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Abstract Pt nano-particles from about 1 to 10 nm have
been prepared on silica, alkali-silica, alumina, silica-alu-
mina, carbon and SBA-15 supports. EXAFS spectra of the
reduced catalysts in He show a contraction of the Pt—Pt
bond distance as particle size is decreased below 3 nm. The
bond length decreased as much as 0.13 A for 1 nm Pt
particles. Adsorption of CO and H, lead to a increase in Pt—
Pt bond distance to that near Pt foil, e.g., 2.77 A. In
addition to changes in the Pt bond distance with size, as the
particle size decreases below about 5 nm there is a shift in
the XANES to higher energy at the L3 edge, a decrease in
intensity near the edge and an increase in intensity beyond
the edge. We suggest these features correspond to effects of
coordination (the decrease at the edge) and lattice con-
traction (the increase beyond the edge). At the L, edge,
there are only small shifts to higher energy at the edge.
However, beyond the edge, there are large increases in
intensity with decreasing particle size. At the L; edge there
are no changes in position or shape of the XANES spectra.
Adsorption of CO and H; also lead to changes in the L; and
L, edges, however, no changes are observed at the L, edge.
Density Functional Theory and XANES calculations show
that the trends in the experimental XANES can be
explained in terms of the states available near the edge.
Both CO and H, adsorption result in a depletion of states at
the Fermi level but the creation of anti-bonding states
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above the Fermi level which give rise to intensity increases
beyond the edge.

Keywords Pt nanoparticles - Bond length contraction -
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1 Introduction

Metal clusters have been shown to demonstrate unique
catalytic activity as their length scale is shrunk to the
nanometer scale [1]. X-ray Absorption Near Edge Structure
(XANES) and Extended X-ray Absorption Fine Structure
(EXAFS) experiments have previously been employed in
an effort to understand how the electronic and geometric
structures of metal nanoparticles relate to their chemical
reactivity [2, 3]. However, there are unresolved questions
in the interpretation of XANES of metal nanoparticles and
how particle size and adsorbates affect the XANES. Pre-
vious studies have noted differences in the edge intensity
between supported nanoparticles and metal foil [4-7]. For
example, in a series of Pt/SiO, catalysts with particle sizes
ranging from 1.0 to 5.0 nm, Ichikuni and Iwasawa who
found that the edge intensity at both the L3 and L, edges of
Pt changed as a function of particle size [6]. They inter-
preted the increase in intensity at the L and L, edges as the
particle size decreased as an indication of electron defi-
ciency in Pt nanoparticles as compared to Pt foil. Although
the work of Ichikuni and Iwasawa systematically estab-
lished trends in the XANES for particle size of Pt, the
origins of these changes in the edge are not well under-
stood. In contrast, simulation work has not been able to
elucidate trends observed experimentally. For example,
Ankudinov et al. who found that the initial leading edge did
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not vary significantly between Pt;3 and Pt foil, suggesting
that current scattering calculations are not sufficient to
simulate the absorption experiments [8, 9].

More recently Schweitzer et al. have shown that the Pt
edge intensity and position changes in Pt alloys and is
dependent on the alloying metal [10]. For example, when
Pt is alloyed with Sn, Pt Ly XANES edge broadens and its
intensity decreases compared to pure Pt. Density functional
theory (DFT) calculations show that the d-band broadens
and shifts away from the Fermi level leading to a lower
density of states at the Fermi level. Based on the ground
state electronic structure, Schweitzer et al., have calculated
the oscillator strength of the electronic transition which is
analogous to a simulated XANES. The shift to higher edge
energy was interpreted to be correlated to a d-band center
broadening (and shift). Conversely, in PtRu catalysts the
XANES edge energy is shifted to lower energy as the
d-band center narrows and shifts toward the Fermi level.

The presence of adsorbates such as hydrogen or CO on
metals has also been observed to shift the XANES edge
location and intensity [11-29]. Hydrogen has been found
consistently to broaden the L3 edge and shift it to higher
energy [27]. Using the simple argument that the magni-
tude in the edge intensity is correlated with the number
unoccupied d orbitals of Pt, early studies have argued
that hydrogen effectively donates electron density to Pt
[6, 11]. More recent studies have suggested that the
change in magnitude and shape of the Pt L; edge after
hydrogen adsorption can be thought of in terms of the
creation of antibonding orbitals above the Fermi level
which can now be accessed in an electron scattering event
[12, 15, 16, 27]. Ramaker et al. [14] have further
described features above the edge as a consequence of
multiple scattering events. In addition, to hydrogen, other
adsorbates such as CO [28, 29] and C,H [22, 30] have
been examined for their effect on the Pt XANES. How-
ever the theoretical explanation of the shifts in the edge
intensity are almost all based upon FEFF calculations of
the adsorbate on a 6 atom cluster. As has been discussed
in Stoupin et al., this model does not allow for a complete
description of the electronic structure of the metal nano-
particle and therefore, these calculations show strong
sensitivity to the adsorption site [31].

Guo et al. have recently shown in a combined experi-
mental and computational examination of competitive
adsorption in Pt (and Au) water gas shift catalysts that the
edge intensity and position can be shifted by the presence
of adsorbates [32]. Shifts in the edge position where
interpreted as a measure of the PDOS at (or near) the Fermi
level as OH and CO lead to either a decrease or an increase
in the edge energy, respectively. However, in both cases
the edge intensity increased dramatically suggesting a more
complex explanation is required. At this point, no general

rules exist, however, for prediction of XANES shifts in
either edge location or intensity.

In this study the Pt L; EXAFS and L3, L, and L,
XANES of supported Pt catalysts in He and with adsorbed
CO and H, have been determined in order to examine the
changes in structure and electronic properties with particle
size on different supports (SiO,, K-SiO,, Al,03, C, SiOx—
Al,O5 and SBA-15). DFT calculations were also performed
in order to interpret these electronic changes and to
establish relationships between the d electron PDOS and
the XANES spectra.

2 Experimental
2.1 Catalyst Preparation
2.1.1 Pt/Silica

Pt/Silica A 80 g of Davisil 644 silica (Aldrich) was slurried
in 500 mL H,O and NH,OH was added until the pH was
about 10. 1.6 g of Pt(NH3)4(NO3), (PtTA) was dissolved in
200 mL H,O, and the pH was adjusted to about 10 with
NH,4OH. The PtTA solution was added rapidly to the silica,
stirred for 30 min and filtered. The solid was washed
2 x 250 mL with cold H,O, dried overnight at 125 °C and
calcined at 200 °C. The catalyst was reduced at 250 °C by
heating rapidly from room temperature to 150 °C in H, and
holding for 30 min. The temperature was increased to
200 °C for 30 min and finally to 250 °C for 30 min. The
catalyst was purged with He at 250 °C and cooled to room
temperature. The elemental analysis was 0.99% Pt with a
H/Pt of 0.89.

