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ABSTRACT: Bimetallic PtPd on silica nanoparticle catalysts have been synthesized, and
their average structure has been determined by Pt L; and Pd K edge extended X-ray
absorption fine-structure spectroscopy. The bimetallic structure is confirmed from elemental
line scans by scanning transmission electron microscopy of the individual 2-nm-sized
particles. A general method is described to determine the surface composition of bimetallic
nanoparticles even when both metals adsorb; for example, CO, by combining the
quantitative characterization by X-ray absorption near-edge structure spectra at L edges with
CO adsorption with the adsorption stoichiometry determined by Fourier transform infrared
spectroscopy. Determination of the surface composition leads to a better understanding of

the changes in catalytic chemistry that accompany alloy formation. Although monometallic

Pt and Pd have similar turnover rates for neopentane hydrogenolysis and isomerization, on the basis of the surface composition,
it appears that in the bimetallic PtPd catalysts, the rate and products are determined predominantly by Pt with little contribution
from surface Pd. Density functional theory calculations indicate that the center of the Pt d-band density of states shifts to higher
energy, or closer to the Fermi level, whereas that in Pd shifts to lower energy away from the Fermi level. Similarly, the calculated
enthalpy of CO adsorption increases on Pt, but decreases on Pd. It is speculated that because of the very low surface coverage of
the neopentane reaction intermediates, only surface atoms that form the strongest bonds are catalytically active—that is, Pt—
rather than all surface atoms. The dominant role of Pd, therefore, appears to be to (slightly) modify Pt rather than to contribute

to the catalytic conversion.

KEYWORDS: PtPd bimetallic catalysts, neopentane hydrogenolysis and isomerization, bimetallic nanoparticle surface composition,

L edge XANES of Pt, L edge XANES of Pd

1. INTRODUCTION

Because of the electronic and chemical interaction between
metals,' * bimetallic catalysts often exhibit enhanced catalytic
properties compared with simple mixtures of their mono-
metallic counterparts.”™® Supported Pt—Pd nanoparticles are
among the most widely studied and implemented bimetallic
heterogeneous catalysts in important technological areas,’
including aromatics hydrogenation,'®'" petroleum hydrocrack-
ing,12 emission control," hydrogen storage,”’15 and electro-
catalysis in fuel cells.'®'” Pt—Pd bimetallic nanocatalysts show
not only enhanced selectivity and activity, but also better
tolerance to poisons, such as sulfur.'>'®

To fully understand the catalytic behavior, such as activity,
selectivity, and stability, of a catalyst, the turnover rate (TOR),
defined as the number of molecules converted per active
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surface atom per second, is an important metric. For catalysts
with only one metal, or with two metals, but only one of which
adsorbs a specific gas (e.g, CO), the TOR can be determined
by chemisorption or infrared spectroscopy.’” >’ However,
when both metals in a bimetallic catalyst adsorb CO, such as a
PtPd catalyst, it is generally not possible to determine the
surface composition of each metal. Combining quantitative
characterization by XANES (X-ray absorption near-edge
structure) spectra at L edges with CO adsorption with the
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determination of the adsorption stoichiometry by FT-IR
(Fourier transform infrared) spectroscopy, we present a general
method for determination of the surface composition in
bimetallic catalysts, even when both metals adsorb CO.

Neopentane hydrogenolysis is a widely used model reaction
for characterization of noble metal catalysts. Because neo-
pentane cannot form olefins or carbenium ions,® only metal-
catalyzed reactions are possible. Neopentane reactions over
bimetallic catalysts such as supported PtAu and PtSn have been
studied.** For these catalysts, however, only Pt chemisorbs
CO; thus, the number of active sites is readily determined.
There are two main reaction pathways for this reaction:
hydrogenolysis, or C—C bond cleavage to form methane and
isobutane, and isomerization to form isopentane. The former
reaction is generally undesirable, leading to light gas products.
Isomerization is thought to occur by the C—C bond formation,
followed by ring-opening of the strained cyclopropyl ring. The
selectivity for ring closure in naphtha reforming is important for
the production of aromatics from paraffins, whereas hydro-
genolysis leads to liquid yield loss.*> ~>* Thus, the properties,
which lead to higher isomerization selectivity for neopentane,
generally lead to higher aromatic selectivity for naphtha-
reforming catalysts. The TOR and selectivity in the two
reaction pathways of neopentane were determined for the
monometallic Pt and Pd and two bimetallic PtPd nanoparticle
catalysts. In addition, the Pt and Pd surface compositions were
determined from the L; edge XANES with and without
adsorbed CO and infrared spectroscopy. The comparison of
the neopentane selectivities and TORs with the surface
composition allows one to better determine the effect of alloy
formation on catalytic performance.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Catalyst Preparation. 2% Pt/SiO,. A S g portion of
SiO, (Davisil silica gel from Sigma-Aldrich, 35—60 mesh, 200
m?*/g, and 1.15 mL/g pore volume) was added to 0.2 g of
Pt(NH;),(NO;), that was dissolved in 4 mL of water. About 1
mL of NH,OH was added to adjust the pH to near 11. The
solution was added dropwise to S g of silica while stirring and
mixing. The impregnated mixture was dried at room temper-
ature for 3 h then dried overnight at 125 °C and calcined at 225
°C in flowing air for 3 h. The calcined sample was reduced in
4% H,/He at 250 °C. The elemental composition was
determined to be 2.05% Pt by ICP analysis.

2.5% Pd/SiO,. The same silica support was used, and strong
electrostatic adsorption was the method of synthesis. Five
grams of silica was stirred in 25 mL of water and concentrated
ammonia to pH 11; 42 g of 10% Pd(NH;),(NO;), in water
solution was added rapidly while stirring.>* After adsorption,
the catalyst was filtered and washed with water twice and dried
at room temperature for 3 h before it was dried overnight at
125 °C. The dried catalyst was reduced in 4% H,/He at 250
°C. The metal loading was determined to be 2.56% Pd by ICP
analysis.

