peak representative of bridge CO is shifted down by 67 cm™, reducing
significantly the agreement with the experiments (Figure 6b). The frequencies calculated in the
range 1758-1795 cm™! are assigned to bridge-bonded CO at the Pd-ceria interface. Another range
of computed frequencies at 1636—1668 cm™! is also observed and corresponds to CO molecules at
the interface that have moved from initial bridge sites to hollow sites. This comparison highlights
the importance of considering a strong vibrational coupling between various CO adsorbates at a
sufficiently high coverage to spread the CO stretching vibrational region into several IR active

bands.

17



b
) 1902 I 075 ML

— 0.25ML

S

©

~

2

‘@

C

2

£
18021772 1706 1636
1795 1758

T 1 T T T T T T 7
2100 2000 1900 1800 1700

Wavenumber / cm™!

Figure 6. Adsorbate coverage effect. (a) Structure of truncated octahedral Pd,4;sito covered with
0.25 ML of CO adsorbed on CeO,(111). (b) DFT-simulated IR spectra, compared to the one

obtained for the same NP with a CO coverage of 0.75 ML.
3. Conclusions

Overall, we have used the vibrational fingerprints of CO molecules obtained from DFT-
simulated infrared spectra to identify the nature of the adsorption sites and the structure of a
Pd/CeO, catalyst for methane oxidation comprised mainly of small noble metal nanoparticles. We
demonstrate the need to consider nanoscale models of supported palladium to correctly reproduce
the experimental CO adsorption DRIFT spectra, as opposed to usual models such as extended Pd

surfaces or very small (1-3 atom) clusters adsorbed on ceria. We also show the impact of coverage
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effects in the calculated frequencies, highlighting the importance of considering various coverages
when comparing with experiments.

Furthermore, by comparing different morphologies, we observe that the Pd nanoparticles of
~1.5 nm of diameter formed in the catalyst most probably expose both (111)- and (100)-type
facets, since the presence of the latter explains the intense peak at 1972 cm™" associated to bridge
CO. Sub-nanometer particles are also likely to contribute to the observed spectrum. Moreover, we
find indications that an acute contact angle, usually associated with relatively weak metal-support
interactions, provides relevant adsorption sites to explain the low-frequency vibrations under
1800 cm™'. The high CH, oxidation activity at low temperatures seems to be promoted by the
presence of such faceted Pd nanoparticles. The formation of reactive PdO, is expected during
exposure of such particles to reaction mixture,!” but as shown in this study, the noble metal-CeO,
interface sites could also be involved in the mechanism. Overall, this combined experimental and
theoretical spectroscopic study opens promising perspectives for improving our ability to
characterize the interfacial active sites of supported metallic nanocatalysts under relevant reaction

conditions by using a probe molecule such as CO.

4. Methods

4.1. Experimental

Catalyst preparation: the 2 wt.% Pd/CeO, catalyst was prepared by incipient wetness
impregnation of commercial CeO, (Solvay) with an aqueous solution of tetraamine palladium(II)
nitrate (5 wt.% Pd, 99.9% purity, abcr), followed by drying and calcination for 10 h in static air at

800 °C. This treatment resulted in the formation of highly dispersed noble metal species.**! To
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obtain Pd nanoparticles the resulting sample was reduced in 5% H,/N, at 500 °C for 1 h and
afterwards cooled in an inert atmosphere. The as prepared catalyst was exposed to the ambient
atmosphere before further characterization.

Catalyst characterization: N,-physisorption measurements were conducted using a BELSORP
Mini II analyzer (MicrotracBEL) and indicate a BET surface area (Brunauer-Emmett-Teller
method) of 122 m?/g. The particle size distribution of the noble metal particles was evaluated with
the software package Fiji by analysis of >300 noble metal particles from scanning transmission
electron microscopy (STEM) images with EDXS-mapping. The electron microscopy data were
obtained on a FEI OSIRIS microscope (200 kV electron energy) at the Laboratory for Electron
Microscopy (KIT) in the high-angle annular dark field scanning (HAADF) mode.