Pt/Silica B 0.50 g of PtTA was dissolved in 22 mL H,0
with addition of three drops of HNO3. The PtTA solution
was added to 20 g of Davisil 644 silica by incipient wet-
ness impregnation and dried overnight at 125 °C. Half of
catalyst was reduced following the procedure for Pt/silica
A.

Pt/Silica C Half of Pt/silica B was calcined at 250 °C for
5 h in flowing air and reduced. The elemental analysis was
1.19% Pt.

P1/SiO, D 0.90 g of PtTA was dissolved in 50 mL H,O
and added to 45 g of Davisil 644 silica by incipient wetness
impregnation. The catalyst was dried overnight, and 5 g
was calcined at 600 °C for 5 h. The catalyst was reduced
identical to Pt/silica A. The elemental analysis was 1.05%
Pt. The H/Pt was 0.10.

2.1.2 Pt/K-Silica

K=Silica support To 250 g of Davisil 644 SiO, in 2 L H,O
was added 4.0 g KOH dissolved in 500 mL H,O giving a
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pH of about 9. The slurry was stirred was for 1 h at 60 °C,
filtered, washed 2 x 250 mL, and dried overnight at
125 °C.

Pt/K=Silica B To 50 g of K-Silica in 250 mL H,O was
added 2 mL NH4OH to give a pH of about 10. 5.0 g PtTA
was dissolved in 250 mL H,O with 1 mL NH,OH. The
PtTA was added rapidly with stirring to the K-Silica. After
15 min the solid was filtered, washed 2 x 200 mL H,O
and dried at 125 °C overnight. The elemental analysis was
4.1% Pt. 10 g of catalyst was reduced following the pro-
cedure for Pt/silica A.

Pt/K=Silica A 10 g of Pt/K-Silica A was calcined in
flowing air at 225 °C for 5 h and reduced identical to
Pt/silica A.

Pt/K-Silica C 10 g of Pt/K-Silica A was calcined in
flowing air at 300 °C for 5 h, and reduced identical to
Pt/silica A.

2.1.3 Pt/SiO»-Al,0;3

Pt/SiO,-AlL,0O; A 80 g of Davison 135 SiO,-Al,03 was
slurried in 300 mL H,0. 1.60 g PtTA was dissolved in
75 mL H,O (pH 5) and rapidly added to the support with
stirring. After 30 min, the solid was filtered, washed
2 x 250 mL H,0, and dried at 125 °C overnight. The
elemental analysis was 0.54% Pt. The catalyst was reduced
identical to Pt/silica A.

Pt/SiO,-Al, 03 B 0.4 g of PtTA was dissolved in 22 mL
H,O with five drops of concentrated HNO5 (pH 2). The
PtTA solution was added to 20 g of Davison 135 SiO,—
Al,O3 by incipient wetness impregnation and dried over-
night at 125 °C. The catalyst was reduced identical to Pt/
silica A. The elemental analysis was 0.98% Pt.

P1/SiO,-Al,0; C 80 g of Davison 135 SiO,—Al,05 was
slurried in 300 mL H,O and the pH was adjusted to about
10 with NH4OH. 1.60 g PtTA was dissolved in 75 mL H,O
and rapidly added to the support with stirring. After
30 min, the solid was filtered, washed 2 x 250 mL H,O,
and dried at 125 °C overnight. The elemental analysis was
0.96% Pt. The catalyst was reduced identical to Pt/silica A.
The H/Pt was 0.19.

2.1.4 Py/AlL,O;

Pt/Al,03; A 1.50 g of PtTA was dissolved in 25 mL H,O
with addition of three drops of HNO3. The PtTA solution
was added to 50 g of Catalpal SB y-Al,O3 by incipient
wetness impregnation and dried overnight at 125 °C. Half
of the catalyst was reduced by heating rapidly to 200 °C for
30 min. The temperature was increased to 250 °C for
30 min and finally to 300 °C for 30 min, purged with He at
300 °C and cooled to room temperature. The elemental
analysis was 1.5% Pt.
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Pt/AlL,O;B 2.5 g of PtTA was dissolved in 23 mL H,O
with addition of three drops of HNOj. The PtTA solution
was added to 45 g of Catalpal SB 7-Al,O5; by incipient
wetness impregnation and dried overnight at 125 °C. The
catalyst was calcined at 450 °C in air for 5 h and reduced
identical to Pt/Al,O3; A. The elemental analysis was 2.6%
pt.

Pt/Al,O; C 1.3 g of H,PtClg was dissolved in 7.5 mL
H,O with five drops of concentrated HCl. The Pt solution
was added to 15 g of Catalpal SB y-Al,O3 by incipient
wetness impregnation and dried overnight at 125 °C. The
catalyst was reduced identical to Pt/Al,0; A. The ele-
mental analysis was 3.24% Pt.

Pt/Al,0; D 0.75 g NH4CI was dissolved in 12 mL H,O
and added to 25 g of Pt/Al,O; A by incipient wetness
impregnation. The catalyst was dried overnight at 125 °C
and calcined at 225 °C for 3 h in flowing air. The catalyst
was reduced identical to Pt/Al,O5 A.

Pt/Al,O; E 100 g of Catalpal SB y-Al,O5 was calcined
at 725 °C for 5 h. The surface area was 165 m*/g. 1.50 g of
PtTA was dissolved in 25 mL H,O with addition of three
drops of HNO;. The PtTA solution was added to 50 g of
calcined alumina by incipient wetness impregnation, dried
overnight at 125 °C, and calcined at 250 °C for 3 h. 10 g
of catalyst was reduced identical to that for Pt/Al,05; A.
The elemental analysis was 1.5% Pt and the H/Pt was 0.75.

Pt/Al,O; F 10 g of Pt/Al,O5 E was calcined at 625 °C
for 5 h and reduced. The H/Pt was 0.13.

2.1.5 Py/C

Pt/C A 0.70 g of H,PtClg was dissolved in 12 mL H,0 and
added to Vulcan Carbon (Cabot Corp) and dried at 135 °C.
The catalyst was reduced by the method of Pt/silica A. The
elemental analysis was 2.64% Pt.