1% Pd + 2% Pt/SiO,. The same procedure of preparing the
above Pt/SiO, catalyst was used. A 0.2 g portion of
Pt(NH;),(NO;), was dissolved in 3 mL of water then mixed
with 1.4 g of 10% Pd(NH,),(NO;), water solution. About 1
mL of NH,OH was added to adjust the pH to 11. The solution
was impregnated on S g of silica. The catalyst was dried at room
temperature for 3 h, dried overnight at 125 °C, and calcined at
225 °C in flowing air for 3 h. The calcined sample was reduced
in 4% H,/He at 250 °C. The elemental composition of 1.07%
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Pd + 2.03% Pt was determined by ICP analysis. Following a
similar synthesis procedure, a second bimetallic catalyst 0.75%
Pd + 3% Pt/SiO, was prepared, and the elemental composition
of 0.95% Pd + 3.69% Pt was determined by ICP analysis.

2.2. Characterization. 2.2.1. STEM and EDS. Scanning
transmission electron microscopy (STEM) was performed with
an FEI Titan 80-300 operated at 300 kV. The FEI Titan is
equipped with a CEOS GmbH double-hexapole aberration
corrector for the probe-forming lens, which allows imaging with
~0.1 nm resolution in the STEM mode. The images were
acquired on high angle annular dark field with an inner
collection angle of 52 mrad. Compositional analysis was
performed using an EDAX Si (Li) energy dispersive spectros-
copy (EDS) detector and FEI's TIA acquisition and analysis
software. The STEM sample preparation involved mounting of
powder samples on copper grids covered with lacey carbon
support film and loading into the microscope. Before STEM
characterization, the as-prepared samples were passivated with
0.1% O, in Ar and He for 3 h. For particle size measurements,
we measured over 400 particles from several images of different
areas of the catalyst, and the number average was calculated.

2.2.2. XAS Measurement. X-ray absorption spectroscopy
(XAS) measurements for the Pd K (24 350 eV) and Pt L, (11
564 eV) edges were made on the insertion device beamline of
the Materials Research Collaborative Access Team (MRCAT)
at the Advanced Photon Source (APS), Argonne National
Laboratory. Measurements were made in transmission mode. A
platinum or palladium foil spectrum was acquired through a
third ion chamber simultaneously with each measurement for
energy calibration. Harmonic rejection was accomplished using
a rhodium-coated or platinum-coated grazing incidence mirror
for the Pd or Pt edges, respectively.

Catalyst samples were pressed into a cylindrical holder,
which could simultaneously hold six samples, and placed into a
controlled atmosphere cell equipped with shut-oft valves to
isolate the sample after pretreatment. The sample thickness was
chosen to give a total absorbance (ux) at the Pt Ly or Pd K
edge between 1 and 2 absorption lengths and edge steps (Apx)
around 0.3—0.5. The catalysts were reduced at 250 °C at
atmospheric pressure in 4% H,/He at 50 cm?®/min flow rate.
After reduction, the samples were purged with He at 100 cc/
min and cooled to room temperature in He flow. Trace
oxidants in He were removed by passing through a Matheson
PUR-Gas Triple Purifier Cartridge. XAFS (X-ray absorption
fine-structure) spectra were obtained at room temperature in
He. Following data collection on the reduced catalysts, the
samples were saturated for 5 min at 50 cm?/min with 1% CO/
He at room temperature, followed by a 5 min He purge.
Additional XAS spectra of the Pt L; edge were obtained for the
catalysts with adsorbed CO at room temperature.

XANES measurements for Pd L; (3173 eV) edges were
made on the bending-magnet beamline of the X-ray Science
Division (9-BM-B) at the APS. Measurements were made in
fluorescence mode using a four-element silicon drift detector
(SI NanoTechnology USA, Inc., Vortex-ME4). The region of
interest was set in the detector electronics. Air absorption in the
beam path was controlled by use of helium purging in the
incident flight path. The in situ sample chamber, adapted on
the basis of a design for an in situ grazing-incidence cell devised
by Lee et al,* was separated from the incident flight path by a
2.5-um-thick aluminized mylar window.>® The sample chamber
was purged with a series of gases diluted to ~4% in helium. The
fluorescence window consisted of a 50-um-thick piece of
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kapton, which served the function of blocking fluorescence
from the silica supports (~10% transmission) while being much
more transparent to Pd La fluorescence (~60% transmission).
This allowed for acceptable signal-to-noise and mitigated
count-rate limitations in the detector. The monochromator
crystals were Si(111) with an energy resolution of ~0.35 eV at
3.1 keV. Harmonics were rejected by use of a Rh-coated flat
mirror in the experimental station. The beam was focused to a
spot size of ~1 mm in the horizontal and vertical directions by
the use of a Rh-coated toroidal mirror. Energy calibration was
achieved by the use of a Rh L, edge feature in Iy, which fell in
the Pd pre-edge region.

Samples were pressed into self-supporting pellets in a steel
holder configured for fluorescence measurements with a
diameter of ~5 mm diameter at a 45° angle to the incoming
beam. The catalysts were reduced at 250 °C at atmospheric
pressure in 4% H,/He at 50 cm®/min. XANES spectra at the
Pd L, (3173 eV) edges were taken after reduction. The reduced
samples were cooled in 4% H,/He to room temperature before
they were exposed and saturated for S min at 50 cm®/min with
1% CO/He at room temperature. Additional XANES spectra
were obtained for the catalysts with adsorbed CO at room
temperature.

2.2.3. Extended X-ray Absorption Fine-Structure (EXAFS)
Data Analysis. Phase shift and backscattering amplitudes were
obtained from the Pd and Pt foils for Pd—Pd and Pt—Pt
scattering, respectively. For the experimental references, Ac”
was taken as 0.000. For Pt—Pd and Pd—Pt, phase and
amplitude functions were calculated with FEFE.*” S; and Ac*
were determined by fitting the single metal foils (Pt, 0.80 and
0.0045; Pd, 0.75 and 0.0055) that were used for calculation of
the bimetallic scattering pairs. The bond distance was the
average of the Pt—Pt (2.77 A) and Pd—Pd (2.75 A); that is,
2.76 A. The PtPd and PdPt FEFF calculated y’s were used to
prepare phase and amplitude functions for the bimetallic
scattering pairs. The Sy and Ac” values of the FEFF calculated
reference EXAFS were the same as for the metal foils. The
phase and amplitude functions were determined from the
theoretical y’s.

