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with Indium oxide (black) and b) magnitude of the Fourier Transform of the EXAFS at the
In edge of Pd-In 0.2 (red) and Pd-In 0.8 (blue) catalysts. The catalysts were reduced at

600 °C in a 4 % Hy/He mixture at 50 cm?/min. After reduction, the samples were purged
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As the United States works towards energy independence shale gas has become an
attractive domestic recourse for use as a feedstock to produce fuels. One potential approach to
utilize shale gas is to first convert the C> and Csz paraffinic components into olefins, valuable
chemical building blocks, by catalytic dehydrogenation. The goal of this dissertation is to study
how the geometric and electronic changes to a metal upon alloying influence its selectivity for
light alkane dehydrogenation.

In the first three projects bimetallic catalysts comprising of either Pd or Pt and a post-
transition metal known to promote olefin selectivity were investigated. In all the systems studied
the bimetallic catalysts were found to be more selective for ethane dehydrogenation than the
monometallic analogue. In situ characterizations revealed the formation of intermetallic
compounds (IMC) which contained either small ensembles of or completely isolated active atoms
in the bimetallic catalysts. It is believed that these geometric changes to the active metal are the
dominant factor leading to improved dehydrogenation selectivities. From a study performed on
Pd-In catalysts it was proposed that IMC structures similar to the active metal are preferentially
formed. In a separate study, two distinct IMC structures were formed in Pt-In catalysts with
different In:Pt atomic ratios and the two phases were found to have different turnover rates (TOR)
and apparent activation energies. These results showed that the catalytic properties of metals could
be altered by forming different IMC structures. Lastly, a study on Pt-Zn catalysts revealed changes
in energy of the 5d states of Pt upon IMC formation. The observed energy change is believed to
be responsible for increases in dehydrogenation TOR.

In the fourth project Pt-Fe bimetallic catalysts were investigated as an extrapolation of the
findings of the first set of studies. Pt and Fe were found to form three IMC structures as the Fe:Pt
atomic ratio was varied. All three structures contained Pt atoms with local geometries identical to

the catalysts selective for ethane dehydrogenation. When tested for propane dehydrogenation the



XViii

IMC catalysts were found to be highly selective for propylene. Although Pt and Fe are both
catalytic, the much higher activity of the former results in the latter behaving as an inert diluent.
This results in the small ensembles of and isolated Pt atoms in the IMC structures being highly
selective for dehydrogenation. Electronic structure measurements and calculations showed small
changes in the average energies of the 5d states of Pt as the Fe content of the IMC changed.
Associated with the valance energy shifts were changes in metal-adsorbate bond strengths which
were believed to be the cause of increased dehydrogenation TOR. These results demonstrated that
it is possible to change the electronic structure of metals by forming IMCs with different promoters
or stoichiometries. While electronic effects play a secondary role in alkane dehydrogenation, this
insight could provide useful for other catalytic chemistries.



CHAPTER 1. INTRODUCTION

1.1 Motivation

The goal of national energy independence was first proposed by Richard Nixon in 1973 [1]
and has been emphasized by nearly every president since. [2] While ultimately this goal will be
achieved by utilizing renewable fuels, improvements in current technologies are necessary to make
using these energy resources practical. [3] The net energy deficit is largely due to the reliance on
imported petroleum for the production of liquid transportation fuels. Finding a domestic energy
source to be used as a bridge between petroleum and renewables would help to shorten the time in
which the United States can achieve energy independence.

The United States has massive deposits of natural gas trapped in shale formations. [4] The
marriage of hydraulic fracturing and horizontal drilling technologies beginning in the early 2000s
has made the recovery of gas from these deep-underground shale formations economical. [5] This
has led to enormous increases in natural gas production, which are projected to continue for the
coming decades [6], and has made shale gas an attractive feedstock for the synthesis of products
traditionally derived from petroleum. The major component of shale gas is methane; however,
some reserves may contain up to 20 % ethane and propane. This growth in supply of natural gas
liquids has resulted in some petrochemical manufactures shifting their feedstocks from petroleum
to cheaper shale gas condensates. [7] In addition to fine-chemicals these abundant C, and Cs
hydrocarbons offer an opportunity as a feedstock to produce liquid transportation fuels. Typical
catalytic gas-to-liquids technologies such as Fischer-Tropsch and the ExxonMobil methanol-to-
gasoline process have focused on methane conversion. However, these processes suffer from poor
economic returns and are likely not viable options for utilizing shale gas for liquid fuels production.
[8] Currently there are no economical technologies to transform ethane and propane into liquid
products for use as transportation fuels. Therefore, the development of novel catalytic materials
and processes for the conversion of natural gas liquids to fuels offers an opportunity to fully realize
the potential of shale gas as an energy source and push the United States towards energy

independence.



