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Nanoparticles of noble metas on different supports are able to
catalyze chemical reactions. This property is used extensively in many
everyday applications, such as automotive catalytic converters* and
on a large industrial scale for production of raw materials and fine
chemicals.? Changes in catalytic performance are driven by changes
in the electronic structure of the valence shell.®> The availability of
vaence orbitals to form chemical bonds and thus to participate in the
catalytic reaction depends on their electron occupation and energy.

Experimental studies of the electronic structure of catalytically
active nanoparticles under working conditions are challenging. Few
experimental techniques are compatible with the required high-
temperature gas environment and the low metal concentration of
supported nanoparticles. The pioneering work by Ertl and co-
workers* demonstrated the power of valence-band photoemission
spectroscopy (UPS) to study the adsorption of molecules on metal
surfaces. A hard X-ray photon-in/photon-out technique has lower
energy resolution® but is far less restrictive than UPS with respect
to the sample environment and is furthermore truly element-
selective. Resonant inelastic X-ray scattering is a technique that
combines the element selectivity of inner-shell spectroscopies with
charge-neutral (i.e., nonionizing) excitations within the valence shell
as typically done in UV —vis spectroscopy.®” It thus becomes
possible to probe the electronic structure around the Fermi level at
the catalytically active site. In this communication, we report a study
of the unoccupied and occupied d density of states (DOS) upon
adsorption of CO on supported Pt nanoparticles.

We used in situ high-energy-resolution fluorescence-detected
(HERFD) X-ray absorption spectroscopy (XAS)® and resonant
inelastic X-ray scattering (RIXS). In these techniques, the
energies of incident and emitted (scattered) X-rays are analyzed
by means of Bragg reflections from perfect crystals. Scheme 1
illustrates the energy levels that are involved. An incident photon
of energy Q excites a Pt 2p electron into the 5d level. The excited
electronic states form the X-ray absorption spectrum. These states
decay with alifetime = upon emission of a photon with energy
. The energy deposited in the sample is the energy transfer, Q
— w, which, if it is sufficiently small, corresponds to a charge-
neutral excitation within the 5d shell. The experiments yield a
two-dimensional intensity distribution that is plotted versus the
incident (absorption) energy Q2 and the final state energy Q —
w. The lifetime t of the 2p core hole broadens the spectrum
along the incident energy direction but not along the energy
transfer axis.®

The RIXS planes of Pt nanoparticles after reduction and hydrogen
removal and after adsorption of CO are shown in Figure 1. In the
present study, we worked at the Pt L3 (2p3) edge, which has a
large absorption cross section. The horizontal line of intensity at
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Scheme 1. Energy Diagram for RIXS at the Pt L Edge
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zero energy transfer is denoted the elastic peak. It arises either from
absorption and decay paths according to Scheme 1 with equal
incident and emitted energies or from non-element-selective Th-
omson scattering from the sample.” The intensity of the latter
contribution is not a function of the Pt absorption and thus does
not follow the absorption cross section. The feature serves as an
absolute energy calibration in the experiment because it indicates
the case where no energy is deposited in the sample (i.e., where
the energy transfer Q — w is zero).

The RIXS planes show intensity at afew electron volts of energy
transfer. This transfer arises from valence-band (“optical”) excita-
tions. We note that opticaly forbidden transitions in UV—vis
spectroscopy may become allowed in RIXS because of the two-
photon nature of the process. In the case of Pt nanoparticles, the
elastic peak and the valence-band excitations merge together,
indicating a metallic electronic structure. This means that the Fermi
level lies within a partialy filled band. After adsorption of CO on
the Pt nanoparticles, an increase in intensity above 4 eV of energy
transfer is observed, and a broad energy distribution develops. A
gap opens up between the elastic peak at zero energy transfer and
the lowest unoccupied electronic states that can be reached in the
RIXS process.

Electronic structure calculations were performed using the
multiple scattering formalism as implemented in the FEFF8.4
program.® This code cal cul ates the density of states and projects
it onto the spherical angular moments for each atom that is
included in the structure. The Pt d DOS was inserted into the
following equation to calculate the theoretical RIXS planes:”*°
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Figure 1. (top) 2ps» RIXS planes of supported Pt nanoparticles: (left)
metallic and (right) with CO adsorbed. (bottom) Calculated RIXS planes
for a bare Ptg cluster and the cluster with CO coordinated at three
different sites.

where p and p” are the densities of occupied and unoccupied Pt
d states, respectively, and I',, denotes the lifetime broadening of
the 2p3), core hole, which is 5.4 €V. The approximations in this
approach for calculating the RIXS spectral shape have been
discussed elsewhere.”*° Briefly, we use the ground-state elec-
tronic structure and neglect all interactions due to the photoex-
citation process. No strict theoretical argument exists to justify
this approximation, and its validity is evaluated by comparison
between experiment and theory.