Standard procedures based on WINXAS 3.1 software were
used to fit the XAS data. The EXAFS coordination parameters
were obtained by a least-squares fit in k-space of the k*
weighted Fourier transform data from 2.75 to 12.2 A~ and the
first shell fit of the magnitude and imaginary parts were
performed between 1.6 and 3.2 A. Because of the limited data
range and number of allowed fit parameters of the two-shell fit
in the bimetallic nanoparticles, the error in the fits was
determined by fixing Ac® at values typical of 2 nm
nanoparticles, that is, 0.001—0.002 greater than metallic foils.
The error in N was +10% and in R was +0.02 A, within the
typical fitting errors of EXAFS. The quality of the fits was
equally good with both k' and k* weightings.

The normalized, energy-calibrated Pt (L;) and Pd (K, L;)
edge XANES spectra were obtained by standard methods. The
AXANES spectra were obtained by subtracting the normalized
XANES spectrum of the catalyst in He from that with CO
adsorption.

2.2.4. Diffuse Reflectance FTIR with CO Adsorption.
Infrared spectra were obtained with an ABB Laboratory
FTLA2000 FTIR spectrometer equipped with a Harrick
Praying Mantis diffuse reflectance mode attachment and
equipped with an environmental chamber. Each sample was
crushed using a mortar and pestle and packed into the sample
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chamber. The chamber was purged with 4% H,/N, (the total
flow rate throughout the entire experiment was 100 cm®/min),
and the temperature was raised to 250 °C. After 30 min, the gas
was purged with Ar while the temperature was maintained.
After 10 min, the temperature was reduced to 25 °C. Next, a
background scan was recorded, which was averaged over 64
scans with 4 cm™" resolution. The sample was saturated with
1.6% CO/N, for 10 min, at which point the excess CO was
purged with Ar for 15 min, and the final scan was recorded.

2.3. Catalytic Reaction of Neopentane. The neopentane
hydrogenolysis reaction was studied using 0.05—0.1 g of
catalyst diluted with 0.9 g of silica and loaded into a 0.5 in. o.d.
quartz plug flow reactor. Glass wool and a 0.5 cm silica layer
was used to support the catalyst bed of ~3 cm height. The
reactor was purged with helium for about 5 min before each
run, and the catalyst was reduced in 4% H,/He as the
temperature was increased to the reaction temperature, 271 + 2
°C. A type K thermocouple was inserted from the bottom into
the lower portion of the catalyst bed. Once the reaction
temperature stabilized, the premixed reactant feed gas
consisting of 0.35% neopentane and 3.5% H, balanced in He
was flowed through the reactor system for 30 min to allow
steady, stable operation. The flow rate of the feed gas was
varied from 25 to 100 mL/min to obtain differential
conversions between 0.5 and 6%. Each flow rate was run for
at least an hour to ensure that steady state conversion for that
flow had been reached. An Agilent 6890N gas chromatograph
with an FID detector was used to analyze the products. The
GC column was a J&W Scientific GS-Alumina column
equipped with a back pressure regulator to hold the system
at a constant pressure of 9 psi. Each experimental run was
completed within 6 h for consistency. No appreciable
deactivation was observed in any of the catalysts over this
period of time. The relative error of the selectivity measure-
ments was about 5% of the measured value. Turnover rates
were calculated on the basis of the number of active sites
determined by the dispersion (the dispersion was estimated as
1/particle diameter (nm)).*® In the absence of catalyst, there
was no conversion from the silica diluent.

2.4. Density Functional Theory Modeling. Density
functional theory calculations were carried out using the
Vienna Ab Initio Simulation Package (VASP).>** A plane-
wave basis set with a cutoff energy of 400 eV and projected
augmented wave pseudopotentials*** were used in all
calculations. The Perdew—Burke—Ernzerhof (PBE—GGA)
form of the correlation and exchange energy was used in all
calculations. The (111) surfaces of Pd, Pt, and PdPt (whereby
the fcc lattice with Pd—Pt bond distances was set at the average
of monometallic bulk unit cells and was allowed to be
optimized, shown in Supporting Information Figure S1) were
cleaved to generate slabs with 6 layers. All calculations for 2 X 2
unit cells are carried out with a S X 5 X 1 Monkhorst Pack k-
point grid.*> Approximately four layers of vacuum separated the
four-layer slabs in the z direction. The upper four layers of each
surface were relaxed as well as all adsorbed CO molecules. A
CO molecule was adsorbed onto each surface in the atop
configuration. Geometries were judged to be optimized when
the forces were within a convergence tolerance of 0.025 eV/A.
PDOS calculations were performed for the slabs using the
default Wigner Seitz radii within VASP.

dx.doi.org/10.1021/cs3004566 | ACS Catal. 2012, 2, 2433—2443
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Figure 1. STEM images (a) and particle size distribution (b) for the 1% Pt + 2% Pd/SiO, catalyst.

3. RESULTS

3.1. Catalyst Characterization. The structure of the
monometallic and bimetallic nanoparticle size and size
distribution were determined using STEM imaging comple-
mented by EDS. STEM images and the corresponding particle
size distribution for the 1% Pt + 2% Pd/SiO, catalyst are shown
in Figure la and b, respectively. The STEM images and size
distributions for 2% Pt/SiO,, 3% Pd/SiO,, and 0.75% Pt + 3%
Pd/SiO, catalysts are shown in Supporting Information Figure
S2. The particle size distributions were estimated by measuring
about 100—400 particles from several images of different areas
on each catalyst. The average particle size and standard
deviation for all four catalysts are listed in Table 1.