1.2 Light Alkane Dehydrogenation

Light alkanes can be directly converted to alkenes via catalytic dehydrogenation. The olefin
products can then be converted to fuel range molecules. Due to the endothermic nature of
dehydrogenation reactions high temperatures are required for equilibrium to favor the formation
of olefins. However, at the elevated temperatures required to obtain high alkane conversions the
undesired side reactions of hydrogenolysis and coke also occur resulting in yield losses. [9]
Therefore, catalyst selectivity towards olefins is paramount when designing a light alkane
dehydrogenation process. The on-purpose production of propylene is currently done industrially
via the UOP Oleflex process which utilizes a Pt-Sn bimetallic catalyst. Although all group VIlI
metals are active for dehydrogenation and hydrogenolysis, Pt is used industrially because it is the
only metal that shows higher selectivity for the former reaction over the latter. Sn is added to
further increase olefin selectivity and catalyst life. [10] While the addition of Sn to Pt catalysts has
been widely studied due to its industrial relevance other post-transition elements (Zn [11], Ga[12],
and In [13]) have been reported to have similar promotional effects. The increased performance
has been attributed to the formation of alloys, but the exact mechanism of the promotional effect
is still debated.

Both geometric and electronic effects have been proposed to be the cause of the improved
performance of the bimetallic catalysts. The geometric argument is based on the idea of structure
sensitive and insensitive reactions proposed by Buodart. [14] Alkane dehydrogenation is a
structure insensitive reaction where the active site is a single metal atom. Conversely, alkane
hydrogenolysis is a structure sensitive reaction where the active site is an ensemble of several
metal atoms. Alloy formation breaks up ensembles of active Pt atoms limiting C-C bond cleavage
while C-H bond activation is unaffected. [15-17] Although geometric changes have been proposed
to lead to higher selectivity, rarely has the exact structure of the catalytic surface been identified.
Increased selectivities have also been attributed to the enhanced desorption of alkene products due
to electronic changes to Pt upon alloying. It has been proposed that electron donation from the
promoter to Pt due to differences in electronegativity results in weaker metal-olefin bonds.
Hydrogenolysis is believed to proceed through deeply dehydrogenated surface species. It is
thought that faster olefin desorption reduces the number of deeply dehydrogenated surface species

resulting in higher selectivity. [18-21] Determining whether geometric or electronic changes are



the dominant factor responsible for higher olefin selectivity is an important step towards the ability
to rationally design improved catalytic materials for light alkane dehydrogenation.

A bimetallic Pd-Zn catalyst has recently been reported to be highly selective for light
alkane dehydrogenation. When tested for propane dehydrogenation the bimetallic catalyst was
nearly 100% selective for propylene, drastically different from monometallic Pd which produced
almost exclusively methane before deactivating. It was determined that the addition of Zn to the
Pd catalyst resulted in the formation of a 1:1 Pd-Zn intermetallic compound (IMC) with a AuCu
structure. In the IMC structure each metal atom sits in a fixed lattice position, as opposed to a solid
solution where the components are randomly distributed, which results in uniform local geometries.
In the AuCu structure formed the catalytic Pd atoms are surrounded by inactive Zn. It was proposed
that this isolation of active atoms (i.e. a geometric effect) was responsible for the observed increase

in selectivity for propane dehydrogenation. [22, 23]

1.3 Dissertation Overview

The purpose of this work is to study whether the formation of intermetallic compounds
with isolated active sites can be used as general method to achieve high olefin selectivity during
alkane dehydrogenation. Although it is hypothesized that geometric effects dominate selectivity
changes, alloying also alters the electronic properties of metals. A secondary goal of this work is
to study the nature of these electronic changes and the role they play in alkane dehydrogenation.
The approach taken was to study bimetallic catalysts consisting of either Pt or Pd and a known
post-transition metal promoter and determine whether IMC structures with isolated active sites are
formed. The findings from these studies were then used to select a non-traditional promoter to
extrapolate the hypothesis of active site geometry being responsible for high alkane
dehydrogenation selectivity.