Pt/C B 10 g of Timrex carbon (TIMCAL Graphite and
Carbon) was slurried in 200 mL H,O and the pH was
adjusted to about 10 with NH4,OH. 0.40 g of PtTA was
dissolved in 50 mL H,O with 1 mL NH,OH. The PtTA
solution was added to the C slurry and stirred for 30 min,
filtered, washed 2 x 250 mL with H,O and dried at
135 °C. The elemental analysis was 1.67% Pt.

2.1.6 Pt/SBA-15

2 nm (Pt/SBA-15 A), 5nm (PtSBA-15 B) and 9 nm
(Pt/SBA-5 C) colloidal Pt nano-particles supported on
SBA-15 were supplied by Rob Rioux and prepared by
reduction of H,PtClg with alcohols and supported on
SBA-15 as previously reported [33].

The elemental analysis of Pt was determined by induc-
tively coupled plasma. Hydrogen chemisorption was
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determined by the double isotherm method and the dis-
persion was calculated assuming a Pt/H ratio of 1.

3 STEM

Scanning Transmission Electron Microscopy (STEM)
measurements were made on the reduced samples. Several
milligrams of catalyst was mixed with iso-propanol and
sonicated for 10 min. A drop of the slurry was deposited on
a carbon-coated copper grid, (200 mesh, CuPK/100) from
SPI suppliers, and thoroughly dried with an ultra infrared
lamp. High angle annular dark field (HAADF) Z-contrast
images were obtained on JEM-2010F FasTEMm FEI
manufactured by JEOL and operated at 200 keV and
extracting voltage of 4,500 V. Typically, ten different
regions of a catalyst were imaged for particle size analysis
and from 500 to 2000 particles were analyzed obtained
using Particule2 software provided by Dr. Catherine Louis,
University Pierre et Marie Curie in Paris, to determine the
particle size distribution.

3.1 EXAFS and XANES Data Collection and Analysis

X-ray absorption measurements were made on the inser-
tion-device beam line of the Materials Research Collabo-
rative Access Team (MRCAT) at the Advanced Photon
Source, Argonne National Laboratory. A cryogenically
cooled double-crystal Si (111) monochromator was used in
conjunction with an uncoated glass mirror to minimize the
presence of harmonics. The monochromator was scanned
continuously during the measurements with data points
integrated over 0.5 eV for 0.07 s per data point. Full EX-
AFS spectra were obtained in quick scan mode in about
4 min. Measurements were made in transmission mode
with the ionization chambers optimized for the maximum
current with linear response (~ 10'C photons detected/s)
using a mixture of nitrogen and helium in the incident
X-ray detector and a mixture of ca. 20% argon in nitrogen
in the transmission X-ray detector. A platinum foil spec-
trum was acquired simultaneously with each measurement
for energy calibration. Pt—Pt Phase shift and backscattering
amplitude functions were obtained from reference com-
pounds: Pt(NH;3)4(NO3), for Pt-O (Np_n = 4 at 2.05 A)
and Pt foil and PPt (Np._p = 12 at 2.77 A). Standard
procedures based on WINXAS software were used to
extract the EXAFS data. The coordination parameters were
obtained by a least square fit in g- and r-space of the iso-
lated, k*-weighted Fourier transform data. The quality of
the fits were equally good with both k' and k* weightings.
The coordination numbers were converted to particle sizes
via the following formula developed by Miller et al. [34]:

log,o(1000/d) = 2.5763 — 0.1319 x (CN)

Catalyst samples were pressed into a cylindrical holder,
which could simultaneously hold six samples, and placed
into a controlled atmosphere cell equipped with shut-off
valves to isolate the sample after pre-treatment. The sample
thickness was chosen to give a total absorbance at the Pt L3
(11.564 keV), L, (13.273 keV) and L (13.892 keV) edges
between 1 to 2 and edge step of at least 0.4. The catalysts
were reduced at 250 °C at atmospheric pressure in 4%
H»/He at 150 cc/min. Trace oxidants in He were removed
by passing through a Matheson PUR-Gas Triple Purifier
Cartridge. After reduction, the samples were purged with He
at 100 cc/min for 15 min at 250 °C and cooled to room
temperature in He flow. Pt L; EXAFS and L;, L, and L,
XANES spectra were obtained at room temperature in He.
Following data collection on the reduced catalysts, the
samples were saturated for 15 min at 100 cc/min with either
4% H, or 1% CO at room temperature, followed by 15 min
He purge. Additional L3y EXAFS and L; L, and L; XANES
spectra were obtained on the catalysts with adsorbed H, or
CO at room temperature. Additionally, the Pt L; EXAFS
were obtained at 250 °C in He on several reduced catalysts.
The Debye—Waller factor is temperature dependent and the
value at 250 °C was determined by fitting some catalysts at
room temperature and 250 °C assuming the same coordi-
nation number at both temperatures.

3.2 Density Functional Theory Calculations/XANES
Simulations

The DFT calculations in this work are performed using the
CASTEP Package [35]. A plane-wave basis set with a
cutoff energy of 500 eV and ultra-soft Vanderbilt pseudo-
potentials (US-PP) [36] was used in all calculations
reported herein. All calculations are carried out with 1 x 1
unit cell of a 4 layer Pt(111) slab with a 8 x 8 x 1
Monkhorst—Pack kpoint grid [37]. The upper two layers of
the Pt(111) surface are relaxed in the slab calculations.
Vacuum space equivalent to 4 atomic layers of Pt was used
to separate the slabs. Within CASTEP a module exists for
simulation of XANES/EELS spectra. The Perdew—Wang
(PW-91) form of the exchange and correlation functional
was used within the generalized gradient approximation
(GGA) [38]. Although the specifics of using the CASTEP
pseudopotential DFT code to calculate XANES spectra are
given in more detail in the work of Gao et al. [39, 40] and
Seabourne et al. [41], we will briefly summarize the
method here. The EELS spectra are determined from the
transition matrix elements between the core state and a
pseudowavefunction of the final state which is then cor-
rected for differences between the pseudo-wave function
and the all electron calculation via a projector augmented
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wave reconstruction. The core state is evaluated using an
all electron calculation of an isolated atom whereas the
pseudowavefunction of the final state is generated by an
ultrasoft pseudopotential calculation within CASTEP.
Since spin coupling energy is not included in the Hamil-
tonian, we cannot differentiate between the L, and Lj
edges. Calculations were performed without the inclusion
of a core hole due to the electron shielding of core states
although calculations were also carried out including the
core hole to confirm its effect, which was found to be
insignificant. Gaussian broadening of 3.0 eV is applied to
mimic the instrument broadening, and the fact that calcu-
lations necessarily involve a finite number of k-points [40].
A more detailed discussion of the key considerations for
calculating the EELS/XANES using CASTEP is provided
by Seaborne et al. [41].