Table 1. Fit Parameters of the Fourier Transform of the First
Shell of the k*-Weighted EXAFS Spectra, and the Average
Particle Size and Standard Deviation for All Four Catalysts”

Ac? gx
) 10" E, TEM size
sample and edge scatter N R (A) A?) (eV) (nm)
2% Pt/SiO, at Pt Pt—Pt 9.0 275 20  -14 17 +0.7"
L; edge
2.5% Pd/SiO, at Pd— 68 274 20 -1.6 17 +03"
Pd K edge Pd
1% Pd +2% Pt/ Pt—Pt 64 276 00  —04 19+ 08
Si0atPtLy  p— 43 275 00 8.9
edge Pd
1%Pd +2% Pt/ Pd— 46 274 10  —07
SiO, at Pd K Pd
edge Pd— 53 275 10  -18
Dt
075% Pd + 3%  Pt—Pt 72 276 00  —05 19+ 09
Pt/Si0atPtly p— 30 275 00 8.6
edge pd
075% Pd +3% DPd— 33 274 10 -0
Pt/SiO,at PAK  Pd
edge Pd— 69 275 10  —22
Pt

“Pt: Ak =2.7-11.1 A and AR = 1.7-32 A. Pd: Ak =2.7-112 A7}
AR = 1.7-3.0 A. AN = +10%. R = +0.02 A. Average size based on
TEM and XAS.*

For bimetallic catalysts, the elemental distribution within the
nanoparticles was determined by EDS. From Figure 2, it can be
seen that in the 1% Pt + 2% Pd/SiO, catalyst, the particles
generally show a uniform composition, although there was
compositional variation from particle to particle (Supporting
Information Table S1). There was less compositional variation
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from particle to particle for the 0.75% Pd + 3% Pt/SiO, catalyst
(see Supporting Information Table S2). Although there is some
variation in the particle compositions based on STEM and
EDS, for both bimetallic catalysts, all particles contain both Pt
and Pd.

Additional information on the PtPd particle structure and
size was determined by EXAFS spectroscopy at the Pt Ly and
the Pd K edges. The typical quality of the EXAFS data is shown
in Supporting Information Figure S3a and b for Pt and Pd,
respectively. Figure 3 shows the magnitude of the Fourier
transform, comparing catalysts PtPd/SiO, vs Pt/SiO, at the Pt
L; edge and PtPd/SiO, vs Pd/SiO, at the Pd K edge,
respectively, in Figure 3a and b. The figure shows that there are
significant differences between the spectra of monometallic Pt
or Pd and the bimetallic PtPd catalysts; that is, scattering other
than Pt—Pt or Pd—Pd appears, indicating the formation of alloy
in the PtPd catalyst. The fit parameters were determined by
fitting both the magnitude and imaginary parts of the Fourier
transform of the first shell of the k*-weighted EXAFS spectra
and are summarized in Table 1. Given that the EXAFS fit
parameters are accurate to ~10% and the elemental analysis is
also accurate to ~10%, we independently fit the coordination
number and did not force them to any set value. For the sample
with lower levels of Pd, although the error is slightly larger, the
low coordination numbers are also within experimental
uncertainty. A typical quality fit of the first-shell EXAFS data
is shown in Supporting Information Figure S4a and b.
Consistent with the results of STEM and EDS, XAS at both
the Pt and Pd edges indicates that bimetallic nanoparticles are
formed with approximately uniform composition of Pt and Pd.

3.2. FTIR with CO Adsorption on Catalysts. Figure 4
shows the FTIR spectra for Pt/SiO,, Pd/SiO,, and PtPd/SiO,
with CO adsorption. The CO DRIFTS data for the Pt/SiO,
catalyst shows two features in the spectrum. There is a large,
sharp linear peak at 2071 cm™ as well as a broader peak with
much less intensity centered at 1810 cm™' representing
adsorption on bridging sites.”*~*" The Pd catalyst also had
linear (2082 cm™) and bridging adsorption peaks (1945
em™).*** The bridging peak is much more pronounced
than that on the Pt/SiO,. The 1% Pd + 2% Pt catalyst also
showed primarily linear CO adsorption (2073 cm™) positioned
between the peaks of Pt/SiO, and Pd/SiO, and a small, broad
feature centered at 1900 cm™' representing the bridging
adsorption.*® Upon alloy formation, adsorption on both linear
and bridging sites has less intensity compared with the
absorption observed on single metal catalysts; especially, the

dx.doi.org/10.1021/cs3004566 | ACS Catal. 2012, 2, 2433-2443
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Figure 2. The EDS line scan and concentration profile for an individual particle in the 1% Pt + 2% Pd/SiO, catalyst; red line for Pt and blue line for

Pd, respectively.
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Figure 3. The magnitude of the Fourier transform comparing catalysts 1% Pd + 2% Pd/SiO, (red) vs Pt/SiO, (black) at the Pt L; edge Ak = 2.7—
11.1 A" (a) and 1% Pd + 2% Pd/SiO, (red) vs Pd/SiO, (black) at the Pd K edge Ak = 2.7—-11.2 A™" (b).
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Figure 4. FT-IR spectra for Pt/SiO, (blue), Pd/SiO, (red), and PtPd/
SiO, (green) with CO adsorption at room temperature.

bridging adsorption on alloy catalyst has dramatically less
intensity than on Pd/SiO,.