We calculated the RIXS planes for a bare Ptg cluster and the
cluster with CO adsorbed at three different sites (Figure 1). An
elastic peak due to Thomson scattering was added to the RIXS
planes to facilitate comparison with experiment. The RIXS plane
for the Ptg cluster nicely reproduces the metallic character that
we described for the experimental results. Adsorption of CO
gives rise to a shift in the maximum RIXS intensity to higher
energy transfer. While the shift is approximately equal when
CO isadsorbed in bridged or face-bridging sites, it is observably
more pronounced for CO adsorbed to a single Pt atom in an
atop configuration.

Figure 2 combines the RIXS data with the experimental
HERFD absorption scans. The RIXS spectral intensity in Figure
1 was summed along the incident energy (i.e., the horizontal
direction) to give line plots with the elastic peak at zero energy.
The energy transfer in Figure 1 was multiplied by —1 for
comparison with the absorption spectra. The energy of the
elastically scattered peak corresponds to the energy of the Fermi
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Figure 2. (top) Experimental HERFD L3 XAS (dashed) and RIXS (solid)
data. (bottom) Calculated HERFD XAS and RIXS data for Pts and Pt with
CO coordinated at three different sites. The dotted vertical line is a guide
to the eye.

level. The elastic peak was not subtracted from the data because
it was not possible to distinguish between intensity that must
be attributed to Pt and that due to non-element-specific Thomson
scattering.

The atop configuration provides the best agreement with the
experimental absorption and RIXS data. A pronounced high-energy
shoulder in the absorption spectrum has already been reported by
Safonovaet al.** The calculations for the bridged and face-bridging
configurations cannot reproduce the pronounced shift of the RIXS
peak maximum to lower relative energies.

The structure of the Ptg cluster was proposed by Janin et al.*?
and has been shown to be a good representation of Pt nanoparticles
in spectroscopic calculations.™® More accurate modeling of the
systems may be achieved by considering alarger cluster, changing
the shape of the particle, adding more CO to the particle, and
including a support. The broad distribution of the RIXS spectra
shape in comparison with the Ptg calculations indicates that several
cluster species are present. This aso holds for the structures of the
CO-absorbed particles. The relative spectral changes, however, are
independent of these considerations, and the main experimental
results are captured by the simple model.

Equation 1 directly relates the electron density to the RIXS
spectra. We compare the calculated orbital angular momentum-
projected densities of states in Figure 3. The Pt 5d band is almost
filled, and the Fermi level is close to the top of the 5d band. With
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Figure 3. Calculated orbital angular momentum-projected densities of
states. The d DOS for Ptg and Pt coordinated to CO in three configurations
of a PtgCO cluster and the p and s DOS for C (dashed) and O (solid) are
shown.

CO adsorbed on Pt, bonding, nonbonding, and antibonding orbitals
are formed. The antibonding orbitals above the Fermi level are
unoccupied and split the white line of the absorption spectrum that
probes the empty Pt d DOS.** They show predominantly carbon p
DOS. Occupied orbitals that are strongly hybridized between CO
and Pt appear in the calculated DOS between —3 and —9 eV relative
energy. At the lowest energy, the CO p and s DOS hybridize,
forming a strong bonding orbital in which the p and s DOS are
mainly localized on oxygen and carbon, respectively. The electron
density distribution in the s orbitals has been described in terms
of an allylic molecular orbital diagram.™*

In total, the Pt d DOS in the bare particle at energies just
below the Fermi level istransferred to lower energies, where Pt
and CO orbitals strongly hybridize.*® The d states that arise from
adsorption of CO on Pt are most populated for the atop
configuration, confirming that this model forms the most stable
Pt—CO bond. Even though the RIXS spectra cannot resolve the
DOS fine structure, the stronger bond between CO and the Pt
cluster is reflected by the shift of the RIXS maximum to lower
relative energy. Similarly, the antibonding states in the atop
configuration at ~4 €V give rise to the pronounced shoulder in
the absorption spectrum.

The bonding states are barely visible in the X-ray emission
spectrum as alow-energy tail, but they are clearly observed in non-
element-sel ective UPS.*® The two techniques have different spectral
sensitivities. Nonresonant photoemission also includes the ligand
sand p DOS, which emphasizes the bonding orbitals, while RIXS
at the Pt L3 edge selectively probes the Pt d DOS, which has less
density in the bonded states.

The experiments show that the center of mass of the 5d band
moves to lower energy. The experimentally observed trends are
well-reproduced in the calculated spectra. Comparison with the
DOS of the adsorbed CO shows that this change of spectral
weight arises from orbitals that are hybridized between Pt d and
ligand p and s orbitals. Thus, the valence electrons populate
deeper binding energies because of the bond that is formed with
CO. This mechanism is most pronounced in the atop configu-
ration.

The data shows how the electronic structure of Pt nanoparticles
changes with adsorption of CO. Consequently, the electronic,
magnetic, and catalytic properties are altered. Moving the d band
to lower energies decreases the tendency of the particlesto form
bonds with reactants, thus affecting the catalytic activity.? CO
adsorption thus poisons the surface of a catalyst, by both
blocking sites and altering the intrinsic catalytic activity of the
catalyst.
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