The effect of adsorbates on the XANES spectra was
examined by placing the adsorbate in its lowest energy
configuration (CO [42] and H sit in the fcc site) and all
calculations were performed with a coverage of 1.0 ML (an
artificially high coverage designed to exacerbate the effect
of the adsorbate). As will be discussed below, this allows
for a qualitative comparison between the experimental
spectra and those we have calculated.

A Ptg octahedron was also examined as a means of
investigating the effect of the particle size on the XANES
spectra. It should be noted that multiple structures may
exist for Ptg [43] and we have made no attempt to address
deformations that may occur for supported clusters [44].
Instead, we have chosen a frequently studied structure
which represents a local minimum and is chosen for elu-
cidation of qualitative trends. When examining the Ptq
clusters all atoms were allowed to fully relax.

4 Results

Platinum catalysts have been prepared on different sup-
ports, silica, alkali-silica, silica-alumina, alumina, carbon
and SBA-15. By varying the platinum salt, solution pH,
method of metal deposition and calcination temperature,
the Pt particle size was varied. The catalyst particle size
was determined by a combination of dark field STEM,
hydrogen chemisorption and EXAFS spectroscopy. Typical
dark field STEM images are shown in Fig. la and b for
Pt/K-SiO, A and Pt/Al,0; C, respectively. For Pt/K-SiO,
A, the particle size distribution (not shown) indicates an
average size of 1.5 nm with about 5% of the particles
larger than 2.0 nm. Similarly, the average particle size on
Pt/Al,O; C was 2.0 nm with less than 5% of particles
larger than 2.8 nm. A summary of the average particle size
by STEM is given in Table 1.
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Fig. 1 STEM of a 4.0% Pt/K-SiO, A (average size 1.5 nm); scale
bar = 0.02 pm. b 3.2% Pt/Al,0; C (average size 2.0 nm); scale
bar = 0.02 pm

Additional information on the Pt particle sizes was
determined by EXAFS spectroscopy at room temperature
after the catalysts were reduced in 4% H,/He at 300 °C for
30 min. The first-shell EXAFS spectra were obtained by a
Fourier transform of the k*-weighted data from 2.75 to
12.2 A™". The fit parameters were determined by fitting
both the magnitude and imaginary parts of the Fourier
transform of the isolated k*-weighted EXAFS spectra and
are summarized in Table 1. Assuming hemispherical
nanoparticles, estimates of the average sizes were deter-
mined based on previous correlations of the Np._p, with
dispersion [34] and are also given in Table 1. There is good
agreement of the sizes determined by EXAFS, STEM and
hydrogen chemisorption.

Additional EXAFS spectra were obtained for several
catalysts reduced at 250 °C. Since the Debye—Waller factor
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Table 1 L; EXAFS fits of Pt catalysts reduced 300 °C and in He at RT

% Pt Support Npe_pt R (A) DWF (x10%) E, (eV) XAS Est. size (nm) TEM size (nm)
1.0 Sio, A 5.0 2.69 2.0 —5.1 1.2 1.4
1.2 SiO, B 6.2 2.72 2.0 -3.0 1.7 1.7
1.2 Sio, C 7.1 2.73 1.5 -29 2.3 2.4
4.0 K-SiO, A (0.3% K) 5.0 2.70 2.0 -33 1.2 1.5
4.0 K-SiO, B (0.3% K) 5.5 2.70 2.0 —-3.6 1.4 1.6
4.0 K-SiO, C (0.3% K) 6.2 2.73 2.0 —2.6 1.7 1.7
1.5 Al,O3 A 4.2 2.64 2.5 —7.6 0.9 nd
2.6 Al,O; B 5.0 2.68 2.0 —5.1 1.2 1.8
32 Al,05; C 6.4 2.72 2.0 -3.6 1.9 2.0
1.5 Al,O; D 9.6 2.75 1.5 —24 5.0 nd
0.5 Si0,-ALOs; A 3.9 2.64 2.5 —-6.9 0.9 nd
1.0 Si0,-AlL,O3 B 5.3 2.69 2.0 —4.9 1.3 1.5
1.0 Si0,-Al,05 C 7.8 2.74 1.5 —34 2.8 2.6
2.6 Carbon A 4.6 2.67 2.5 -7.5 1.1 1.4
1.7 Carbon B 7.0 2.73 2.0 -3.6 22 2.2

(DWF) is temperature dependent, after collecting the
spectrum at 250 °C on the Pt/C B catalyst, an additional
spectrum was collected at room temperature. The coordi-
nation number determined from the room temperature fit
was assumed to be unchanged at high temperature to
determine the DWF at 250 °C. The remaining catalysts
were fit using this DWF value. The fit parameters and
particle size estimates for the catalysts at 250 °C are given
in Table 2. In addition to catalysts prepared by standard
solution methods and thermal treatments, 2, 5 and 9 nm Pt
nanoparticles were prepared using SBA-15 via colloidal
methods described in the experimental section above [33].
The advantage of this method is that it gives a more uni-
form size distribution than traditional solution syntheses,
especially for larger particle sizes.

The fit results in Tables 1 and 2 show that for catalysts
in He the Pt-Pt bond distances are shorter than bulk Pt
(2.77 A). Figure 2 shows the Fourier transform for repre-
sentative data of two of the catalysts (2 and 5 nm colloidal
Pt nanoparticles on SBA-15). As can be observed in Fig. 2,
as the size of the nanoparticle gets smaller, the peaks in the
magnitude of the Fourier transform for the first shell Pt—Pt

distance, (located between about 1.7 and 3.1 10\), get
smaller. The peak size in the Fourier transformed spectra is
proportional to the coordination number (i.e. a measure of
particle size). In addition, there is a shift to lower R and
indicating a significant decrease in the Pt—Pt bond distance.