3.3. Pt and Pd L Edge XANES with CO Adsorption.
Typically, the L; XANES spectra are used to determine the
oxidation states or fraction of metallic and oxidized metal. In
addition, changes in L; edge XANES spectra also occur with
chemisorption of gases, for example, H, and CO.5'™% Thus,
such changes induced by chemisorption can be used to
determine the type of adsorbate and its surface coverage.
Adsorption of CO on Pt leads to significant changes in the
position, intensity, and shape of the Pt Ly XANES spectrum.
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Figure 5 shows the XANES spectra at the Pt L; edge for the Pt/
SiO, before and after CO saturation. For the Pt L; edge, upon
adsorption, there is a shift in the edge position to higher energy,
~0.2 eV, as shown in the inset. In addition, there is an increase

in whiteline intensity up to ~10 eV above the edge for the Pt L;

1.40

1.20 -

-
=]
°

.20 - - - 4
11562 11563 11564  11.565  11.566

o
©
o

Normalized Adsorption
o
(-3
o

o
IS
o

0.00 T T T T
11.54 11.55 11.56 11.57 11.58 11.59

Photon Energy (keV)

Figure S. XANES spectra at the Pt L; edge from 11.54 to 11.59 keV
for the Pt/SiO, without (black) and with (green) CO adsorption. The
insert is a blow-up of the leading edge of the XANES spectra.
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edge. These changes are consistent with our previous work.>®
Figure 6 shows the XANES spectra at the Pd L; edges for the

1.60
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0.40 |

0.20 -

0.00 T T T T T T T T T
3160 3165 3170 3175 3180 3185 3190 3195 3200 3205 3210

Photon Energy (eV)

Figure 6. XANES spectra at the Pd L; edge from 3.16 to 3.21 keV for
the Pd/SiO, without (black) and with (green) CO adsorption.

Pd/SiO, before and after CO saturation. There is a shift (~1
eV) in the edge position to higher energy upon adsorption and
a slight broadening of the peak. Similar changes at the Pt L; and
Pd L; are observed for the PdPt bimetallic catalysts, as shown in
Supporting Information Figures S4 and SS.

If one subtracts the XANES in He from that with adsorbed
CO, the difference (or AXANES) shows how the shape and
intensity of the edge changes with adsorption of CO. Figure 7a
and b shows the AXANES spectra of CO adsorption at the Pt
L; edge for Pt/SiO, and 1% Pd + 2% Pt/SiO, and the Pd L,
edge for Pd/SiO, and 1% Pd + 2% Pt/SiO,, respectively. The
CO AXANES at the Pt and Pd edges indicate that there are
surface atoms of both elements. 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. It can
be seen that the shape of the AXANES is very similar for the

monometallic and bimetallic catalysts, and the spectra differ
primarily in intensity. In the bimetallic PtPd/SiO,, the
magnitude of the AXANES decreases, corresponding to less
adsorbed CO for both Pt and Pd. In general, these changes
reflect differences in particle size, the fractional surface
coverage, and the stoichiometry for adsorbed CO.

3.4. Neopentane Isomerization and Hydrogenolysis.
Neopentane hydrogenolysis has two possible reaction path-
ways, as shown in Figure 8: hydrogenolysis and isomerization.
Hydrogenolysis involves a carbon—carbon bond cleavage and
hydrogenation resulting in isobutane and methane.

Isomerization involves a ring closure/ring opening through a
cyclopropyl intermediate to produce isopentane. As Figure 8
illustrates, the primary products are methane and isobutane for
hydrogenolysis and isopentane for isomerization. In both cases,
further reaction can occur to produce secondary products, such
as propane and additional methane. Isomerization of the
primary product, isopentane, can also lead to formation of n-
pentane.

Figure 9 shows the selectivity plotted as a function of
conversion for the 1% Pd + 2% Pt/SiO, catalyst. The data
suggests that the reaction scheme proposed in Figure 8 is
consistent with the data presented in Figure 9 because propane
and ethane are not primary products, since the selectivity goes
to zero as conversion goes to zero.56 In contrast, isobutane,
methane, and isopentane are clearly primary products because
their selectivity is nonzero in the limit of zero conversion.
Although n-pentane would not be expected to be a primary
product, its selectivity is nonzero at zero conversion for the Pt-
containing catalysts. The selectivities extrapolated to zero
conversion are also given in Table 2. Although for Pt catalysts
the initial isomerization product appears to undergo a second
reaction (to n-pentane) before desorption, the initial hydro-
genolysis product does not. At zero conversion, there is no
selectivity to propane. For Pd, the reverse is true. There is no
selectivity to n-pentane, but there is significant selectivity to
propane and even ethane. In the bimetallic catalysts, the
selectivity to n-pentane decreases with increasing Pd content;
however, there is minimal selectivity to propane for either
catalyst.

The isomerization selectivity of Pt was high at 0.64 (0.54 for
isopentane plus 0.10 for n-pentane), but Pd was very low (0.05
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Figure 7. AXANES spectra of CO adsorption at (a) the Pt L, edge for Pt/SiO, and 1% Pd + 2% Pt/SiO, and (b) the Pd L, edge for 2.0 nm Pd/SiO,

and 1% Pd + 2% Pt/SiO,.
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Figure 9. Selectivity vs conversion for the 1% Pd + 2% Pt/SiO,
catalyst. Products: methane (M), ethane (O), propane (O), i-butane
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isopentane and no n-pentane). The isomerization selectivity of
the bimetallic PtPd catalysts was higher than either Pt or Pd
alone. The total isomerization was ~0.70 for both catalysts,
whereas the selectivity to n-pentane increased with increasing
Pt/Pd ratio, that is, 1% Pd + 2% Pt < 0.75% Pd + 3% Pt < Pt.

The turnover rates are also given in Table 2. The total
number of atoms was determined from the composition, and
the dispersion was calculated from the TEM average size.”” In
Table 2, the reported TOR for the bimetallic catalysts assumes
that all surface atoms have the same TOR. The TOR of
monometallic Pt is ~1.8 times that of Pd. The TORs of the
bimetallic PtPd catalysts are slightly lower than that of Pd and
about half that of Pt.

3.5. Density Functional Theory (DFT): Energy of the d-
Density of States (DOS) and CO Adsorption Energies.
The projected density of states for Pd(111) vs Pd in PdPt(111)
as well as Pt(111) vs PdPt(111) are compared in Figure 10.
From the figure, one can see that the Pt d-bandwidth decreases
in alloy relative to Pt(111), whereas the Pd d-bandwidth
increases in the alloy as compared with Pd(111). The d-band
centers of the top layer are affected by this change in width
because the degree of filling for Pt and Pd changes only

minimally when alloyed.® We find that the d-band center for
Pd shifts away from the Fermi level (Pd(111) Eq = —1.76 eV;
Pd in PdPt(111) E; = —1.84 eV) when alloyed with Pt.
Conversely, the d-band center of Pt shifts toward the Fermi
level (Pt(111) E4 = —2.15 €V; Pt in PdPt(111) E4 = —2.05 eV).

