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High-energy-resolution fluorescence detection (HERFD) X-ray spectroscopy is presented as a new tool for
the identification of the bonding sites of reactants in supported metal catalysts. The type of adsorption site of
CO on an alumina-supported platinum catalyst and the orbitals involved in the bonding are identified. Because
X-ray absorption spectroscopy (XAS) is element-specific and can be used under high pressures and
temperatures, in situ HERFD XAS can be applied to a swathe of catalytic systems, including alloys.

Metal nanoparticles are used in many catalytic processes suctadsorbed molecules and the correlation between the shapes of
as selective and total oxidation and hydrogenation reactions.Pt L edges and the geometry of the hydrogen and oxygen
The reactivity of nanoparticles depends greatly on their size, adsorption sites in supported Pt nanoparticles have been
morphology, and the nature of the support. Understanding the reported'® According to the optical dipole selection rulez 4-
correlation between the structure of the active sites and the X-ray absorption spectroscopy probes predominantly the d-
performance of the catalytic system is extremely important for projected empty density of states (DOS). The intensity of the
the design of better catalysts to increase conversion andfirst feature in the k edge spectrum (the whiteline) probes the
selectivity to a desired reaction product. However, no charac- number of holes in the d-band. Changes in the XANES after
terization technique is capable of providing all information on molecular adsorption originate from orbital rehybridization,
the structures of catalytic sites under reaction conditions on real charge transfer, metahbsorbate scattering, and differences in
catalyst particles. Here, we present high-energy-resolution metal-metal scattering. Intrinsic broadening of the experimental
fluorescence detection (HERFD) X-ray spectroscopy as a newspectra occurs because of the finite lifetime of the core hole,
tool for the identification of the bonding sites of reactants in rendering the experimental XAS spectra much broader than the
supported metal catalysts. The types of adsorption sites of COactual DOS. For example, the lifetime broadening of the B 2p
on platinum on alumina catalyst and the orbitals involved in (L5) core level measured by XPS is equal to 5.3'éAT0 detect
the bonding are identified. subtle variations in the XANES region, detection of XAS spectra

The geometry of the CO adsorption site on perfect and with higher resolution is required. The first attempts to overcome
stepped single crystal surfaces has been intensively studied bythis fundamental limitation were undertaken byrikéinen b
vibration spectroscopylow-energy electron diffraction (LEED),  who observed the spectral sharpening of a Dy XANES spectrum
and scanning tunneling microscopyhree main CO adsorption by monitoring only the Dy ki fluorescence with an energy
configurations on Pt surfaces were identified: atop (one-fold), resolution better than the core hole lifetime broadening. De
bridged (two-fold), and face bridging (three-fold). The overall Groot and co-workers measured the Pt L edges by monitoring
conclusion is that CO prefers coordination to a single Pt atom | fluorescence lines with 2 eV resolutirand showed that
at the lowest coverage and the atop-bridge combination at highHERFD spectra have a much better resolved fine structure
coveragé. The picture is similar for oxide-supported platinum  compared to the XANES spectra measured in transmission
nanoparticles, however, the support composition, its acidity, and mode. We have recently shown this to be similar for Ay L
pore curvature influence the CO adsorption geometty. HERFD XANES (monitoring loy), providing insights in the

The sensitivity of the near-edge structure of X-ray absorption activation of oxygen and its reaction with CO over an Au@y
spectra (XANES) of metal nanoparticles to the presence of catalyst!3
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Figure 1. Pt Ls edge of 5 wt % Pt/AIO; after reduction in the presence
of different atmospheres: He (black), Hej@red), and 1% CO/He ] )
(green) measured using total fluorescence detection (a) and HERFDFigure 2. Theoretical (FEFF8.2) Ptdedge of the Ricluster (black)