Figure 3 shows a correlation of the Pt—Pt first shell bond
distance with particle size for all catalysts. All particles
smaller than about 10 nm show a contraction in the first
shell Pt—Pt bond distance; the contraction decreases rapidly
for sizes smaller than about 4 nm and is very similar to that
to previous observations of Pt nanoparticles [45], as well as
for Au nanoparticles [34] and Pd nanoparticles [46]. At
about 1 nm, the decrease in bond distance is 0.13 1&, e.g.,
2.77 A in Pt foil and 2.64 A for 1 nm Pt nanoparticles.
Although Frenkel et al. have noted the contraction of Pt—Pt
bonds with increasing temperature [30, 47], we find that the
contraction in bond distance is identical at room tempera-
ture and 250 °C. As shown below, the Pt—Pt bond distance
is also dependent on the presence of adsorbates and was
recently shown to continuously change with surface cov-
erage [5]. Thus, the decreasing bond distance with
increasing temperature of Frenkel, may be due to a

Table 2 L; EXAFS fits of Pt catalysts reduced 250 °C and in He at 250 °C

% Pt Support Npe_pt R (A) DWF (x 103) E, (eV) XAS Est. size (nm) TEM size (nm)
1.0 SiO, D 11.0 2.76 4.5 —1.8 7.5 Nd
1.5 AlLO3 E 4.8 2.66 4.5 -5.8 1.2 Nd
1.5 AlL,O5; F 11.7 2.77 4.5 —-1.2 9.0 Nd
1.7 Carbon B 6.5 2.72 4.5 —4.8 2.0 2.2
1.0 SBA-15 A 5.2 2.65 4.5 —4.5 1.3 1.5
1.0 SBA-15 B 9.8 2.75 4.5 -29 5.0 5.0
1.0 SBA-15 C 11.5 2.76 4.5 2.4 8.5 9.0
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Fig. 2 Comparison of the Fourier transform for reduced 2 nm
(Pt/SBA-15 A) and 5 nm (Pt/SBA-15 B) Pt particles on SBA-15 at
250 °C in He. (k*: Ak = 2.8-11.7 A™"; solid line magnitude of FT
and dotted line imaginary part FT). Red Pt/SBA-15 A (Np_p, = 5.2,
R =2.65 A). Blue PUSBA-15 B (Np,_p = 9.8, R = 2.76 A)
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Fig. 3 Correlation of metallic Pt nano-particle size with Pt—Pt bond
distance in He (red Pt/silica, blue Pt/K—silica, black alumina, pink
silica—alumina, green carbon and gray SBA-15; circle room temper-
ature and square at 250 °C)

decrease in hydrogen surface coverage at elevated tem-
perature. The lattice contraction is essentially independent
of the support, implying that epitaxial growth on the
underlying support is not a requirement for the lattice
contraction and that this phenomenon is general across a
large variety of substrates. Density functional theory cal-
culations also reproduce this decrease in the average bond
distance from the bulk (chosen to mimic large particles)
distance of 2.81 A down to 2.71 A for a Pt;3 icosahedron.

In addition to decreases in the Pt—Pt bond distance with
decreasing particle size, there are also changes in the
XANES spectra (in He). Figure 4a shows the changes of
the L; edge with decreasing particle size for Pt/alumina. As
the particle size decreases below about 5 nm there is a
decrease in intensity near the edge and an increase in
intensity beyond the edge. The changes in the XANES
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increase as the particle size decreases below about 2 nm.
Nearly identical behavior has been observed by Tew et al.
recently for the L3 edge of Pd catalysts on various supports
[48]. Previous studies have not always provided a consis-
tent answer to the effect of particle size on XANES as
some authors have found an increase in the L; edge
intensity as particle size decreases [5, 6]. However, a
number of studies have demonstrated similar behavior as
our observations here even if the experiments were not
performed for a large number of samples with varying size
[16, 49, 50].

The differences in the shapes of the XANES compared
to the L3 edge of Pt foil are shown in the difference
XANES in Fig. 4b. The difference XANES, or AXANES,
is determined by subtraction of the XANES spectrum of Pt
foil from that of the catalyst. The decrease in intensity
below the inflection point reflects a shift to higher energy at
the edge, and the increase in the intensity above the
inflection point is proportional to the increased intensity
beyond the edge.



Top Catal (2011) 54:334-348

341

a T T T T T T
(a) 10F 1 1 1 1 1

c L

] L

=

=

2 L

o

(7] -

Qo

< o5

©

S L

N

= L

£ L

1™

o L

b4

1 1 I 1 I 1 I 1 I 1
13.25 13.26 13.27 13.28 13.29 13.3
Photon Energy [keV]

(b) L T I T I T I i
& o006 .
=
2 L i
S
5 L i
3 o003 .
< L ]
o
m - A
g /
T 0.0 P
£ i \/ /
S
o L i
=z

-0.03 — 1
= 1 I 1 I 1 I =

13.27 13.28
Photon Energy [keV]

13.29

Fig. 5 a Pt L, XANES from 13.24 to 13.30 keV for Pt/Carbon
catalysts in He. Red Pt/C A (1.1 nm). Blue Pt/C B (2.2 nm). Black Pt
Foil. b Pt L, AXANES (catalyst XANES in He-XANES Foil) from
11.55 to 11.583 keV for Pt/Carbon catalysts. Red Pt/C A (1.1 nm).
Blue Pt/C B (2.2 nm)

Typical changes in the intensity of the L, XANES with
particle size are shown in Fig. 5a. At the L, edge, there are
only small shifts to higher energy at the edge. However,
beyond the edge, there is an increase in intensity with
decreasing particle size. The L, AXANES spectra are
shown in Fig. 5b. The data show a small decrease in the
intensity at the absorption edge which increases slightly
with increasing size with little variation among supports. In
addition, above the edge there is much larger increase in
XANES intensity that decreases with increasing particle
size. These changes are independent of the support.

While there are significant changes in the Pt L3 and L,
XANES spectra with particle size, at the L; edge there are
no changes in XANES edge position or shape with
changing particle size. Figure 6 shows the L; XANES
spectra of 0.8 nm Pt/SiO,-Al,03, 1.2 nm Pt/SiO, A and
1.7 nm Pt/SiO, B. No changes in the intensity of the L
edge were observed for any particle size, or support type
for particles smaller than about 2 nm. Small increases in
the L; XANES intensity were observed for sizes larger than
about 2 nm, however, this resulted from the overlap of the
L, EXAFS at the L; edge.
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Fig. 6 Pt L; XANES from 13.83 to 13.94 keV for catalysts of
different size in He. Red Pt/SiO,—Al,05 A (0.8 nm). Blue Pt/SiO, A
(1.2 nm). Green Pt/SiO, B (1.7 nm)

4.1 The Effect of Adsorbed CO and H,

In an effort to further investigate the behavior of small
metal particles, we also examined the particles after
exposure to CO and H, at room temperature. Adsorption of
CO and H, on the Pt nanoparticles leads to a significant
increase in bond distance for all sizes, Table 3. For nano-
particles larger than about 1.5 nm (Np_p, greater than
about 5), saturation with H, and CO give bond distances
that are nearly identical to that in bulk. For the very
smallest nanoparticles, even with adsorbates, the Pt-Pt
bond distance is shorter than bulk; nevertheless, even for
these 1 nm particles, the bond distance significantly
increases with saturation coverage of these adsorbates. The
increase in bond distance with adsorbates indicates that the
Pt—Pt bond distance is dynamic and has been shown to vary
linearly with the surface coverage [32].