Table 3 shows the effect of alloying on the binding energies
of CO to the atop sites. A simple model is chosen to show how
alloying affects the adsorption energy. At 0.25 ML coverage,
CO adsorbs more strongly on atop sites on Pt(111) (—1.70
eV) than on Pd(111) sites (—1.50 eV). An enhanced behavior
is seen on the alloy, which adsorbs CO stronger on Pt atop
(—1.90 €V) than pure Pt and weaker on Pd atop (—1.39 eV)
than the pure Pd. As we alloy Pt with Pd, the CO adsorption
energy of Pd decreases, whereas the CO adsorption energy of
Pt increases. The adsorption energy for CO in the atop site is
used to demonstrate the changes in chemisorption energies due
to alloy formation. Although the d-band center for Pd is closer
to the Fermi level than that of Pt and, therefore, has a higher
heat of adsorption than Pt, this is not true for atop adsorption
of CO, because CO actually prefers the 3-fold hollow site on
Pd.>® However, this model is a simple demonstration that
shows that upon alloy formation with Pt, Pd chemisorbs CO
with a lower heat of adsorption than monometallic Pd.
Calculations on other sites (bridge, fcc) show similar trends,
thus it is not limited to atop coordination.

4. DISCUSSIONS

4.1. Surface Composition of the Alloy Catalyst. From
STEM, EDS, and EXAFS, it has been confirmed that bimetallic
nanoparticles have been synthesized. The TOR, however, was
based on the dispersion assuming all atoms had equal rate and
selectivity, rather than being based on the surface composition.
Because both metals in the bimetallic catalysts adsorb CO, for
example, chemisorption and FT-IR cannot be used to
determine the numbers of surface atoms for each metal. The
advantage of XANES spectroscopy is that it is specific only to
the amount of CO adsorbed on one metal and is essentially
independent of the amount of CO adsorbed by the second
metal. Adsorption of CO on Pt and Pd leads to a shift in the

Table 2. Neopentane Turnover Rates (TOR) and Reaction Products Extrapolated to 0% Conversion at 271 °C

catalyst dispersion TOR (mol conv/metal site/s)
2.06% Pt/SiO, 0.57 13x107°
2.56% Pd/SiO, 0.57 73 x 107*
0.75% Pd + 3% Pt/SiO, 0.51 6.5 % 107*
1% Pd + 2% Pt/SiO, 0.51 52%x107*
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initial product distribution (%)

CH, C,Hs C3Hg CHio i-CsHy, n-CsHj,
18 0 0 18 54 10
S3 1 9 32 S 0
16 1 1 14 62 8
16 2 1 13 68 2
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Figure 10. Projected density of states for the (a) Pd(111) (blue) vs Pd in PtPd(111) (black) and (b) Pt(111) (red) vs Pt in PdPt(111) (black).

Table 3. Energies of Adsorption of Atop CO at 0.25 ML
Coverage

surface Ey (eV)
Pt(111) —1.70
Pd(111) —1.50
PdPt(111) —1.39 (Pd)
—1.90 (Pt)

edge energy and change in the shape of the XANES, as shown
in Figures S and 6. These changes (AXANES) are proportional
to the amount of adsorbed CO.>*>> Because CO saturates the
surface of Pt and Pd nanoparticles at room temperature, the
AXANES can be calibrated, for example, with a single metal
particle of known size to determine the surface composition for
that specific atom, for example, Pt or Pd, in a bimetallic
nanoparticle.

Figure 7a shows the Pt L; edge AXANES spectra of CO
adsorption at room temperature for 2% Pt/SiO, and 1% Pt +
2% Pd/SiO,, respectively. Using the AXANES spectrum for
Pt/SiO, as the reference, the relative fraction of CO adsorption
on Pt atoms in the PdPd bimetallic catalyst can be determined,
that is, the intensity ratio of AXANES (PtPd) over AXANES
(Pt). The surface CO coverage on PtPd/SiO, is ~70% of
coverage on Pt/SiO,, which is determined by fitting the
AXANES in the PtPd with that of the Pt only. The repeatability
of the AXANES fit is ~5%. In general, the AXANES fit also has
to be corrected for any differences in particle size or dispersion,
which can be determined by TEM and CO adsorption
stoichiometry, which is determined from the IR spectra. For
example, if there were an increase in size in the bimetallic NP,
there would be a decrease in the AXANES just due to the lower
fraction of surface atoms. The decrease is proportional to the
ratio of the dispersions of the two catalysts. From TEM, the
differences in particle size and dispersion of monometallic Pt
and 1% Pt + 2% Pd/SiO, are small: 1.9 and 1.7, respectively.
Correcting for this size (0.70 X 1.7/1.9) gives a Pt surface
fraction of 0.63. In addition, from the FT-IR (Figure 4), both
catalysts have primarily linearly adsorbed CO. Therefore, the
surface composition of Pt atoms on PtPd/SiO, is unchanged,
~65%.

From the Pd L; edge, shown in Figure 7b, the fit of the
AXANES of CO on PtPd/SiO, is ~50% that on Pd/SiO,. The
Pd/SiO, used to determine the AXANES was very similar in
size to that of the bimetallic PtPd/SiO, catalysts. Correcting for
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the difference in size of Pd/SiO, to PtPd/SiO, (1.7/1.9), the
Pd surface coverage is 0.45. However, on Pd/SiO,, there is a
significant amount of bridging CO, with a 1.33 Pd/CO ratio; "’
whereas on the bimetallic catalyst, CO is bound in primarily a
linear configuration with little bridging CO. Accounting for this
difference, the surface composition of Pd atoms on PtPd/SiO,
is ~0.33 (0.45/1.33).