XAS spectroscopy (b). and the RtCO clusters for CO atop (green), bridged (red), and face

bridging (blue) with broadening (a) natural and (b) reduced-iy6
The experiments were performed at the high brilliance XAFS- €V () the d-DOS for Pt and p-DOS for C and O calculated for a
XES beamline D26, at the European Synchrotron Radiation P6~CO atop cluster.
Facility (ESRF) in Grenoble, France. The incident energy was 106 )
selected by means of a pair of Si(220) crystals with an energy Sit€s: P§'””P—CO atop, R—CO bridged, and B-CO face
bandwidth of 0.7 eV. The HERFD was performed with a brldglng._ D|agrams_ of'the clusters are given in the Supporting
horizontal plane Rowland circle spectrometer tuned to the pt Information. The lifetime broadenings ofsland M levels
Loy (9442 eV) fluorescence line. An energy bandwidth of 1.0 tabulated in the FEFF8.2 codeare equal to 5.2 and 2.4 eV,
eV in the emission detection was achieved using the (660) Bragg"€SPectively. According to the equation given in ref 12, the
reflection of one spherically bent Ge wafer. An avalanche broadening due to the core hole lifetimes is equal to 2.2 eV in

photodiode (APD) was used as a detector. A Canberra siliconth® HERFD spectra. The HERFD broadening (Lorentzian) is
photodiode was mounted to measure the total fluorescencetonvoluted with the experimental broadening (Gaussian) and
simultaneously. the width of Pt whiteline in the HERFD experiment should thus

Figure 1 compares the near-edge structure of the;Rtge be close to 29 eV, which is simillar to the value observeql in
of 5 wt % P/ALOs measured under different conditions using "€ €xperiment. The line broadening in the FEFF calculations
total fluorescence detection and HERFD. The sample was 'S 9iven by the core hole lifetimes as well as the imaginary part
reduced in H at 473 K. The H was subsequently removed in of the self-energy* The line broadening can be reduced by

He at 473 K. The XANES spectra, see Figure 1, were recorded USiNg the EXCHANGE card in the FEFF input. The best
in situ under steady-state conditions in, respectively, He, He agreement with experiment was achieved by using a value of

with traces of @ (He(0y), and in 1% CO/He at 298 K. A VIO = 1.6 eV. _ _

change in atmosphere leads to variations in the shape of the Parts a and b of Figure 2 show the theoretical spectra of the
whiteline for both detection techniques. However, by the use bare and CO-containing platinum clusters without and with
of HERFD spectroscopy, these variations are more pronouncedspectral sharpening, respectively. It was pointed out by Carra
and better resolved. The spectrum of P#@ after reduction et all® that strong electronelectron interactions (multiplet
shows the typical whiteline of reduced platinum particles. The effects) can render a HERFD spectrum different from an
intensity in the HERFD spectra, Figure 1b, is higher and absorption spectrum. In particular, additional spectral features
structure becomes visible at 11576 eV. In both the total Might appear or disappear that are not due to an absorption
fluorescence detection and HERFD (parts a and b of Figure 1, process® This effect is strong for localized orbitals such as
respectively), the spectrum under HelGshows increased Valence band 3d or 4f levels, and even in those cases, these
whiteline intensity and a loss of intensity at-120 eV above effects are only visible if the overall resolution is below 1.0
the absorption edge, which is indicative of partial particle €V.!” We did not observe any multiplet effects in the 2p to 5d
oxidation. Under a 1% CO/He atmosphere, the spectrum showstransition (white line) and thus conclude that a HERFD spectrum
an energy shift and enhanced intensity in the whiteline that is gives a very good approximation of an absorption scan.
broadened at the high-energy side. The HERFD data show theFurthermore, the FEFF calculations accurately reproduce all

Energy (eV)

enhanced whiteline and reveal a double feature. HERFD spectral features.
To identify the bonding sites of CO, we performed calcula-  The shape of the XANES in the spectrum of the reduced Pt
tions of the Pt -edge spectra using the FEFF8.2 cétiEour cluster is similar to the experimental one with both detection

different clusters were considered as models for the adsorptiontechniques (Figures 1 and 2). The high-energy-resolution FEFF
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