As observed in several previous studies [14, 15, 27, 51],
adsorption of CO and H, also leads to changes in the shape
of the Pt L; and L, XANES spectra. Figure 7 shows the
typical changes in Pt L; for Pt/Al,O5 catalysts of different
size with adsorbed CO and H,. As the particle size
decreases, for both CO (Fig. 7a) and H, (Fig. 7b) there is a
continual shift in the edge position to higher energy and
increase in the intensity of the XANES compared to Pt foil.
Similar behavior has also been observed on Pd catalysts
when exposed to hydrogen [48].

Figure 8 shows similar changes in the L, XANES
spectra for Pt/C of different size with adsorbed CO. Dif-
ferent from the L; edge, there is little shift in the position of
the L, edge up adsorption of CO; however, there is a large
increase in intensity with decreasing size beyond the edge.

Since the shape of the L; and L, XANES change with
size as well as with the presence of an adsorbate, in order to
determine the shape of these changes on the XANES due to
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Table 3 L; EXAFS fits of Pt catalysts reduced 300 °C and at RT with adsorbed CO or H,

% Pt Support Adsorbed gas Npept R (A) DWF (x10%) E, (eV)
1.0 Sio, A None (He) 5.0 2.69 2.0 -5.1
H, 5.4 2.75 1.0 2.7
1.2 SiO, C None (He) 7.1 2.73 1.5 -29
H, 74 2.76 1.0 -1.0
4.0 K-SiO, A (0.3% K) None (He) 5.0 2.70 2.0 —-3.3
CcO 4.7 2.76 1.0 -29
4.0 K-SiO, C (0.3% K) None (He) 6.2 2.73 2.0 -2.6
CcO 6.0 2.76 1.0 -3.3
H, 6.4 2.76 1.0 22
1.5 AlL,O3 A None (He) 4.2 2.64 2.5 -7.6
H, 4.1 2.69 1.0 —-5.6
2.6 Al,O3 B None (He) 5.0 2.68 2.0 -5.1
CO 44 2.72 1.0 -5.5
H, 4.8 2.71 1.0 —-5.7
32 AlLO; C None (He) 6.4 2.72 2.0 -3.6
CcO 6.0 2.74 1.0 —4.1
H, 6.4 2.74 1.0 —4.0
1.5 Al,O3 D None (He) 9.8 2.74 1.5 2.4
CcO 8.9 2.75 1.0 -29
H, 9.3 2.76 1.0 —-2.6
1.0 Si0,-AlL,0; C None (He) 7.8 2.73 1.5 —-3.4
CcO 7.5 2.76 1.0 -2.6
H, 7.7 2.74 1.0 -29
1.7 Carbon B None (He) 7.0 2.73 2.0 -3.6
CcO 6.4 2.76 1.0 -1.9
H, 6.7 2.75 1.0 -2.6

the adsorbates it is necessary to compare the XANES of the
catalysts in He and that with the adsorbate present. The
AXANES, XANES of the catalysts with the adsorbate
minus that in He, is shown in Fig. 9a and b for CO on Pt/
Al,O5 and Pt/C, respectively. At both edges, the changes in
shape are similar for both sizes and differ in intensity and
reflect changes in the amount of adsorbed CO, i.e., changes
in dispersion [32].

While there are significant changes in the Pt L3 and L,
XANES spectra with adsorbates, at the L; edge there are no
changes in XANES edge position or shape with adsorbed
CO or H,. Figure 10 shows the L; XANES spectra of
1.2 nm Pt/K-SiO, A without adsorbate, e.g., He, and with
adsorbed CO and H,. Within experimental error these are
identical.

5 Discussion
Recently, Linic and coworkers have used density func-

tional theory based density of states calculations in order
to understand electron energy-loss near edge structure

@ Springer

(ELNES) [52]. Based upon the density of states and a
transmission function for scattering from the 2p to the 3d of
Ni determined from the earlier work of Muller et al. [53], a
simulated ELNES spectrum was created that closely mat-
ched the experimental spectra. The formation of a surface
alloy of Sn and Ni led to broadening of unoccupied Ni
d states above the Fermi level due to hybridization of the
Sn s and p states and the Ni d states. Several researchers
have drawn parallels between electron energy loss spec-
troscopy and X-ray absorption near edge spectroscopy [54—
56]. More recently, Schweitzer et al. had found for PtCu,
PtRu and Pt;Sn alloys that the integrated number of states
under the edge did not change significantly, implying that
charge transfer is not a dominant effect in these Pt alloy
systems in agreement with prior work on Ni alloy systems
[10]. Therefore, following a similar procedure, we calcu-
lated the density of unoccupied states near the Fermi level
to explain the results of our XANES measurements.
Figure 11a shows the partial density of states of Ptg
cluster and a Pt(111) slab. The d-electron density of states
profile for the Ptg cluster is considerably narrower with
more density near the Fermi edge than that for the Pt(111)
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Fig. 8 Pt L, XANES from 13.24 to 13.30 keV for Pt/Carbon
catalysts with adsorbed CO. Red Pt/C A (1.1 nm). Blue Pt/C B
(2.2 nm). Black Pt Foil

slab. Concomitant to the narrowing of the d-band, the
center of the d-band shifts toward the Fermi level (the d-
band center shifts from —2.61 to —2.25 eV). The shift in
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Fig. 9 a Pt L; AXANES (XANES with CO-XANES in He) from
11.55 to 11.583 keV for Pt/Alumina catalysts with adsorbed CO.
Green Pt/Al,O3; B (1.2 nm). Red Pt/Al,O; D (5.0 nm). b Pt L,
AXANES (XANES with CO-XANES in He) from 13.26 to
13.293 keV for Pt/Carbon catalysts with adsorbed CO. Red Pt/C A
(1.1 nm). Blue Pt/C B (2.2 nm)
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Fig. 10 Pt L; XANES from 13.83 to 13.94 keV for Pt/K-Silica A
(1.2 nm) in He, H, and CO. Red Pt/K-SiO, A in He. Blue Pt/K-SiO,
A with adsorbed H,. Green Pt/K-SiO, A with adsorbed CO