Although there are uncertainties in the determination of the
average TEM particle size, M/CO ratio by IR spectra and
AXANES fits, the relative error is common to both the
monometallic and bimetallic NP’s. Determination of the
metallic surface coverage by taking the ratio of these
measurements leads to small errors in the composition of the
surface coverage, typically less than ~10%, as evidenced by the
agreement of the fraction of Pt and Pd in 1% Pt + 2% Pd/SiO,
determined independently from both the Pt and Pd L edges.
The sum of surface composition of Pt and Pd atoms (~65% Pt
atoms and ~35% Pd atoms) is very close to 1.0 within
reasonable uncertainty of the XANES, IR, TEM, and EXAFS
measurements. The Pt surface composition determined from
the Ly XANES for the 0.75% Pd + 3% Pt/SiO, catalyst was
determined to be ~80% Pt. For this catalyst, the Pd L edge
AXANES was not measured, but from the Pt surface
composition, the fraction of Pd atoms would be around 20%.

There are several assumptions and limitations of the
described method. First, the method assumes that there is
saturation adsorption. Although this is likely for Pt and Pd, it
may not be true for all metals, such as Au, Ag, Cu, and others.
For these metals, alternative adsorbates will be required.
Second, the method also assumes that the surface composition
is not changed by the adsorbate. The EXAFS of these PtPd
nanoparticles was identical, suggesting that this is true for these
catalysts; however, chemisorption of oxygen, for example, does
often lead to changes in the surface composition.60 In addition,
even CO can act to segregate metals whose affinity for CO
differs substantially from one another.’’ Thus, although the
fraction of oxidized surface atoms can be determined, this may
be different from that in the reduced catalyst. In addition, the
method relies on the ability to determine the difference in the
XANES spectra with and without adsorbate. This is generally
possible for nanoparticle sizes of less than ~10 nm. For larger
particles, the fraction of surface atoms is too small to measure
the amount of surface atoms (with adsorbate) reliably.

In the determination of the Pd surface fraction in the PtPd/
SiO, catalysts, the Pd CO stoichiometry was assumed to be the

dx.doi.org/10.1021/cs3004566 | ACS Catal. 2012, 2, 2433-2443
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same as that for Pt, for example, all linear bonding. The
correctness of this assumption affects the Pd surface coverage
(determined from the Pd edge). If the IR in the bimetallic is
assumed to be identical to that in the monometallic NP, then
the Pd surface coverage would be 0.45, which does not agree
with the value determined from the Pt edge. Although the Pd/
CO ratio cannot be independently determined, the high
fraction of linear Pd CO bonding likely results from the low Pd
surface coverage. Thus, the high fraction of Pt neighbors leads
to few Pd—Pd for CO bridge bonding. For Pd bimetallic
nanoparticles with a high fraction of Pd, the Pd/CO ratio may
be more similar to that in the monometallic Pd. Whereas the
stoichiometry of CO bonding adds to the uncertainty of the
surface coverage measurements, other metals often have M/CO
ratios near unity; thus, this becomes less of a problem.

4.2. Correlation between Surface Composition and
Catalytic Behavior. The turnover frequencies of the
bimetallic catalysts reported in Table 2 were based on the
fraction of total surface atoms, independent of surface
composition, and were lower than both monometallic catalysts.
Because the TOR of the PtPd catalysts was only slightly lower
than monometallic Pd, one might conclude that the surface has
a high fraction of Pd atoms. However, for the 1% Pd + 2% Pt/
SiO,, the fraction of surface Pt atoms is ~0.65. If the TOR of Pt
and Pd were unchanged in the bimetallic catalyst, the
experimental TOR would be intermediate between that of Pt
and Pd; however, the TOR is 0.4 times that of Pt and 0.71
times that of Pd. In other words, the experimental TOR is
much lower than the TOR predicted using the monometallic
rates and fraction of surface atoms. Similarly, if the TORs of Pt
and Pd on 0.75% Pd + 3% Pt (0.80 surface Pt) were identical to
that in the monometallic Pt and Pd, the expected TOR would
be also between that of Pt and Pd; however, the experimental
TOR that is 0.5 times that of Pt and 0.9 times that of Pd. For
both catalysts, the experimental TOR is lower than the
expected value from the surface composition.

The neopentane isomerization selectivity in both PtPd
bimetallic catalysts is slightly higher, 0.7, than for Pt, 0.64,
and much higher than Pd, 0.05. Without knowledge of the
surface composition, one might conclude that there is a high Pt
surface coverage. Using the estimated surface coverages and the
TOF of the pure metals, one can estimate that the kinetic
averaged selectivity, for example, for isomerization, which is the
isomerization rate of the surface atoms divided by the total rate.
For 1% Pt + 2% Pd, the kinetic average selectivity is 0.50. This
selectivity is intermediate between that of Pt and Pd. Similarly,
the kinetic averaged isomerization selectivity of the 0.75% Pd +
3% Pt catalyst (0.80 Pt + 0.20 Pd surface composition) is 0.55.
The experimental values of 0.70 and 0.71 are significantly
higher than both of these calculations and even higher than that
for monometallic Pt. Thus, although the bimetallic catalysts
have TORs that are lower than the monometallic catalysts, the
selectivity is significantly higher than the kinetic average of the
surface atoms based on the monometallic rates and selectivities.

It was previously noted that although n-pentane is not an
expected primary product in the isomerization pathway,
nevertheless, there were low selectivities (extrapolated to zero
conversion) to this product for the Pt containing catalysts. The
n-pentane selectivities were 10%, 8%, and 2% for Pt, 0.75% Pd
+ 3% Pt, and 1% Pd + 2% Pt, respectively. The selectivity of n-
pentane was 0% for monometallic Pd. The most probable
reaction pathway for n-pentane production involves a second
isomerization step prior to isopentane desorption. The increase
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in the selectivity to n-pentane selectivity can be correlated with
the increase in surface coverage of Pt, as seen in Figure 11. This

10
x &7
]
R
C 6+
Q -
@
wv
2
s 47
e
[
(-9
c 21
0+t —_—
0 20 40 60 80 100
% surface Pt

Figure 11. n-Pentane selectivity vs the fractional surface composition
of Pt atoms.

correlation may imply that isomerization to n-pentane requires
multisite Pt—adsorbate bond formation (whereas isomerization
to isopentane may not), and the addition of Pd to the surface
breaks up some of these adjacent Pt sites.