Catalytic tests: CH4 oxidation measurements were conducted on an in-house built catalyst test
bench at the Exhaust Center Karlsruhe (KIT). A quartz plug-flow reactor was loaded with sieved
fractions of 300 mg of catalyst powder diluted with 700 mg of quartz sand (both 125-250 pm).
Mass flow controllers (Bronkhorst) were used to dose a gas mixture containing 3200 ppm CH,,
10% O, in N, with 1 L/min flow. Reaction gases were analyzed by an online Fourier-transform
infrared spectrometer (FTIR, Multigas MG2030, MKS) during heating up the catalyst bed with
5 K/min between 200-550 °C.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) data were recorded on a
Bruker VERTEX 70 spectrometer equipped with an in situ cell (Harrick). The sample powder was
used in a sieve fraction 125-250 ym and pre-treated in an inert atmosphere (Ar) by heating to 250
°C. CO adsorption was investigated upon dosing 200 ml/min of 1000 ppm CO/Ar at 30 °C over

the sample. The CO concentration was chosen to limit the noble metal restructuring.** The gas
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composition at the exit of the cell was continuously analyzed with a mass spectrometer (Pfeiffer

Vacuum).

4.2. Computational Details

Density functional theory (DFT) calculations were performed using the VASP code.™- The
exchange-correlation energy was calculated within the generalized gradient approximation
(GGA), with the Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional *”! Long-range
dispersion corrections were implemented using the DFT-D3(BJ) functional.383% The valence
electrons were treated on a plane-wave basis with an energy cutoff of 400 eV, whereas the core
electrons were represented with the projector-augmented wave (PAW) method.*°4!! Total energies
were calculated with a numeric precision of 10° eV. The DFT+U approach was implemented
within Dudarev’s scheme,*”! to consider strong electronic correlation effects due to charge
localization and compensate for the self-interaction error,?4-6 with U set to 4.5 eV.[4748 The
forces were converged to +0.02 eV/A. The Brillouin zone was sampled at the gamma point only.

The CeO,(111) surface was modeled using a (6x6) supercell, generated from a ceria bulk with
the equilibrium lattice parameter of a, = 5.455 A, and consisting of 6 atomic layers (two O—Ce-O
trilayers, TL) separated by a 23 A thick vacuum-layer. The atoms in the bottom TL were kept
frozen in their bulk positions, while those belonging to the uppermost TL were relaxed. At this
size, the distance parallel to the surface between the geometric center of a Pd nanoparticle and that
of its first periodic replica is about 50% larger than the nanoparticle diameter, preventing their
interaction. Smaller supercells of (2x2) and (3x3) were used for Pd, ; clusters, and (4x4) for Pd,;

clusters.
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The low CO coverage model was generated by placing CO on the most favorable adsorption
site. High coverage models were designed by starting from 1 ML and removing a fraction of the
CO molecules. Several randomly generated configurations were obtained this way, and the one
with lowest energy was further improved by ab initio molecular dynamics using canonical
sampling through a velocity rescaling thermostat at 1000 K.*! These calculations were run with
the CP2K code to speed up the screening, with a Double-C Gaussian basis set and an auxiliary
plane wave basis (GPW approach). 55U Low energy structures were quenched to O K by using
VASP and compared with the randomly generated initial structure. All the degrees of freedom of
supported and CO-covered Pd nanoparticles have been systematically relaxed.

Harmonic vibrational frequencies and normal modes were obtained by diagonalization of the
Hessian matrix, with force constants obtained from finite differences with atomic displacements
of 0.02 A in the positions of the CO molecules. Anharmonic corrections were introduced by fitting
the potential energy around the equilibrium state in the space of the normal coordinates with a
third-order development of the Morse potential. In addition, all frequencies have been scaled by a
factor of 1.0224, chosen so that the calculated stretching frequency of gas-phase CO matches
perfectly the experimental value (2143 cm™).

The infrared intensities I¥ for each normal mode Q) are proportional to the square of the
derivate of the component of the dynamic dipole moment perpendicular to the surface (uy),
following the selection rules of DRIFTS. To obtain this value, the derivatives of u; in the 3N
Cartesian coordinates r; are evaluated by finite differences and then multiplied by the components

of the mass-weighted coordinate matrix of the vibrational modes Py;/ (m)? .
1% o <d.uz) z Py a.“z
dQy /m; Or;
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The simulated spectra were plotted by convolving the DFT-calculated intensities with

Lorentzian functions (full width at half maximum = 20 cm™!).
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Supporting Information

Generation of Pd,; clusters supported on CeO,(111) (structures in vacuum presented in Figure S1,
ab initio molecular dynamics simulations, trajectories and 0 K quenched final structures, exposed
in Figure S2). Complete list of vibrational frequencies of CO for all the systems studied (Tables
S1-S7). Adsorption energy of isolated CO molecules on selected sites (Table S8). Adsorption
energy of Pd nanoparticles on CeO,(111) (Table S9). Comparative analysis of harmonic CO
stretching frequencies for CO-covered Pd,4sito nanoparticle supported on stoichiometric and

reduced ceria (single oxygen vacancy at the vicinity of the cluster) (Table S10).
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