the d-band center is a consequence of the need for a con-

stant level of d-band filling in the metal, as has been
explained by Norskov and Hammer [57, 58].
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Before we attempt to interpret our spectra at the L; edge,
it is important to consider also the trend at the L, edge.
While the XANES intensity decreases at the L; with
decreasing particle size, the opposite trend is observed at
the L, edge. There are two implications of this observation.
First, the balance between the Lz and L, is consistent with
the notion that the total number of the d electrons is not a
function of particle size. Second, due to changes in the
bonding hybridization as the particle size decreases, the
allowed transitions change. As Ramaker et al. note, the
differences between the L3 and L, edges reflect the fact that
at the Ls, the 2p>? core electron may be promoted to either
the 54°" or 5d°* whereas the 2p'’ at the L, can only be
scattered to the 542 [14]. Ramaker et al. go on to analyze
the difference between the Ls and L, spectra as a AVB or
change in the number of holes in the valence band. How-
ever, this analysis relies on the assumption of complete
filling of the 54°% as well as the alignment of edges based
upon a particular ratio of the edge heights. This method
does not seem to provide a consistent approach since the
edge heights do not respond in a symmetric manner toward
changes in oxidation state (as shown, for example in Zhao
et al. [59].) or in response to adsorbates as discussed below.
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Unfortunately, in our current study, spin orbit coupling is
not included in the simulated XANES so we cannot address
this issue directly.

In our simulated XANES, we find that Pt clusters follow
the same trend as the L; initial leading edge of the XANES
intensity decreases with decreasing particle size as shown
in Fig. 11b. Ankudinov et al. suggest that the integrated
area under the edge is proportional to the number of
localized d states above the Fermi level [60]. Previously,
van Bokhoven and Miller have found that small gold par-
ticles had an increase in d-electron density at the L3 edge
relative to bulk gold [61]. FEFF calculations indicate that
there is a small increase in the number of d-electrons in the
smallest nanoparticles [34, 61]. The increase in d-electron
density with decreasing coordination number has been
interpreted as a decrease in the amount of spd hybridization
in small gold clusters [62]. As the number of metal-metal
bonds is reduced in small nanoparticles, the hybridization
changes, resulting in a loss of d-band holes and, therefore, a
loss of XANES intensity. The hybridization is a function of
both the coordination (which for a surface atom in Ptg has
decreased from 9 to 4) and Pt-Pt bond distance. The
coordination effect has previously been used to explain the
decrease in intensity at the edge for small particles [50]. As
noted above, as the particle size is decreased, the Pt—Pt
bond distance decreases dramatically (our Ptg cluster has
an average bond length of 2.62 A as compared to 2.81 A
for our Pt(111) slab) as has been shown previously by
Ankudinov et al. [9]. The lattice contraction has been
linked to a change in the hybridization of metal bonds as
the particle seeks to minimize its under coordination [63].
Freund and co-workers have shown that the lattice con-
traction also contributes to binding energy shifts in X-ray
Photoelectron Spectroscopy [64]. In small particles a
competition exists between positive binding energy shifts
(i.e. to higher binding energy; away from the Fermi edge)
due to lattice contraction and negative binding energy
shifts (i.e. toward the Fermi edge) due to the decrease in the
average coordination number (from the increase in the
percentage of surface atoms). In their calculations, Freund
and co-workers find the degree of pure d-d bonding
increases as the as the metal-metal bond distance and
particle size decrease.

In an effort to understand the effect of lattice contrac-
tion, we have calculated the simulated XANES and PDOS
for Pt(111) slabs whose average bond distance has been
perturbed by +5%. Previous calculations from Norskov
and co-workers have shown that as the lattice is expanded
in d-band transition metals, the d-band center moves
toward the Fermi edge (from —2.60 to —2.22 eV) and
conversely under contraction, the d-band center moves
away from the Fermi edge (now to —3.09 eV) as show in
Fig. 12a. The PDOS for d orbitals of Pt shows that the
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empty states are more diffuse for the contracted lattice. The
simulated XANES of Pt(111), Pt(111) with 5% compres-
sion and Pt(111) with 5% expansion are shown in Fig. 12b.
When the lattice is expanded, the degree of bonding is
decreased and, therefore, more pure d-states exist resulting
in a decrease in the XANES intensity. Conversely, as
discussed above, when the lattice is contracted more
d states participate in the metal-metal bonding leading to
an increase in the available empty states above the edge.
Therefore, we attribute the initial decrease in the edge
intensity with decreasing particle size as an effect of
coordination whereas the increase in intensity beyond the
edge with decreasing particle size is related to lattice
contraction in the small nanoparticles. Boyanov and Mor-
rison have previously suggested that the presence of mul-
tiple features in the near edge region could be tied to the
presence of spin orbit splitting in the Pt 5d states [65]. It is
noteworthy that our calculation which does not include
spin orbit coupling still captures the peak shapes from a
qualitative standpoint.

Unlike the case for particle size effects, we observe
that the intensity at both the L; (Fig. 8a) and L, (Fig. 7)

edges increased dramatically when CO was adsorbed on
the catalysts. The increase in XANES intensity after
adsorption of CO could be interpreted as a charge
transfer event. The Blyholder model would suggest that
metal d-electron density is transferred to the CO 7*
orbitals [66]. The increase in XANES intensity, therefore,
would reflect the number of electrons involved with
M-CO bond formation and the chemisorption bond
energy. Looking at a Bader charge analysis of the system
[67], some charge is transferred from Pt to CO (0.08 e™)
per CO. In Fig. 13a, the PDOS of the CO molecule is
depicted along with that of the Pt(111) slab both before,
and after, adsorption showing considerable depletion of
d-states of Pt near the Fermi level has occurred. At the
same time, new bonding (and anti-bonding) orbitals
between CO and Pt are created below, and above, the
edge, respectively. This results agrees with the previous
study of Sautet and Kresse [68]. Figure 13b shows the
simulated L edge XANES of Pt with CO and H adsorbed
to the surface. Based upon the changes to the PDOS of Pt
with CO adsorbed, we ascribe the increase in the
absorption edge to hybridization of d-orbitals involved in
back donation to the CO n-bond. The unfilled anti-
bonding orbitals lying in the near Fermi edge region
possess some d electron character and, therefore, scat-
tering from the 2p state is an allowed transition.