The selectivity and TORs determined from the surface
composition show that mixing Pt and Pd does not result in just
an additive effect of the two separate metals. The TOR is lower
than the monometallic rates, but the bimetallic isomerization
selectivity is higher than the monometallic catalysts.

4.3. Correlation between Simulation and Experimen-
tal Results. Norskov and many others have previously used
the location of the d-band as a critical descriptor of catalytic
performance.”***>~% From the results in Figure 10, the results
show that reactivity (and CO binding energy) of Pd decreases
in the alloy while Pt increases. This is not intuitively obvious.
Naively, one could suppose that the Pd in a PdPt alloy is in
expansion because the lattice constant of PdPt is larger than for
plain Pd, as mentioned above.® However, this would result in a
narrowing of Pd PDOS. Conversely, one could conjecture that
Pt would respond as if it were in compression (and its d-band
would expand). The observed behavior results from the fact
that Pt has a larger extent, that is, spatially larger d orbitals, than
Pd.®® This implies that in the alloy, Pd is now “overbonded” by
Pt and experiences increased hybridization due to the larger
overlap with Pt than it would have had with its Pd neighbors.
Similarly, Pt is now “underbonded” by Pd since the d orbitals of
Pd do not extend as far as Pt. These differences in extent are
manifested by the large increase in the meltin§ temperature of
Pt (1768 °C) with respect to Pd (1555 °C).°

In addition, from our simple model of CO adsorption, we
observe that the behavior of the alloy surface is not merely an
average of the monometallic surfaces. Both the DFT
calculations of CO adsorption and our catalytic turnover rates
and selectivity for neopentane hydrogenolysis/isomerization
suggest that the bimetallic PtPd catalysts are unique and display
behavior different from those of the monometallic catalysts.
This behavior has been predicted for other alloy systems
because of synergistic combinations of strain and ligand
effects.”® If the alloy catalyst possessed behavior that was
simply an additive behavior of its two parts, then we would
expect that the activity of the catalyst would lie between Pt and
Pd and that the selectivity would also lie between Pt and Pd. Of
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course, this is not what we observe. Instead, both the activity
and selectivity lie outside of the range defined by the
monometallic catalysts. It appears that neopentane conversion
has been significantly turned off on Pd surface sites, which
predominately yield hydrogenolysis. Like CO, it appears that
perhaps neopentane adsorption (and activation) is weakened
on Pd sites in the alloy. In effect, the alloy catalyst now operates
as if only Pt is present, and the reactivity and selectivity appears
to be completely governed by the catalytic conversion on Pt
sites in the alloy. If only Pt sites are catalytic, then the observed
TOR in the bimetallic nanoparticles is only slightly lower than
that in monometallic Pt. The lower rate per total surface atoms
suggests that one can ignore the Pd sites entirely in the alloy
when predicting the rate. We can further speculate from the IR
data that few hollow or bridging Pd sites exist in the alloy
surface. This implies that an additional effect of alloying is the
disruption of these sites where the molecule can experience
high coordination with surface Pd that lead to hydrogenolysis.”*
In contrast, adsorption of neopentane to active sites on Pt may
follow the example of CO adsorption, for which atop sites are
desirable.”

If only surface Pt is active, as suggested, the isomerization
selectivity is also very similar to that of monometallic Pt. The
role of Pd, therefore, is to slightly modify the Pt d-DOS, leading
to a small but significant enhancement in isomerization
selectivity. Although the reactivity of alloys of disparate metals
(e.g, PtSn,” PdAg’*) have often been described as merely
modification of the active metal, this behavior seems unusual
(and unexpected) for PtPd, in which the metals are similar in
electronic structure.

5. CONCLUSION

A method for determination of the surface composition in
bimetallic nanoparticles is given even for alloys in which both
metals adsorb, for example, CO. By measuring the change in
the L; edge XANES spectra with and without CO in bimetallic
particles and comparing these changes with those in
monometallic particles of known size along with the
stoichiometry for CO adsorption, the fraction of surface
atoms can be determined.

Determination of the surface coverage allows one to study
the effects of alloy formation on TOR and selectivity for a given
reaction, for example, neopentane hydrogenolysis. For PtPd
bimetallic nanoparticles, the TORs are lower than that expected
from the Pt and Pd surface composition, whereas the
neopentane isomerization selectivity is higher. In addition, the
isomerization selectivity to n-pentane (extrapolated to zero
conversion) increases with the Pt surface coverage above
~50%. Density functional theory calculations indicate the Pt d-
DOS shifts to higher energy, which leads to an increase in the
adsorption enthalpy of CO. For Pd, the d-DOS shifts to lower
energy, and the Pd-CO bond energy decreases. Although there
are changes in the DOS for both Pt and Pd, these are only
slightly altered compared with the monometallic nanoparticles,
implying that the catalytic properties are only slightly changed.
The neopentane TOR’s and selectivities of the PtPd bimetallic
catalysts can be rationalized by assuming that the surface
coverage of reaction intermediates is low and only sites forming
the strongest bonds affect conversion. Thus, even though Pt
and Pd monometallic nanoparticles have similar TOR's, in the
bimetallic PtPd, Pt atoms appear to dominate the catalytic
conversion. TOR’s based on only surface Pt are slightly smaller
than that in monometallic Pt, and the selectivity is slightly
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higher. Thus, Pd appears to act as a Pt promoter and have little
catalytic activity of its own. In general, the ability to determine
the surface composition will allow for a better understanding of
the spectroscopic and catalytic properties of bimetallic
nanoparticle catalysts.
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