Previously Ramaker et al. have interpreted the shape
changes 0-5 eV above of the L; edge when hydrogen is
adsorbed on Pt clusters as a consequence of the formation
of Pt—-H anti-bonding states [14]. FEFF calculations from
Ankudinov et al. [69] follow a similar interpretation for the
XANES of K,PtCle. In Fig. 13b, we have calculated the
simulated XANES of H on the Pt(111) slab. Adsorption of
H produces a similar, but smaller effect than that with
adsorbed CO in agreement with the experiments (Fig. 7b).
We may also use the simulations to create a AXANES
spectrum, which shows agreement with the experiments at
the L3 edge as shown in Fig. 13c. The XANES intensity
increase above the edge is related to the formation of
empty antibonding states above the Fermi level, which are
now available.

In addition, this increase in adsorption can be correlated
with the catalyst surface area to volume ratio as the
smallest particles showed the most dramatic increase in
XANES intensity as shown in Figs. 7a and 8. Smaller
platinum particles are also known to adsorb CO more
strongly than large particles which may lead to higher CO
coverages. Catalysts with the largest fraction of surface
atoms adsorb more CO (and H,) per Pt, thus have the
largest increases in the XANES. Correlating the XANES
intensity increase with the CO coverage has recently been
used to estimate surface coverages of CO and H,O of Au
and Pt catalysts under water gas shift conditions [32].
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Although the XANES spectra of CO/Pt(111) and
H/Pt(111) have shown an increase in intensity beyond the
edge and a shift to higher energies, subtle differences exist.
First, the intensity for CO is greater, not surprising due to
its stronger bonding and greater depletion of d-states as
demonstrated in Fig. 13a. Adsorbed hydrogen, on the other
hand shows a more diffuse absorption spectra lacking clear
features. To better explain this phenomenon, in Fig. 13d,
the change in the total PDOS relative to Pt(111) is shown
for CO/Pt(111) and H/Pt(111). Two observations can be
made. First, the large feature centered around 3.5 eV above
the edge gives rise to the increase in XANES intensity due
to CO. This state arises from the creation of an anti-
bonding orbital between CO and Pt. Second, hydrogen has
two features in the PDOS above the edge located at about
2.0 and 4.5 eV. In the XANES spectrum, these features
become smeared together, as the AXANES of adsorbed
hydrogen appears more diffuse. We hypothesize that these
features may arise from the interaction of hydrogen the
d and sp states of Pt. It can be noticed that the larger single
feature resulting from adsorbed CO also could be convo-
luted into two peaks but in this case they are closer
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together. Due to the hybridization in the bonding, the cal-
culation assigns d character to these states.

Besides the changes in intensity, shifts in the absorption
edges are observed. A simple explanation for the shift
would be to ascribe the edge shift to changes in the work
function. For example, when CO is adsorbed on Pt(111) the
work function is observed to decrease by 240 meV [70].
One would expect, therefore, a shift should to lower
binding energy with adsorbates, counter to our experi-
mental observation. Asakura et al. describe the shift as an
initial state effect caused by a shift in the location of the
2p in response to the adsorption event [27]. However, as
Asakura et al. notes if the shift is purely an initial state
effect then the L; edge should also shift upon hydrogen
adsorption, which is not observed experimentally.

In an effort to further understand the increase in edge
intensity due to the presence of adsorbates, the orbital
resolved PDOS for surface Pt has been calculated both in
the absence and presence of CO. We find that the center
ofthed,, (andd»_y»),d,. (and d,.) and d_, orbitals are —2.96,
—236 and —-2.50eV. When CO 1is adsorbed, the
orbital centers are shifted to —4.22, —4.51 and —4.15 eV
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respectively. This implies the shifts are 1.26, 2.15 and
1.65 eV. As a complement to this analysis, we have simu-
lated the orbital resolved XANES examining excitation from
the 2p, (or 2p,) or 2p, as depicted in Fig. 14. By a simple
symmetry conservation, we propose that an electron ejected
from the p, can only be scattered into an empty d orbital
which possesses some z character (i.e. d,, d,, and d, but not
dyorde_y»). When COis adsorbed, we see changes between
the absorption edges of the p, and p.. The XANES intensity
of the p, shows a shift to higher energy and increases dra-
matically, indicating a high degree of metal-adsorbate
bonding (i.e. depletion near the edge and creation of unfilled
antibonding orbitals above the edge). The p, edge shows a
larger shift but a smaller intensity increase indicating that
orbitals formed involving x and y symmetry are less impor-
tant to the bonding of CO to the surface. Not surprisingly, this
suggests that those orbitals which have z symmetry are more
important to the bonding of CO to the surface atoms and
therefore the energy level and filling of the d-orbitals with the
proper symmetry will control the adsorption (and reactivity).

Previous work of Koningsberger and co-workers has
emphasized the role of the support in altering the electronic
structure of Pt nanoparticles. However, in our simulations,
we do not include the support and yet qualitative trends in
the absorption spectra are captured. Furthermore, although
we examined a large variety of supports, the trends with
regard to particle size and the presence of adsorbates
remained, suggesting that any support effects were inde-
pendent of these variables.

6 Conclusions
DFT calculations has been applied to develop an under-

standing of experimental XANES spectra the of supported
Pt clusters of different size and support composition.

Support effects both with respect to lattice parameters and
edge intensities were found to be minimal at constant
cluster size. As has been observed for other d-band tran-
sition metals, the lattice constant of Pt decreased with
particle size. In addition, the edge intensity in the Lj
decreased but the intensity increased at the L, edge as the
particle size decreased, reflecting the changes in hybrid-
ization as the coordination and lattice constant decrease
with decreasing size. When CO or H, was adsorbed, the
XANES intensity at the L3 edge decreases and the edge
shifts to higher energy, reflecting the depletion of available
states at the Fermi level. Beyond the absorption edge there
is an increase in intensity due to the formation of unoc-
cupied molecular orbitals between CO and the metal
cluster. Experimentally, much smaller changes occur in the
intensity and shift in energy of the L, XANES occur with
changes in particle size or with adsorbates; however,
beyond the edge there are large increase, thought to be due
to electronic transition to the Pt-adsorbate anti-bonding
orbitals similar to that observed at the L3 edge. DFT cal-
culations also show that these changes are dependent
d orbitals with z symmetry, suggesting that these d orbitals
are the ones primarily responsible for adsorbate bonding. In
order to fully understand the changes in the XANES
spectra, however, it will be necessary to include spin—orbit
coupling in the DFT calculations.
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