Chapter 2 is a study on a series of Pd-In bimetallic catalysts selective for ethane
dehydrogenation. The study has been published as “Pd-In intermetallic alloy nanoparticles: highly
selective ethane dehydrogenation catalysts,” in Catalytic Science and Technology, 2016, 6, 6965-
6976. The study found that the addition of In to Pd catalysts isolated the active atoms through the
formation of a 1:1 IMC phase with a CsClI structure. Although numerous IMC phases are present
in the bulk phase diagram and a range of In:Pd atomic ratios was studied, only the 1:1 phase with

a highly symmetric CsCl structure was formed. It was proposed that the formation of the IMC



phase is a kinetically controlled process and structures that require minimal atomic rearrange ment
are preferentially formed.

A study on Pt-In catalysts is discussed in Chapter 3 and has been published as “Structure
and reactivity of Pt-In intermetallic alloy nanoparticles: highly selective catalysts for ethane
dehydrogenation,” in Catalysis Today, 2018, 299, 146-153. It was found that Pt and In formed two
different IMC phases: Ptsln and PtIn,, having CusAu and CaF» type structures, respectively. Both
phases were highly selective for ethane dehydrogenation. While the Pt atoms in PtIn; are isolated
there are still adjacent active atoms in the PtsIn structure which suggests total site isolation is not
required to improve selectivity. In addition to the increases in ethylene selectivity, the formation
of the IMC structures also resulted in higher turnover rates, indicative of electronic changes to Pt.
The turnover rates were also found to be dependent upon the phase formed. From these results it
was proposed that it may be possible to tune the electronic properties of catalysts by forming IMC
structures with different stoichiometries.

Chapter 4 is a study on Pt-Zn bimetallic catalysts which combined electronic structure
measurements and calculations to gain insight into the effect of alloying on the valance states of
catalytic metals. The work has been published as “Zinc Promotion of Platinum for Catalytic Light
Alkane Dehydrogenation: Insights into Geometric and Electronic Effects,” ACS Catalysis, 2017,
7, 4173-4181.1t was shown that Pt and Zn form a 1:1 IMC phase with isolated active atoms which
results in high selectivity for ethane dehydrogenation and increased turnover rates. Electronic
structure measurements revealed that alloy formation shifted the average energy of the unfilled
and filled 5d states of Pt upwards and downwards, respectively. Electronic structure calculations
were found to agree with the experimental observations. It was proposed that the changes in the
average energies of the valance states of Pt are the dominant electronic effect of alloying and that
the increased turnover rates result from these shifts.

A study on Pt-Fe bimetallic catalysts selective for propane dehydrogenation is discussed
in Chapter 5. The work is currently being finalized for publication. Pt and Fe were found to form
three IMC phases: PtsFe (CuzAu), PtFe (CuAu), and PtFes (CusAu). Although Pt and Fe are both
catalytic for dehydrogenation and hydrogenolysis all three IMC phases were highly selective for
propylene. This was attributed to the intrinsic activity of Fe being much lower than Pt. On the Pt-
Fe IMC surfaces Fe acts as an inert diluent resulting in the small ensembles and isolated Pt atoms

present in the structures being highly selective for dehydrogenation. Electronic structure



measurements, which were corroborated by theoretical calculations, revealed continual increases
and decreases in the average energies of the unfilled and filled valance states of Pt as the IMC
phase become more Fe rich. The directionalities of the shifts are the same as those observed in the
PtZn IMC structure; however, the shifts are smaller in magnitude. Changes in the binding strength
of carbon monoxide to Pt in the different IMC phases were found to correlate with the observed
changes in average energies of the 5d state. It is believed that these changes in bond energy could
lead to differences in surface coverages during reaction and result in increased turnover rates. From
the findings of this work it is hypothesized that it could be possible to selectivity tune the catalytic
properties of a metal by forming intermetallic compounds using different promoters or by changing
the phase with a single promoter.

Chapter 6 summarizes the major conclusions of the four studies presented in this
dissertation. This includes the implications from the finding of the four studies on the design of
new improved materials for alkane dehydrogenation as well as a potential route for continued

research on intermetallic compound catalysts.
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CHAPTER 2. PD-IN INTERMETALLIC ALLOY NANOPARTICLES:
HIGHLY SELECTIVE ETHANE DEHYDROGENATION CATALYSTS

Wu, Z.; Wegener, E.C.; Tseng, H.; Gallagher, J.R.; Harris, J.W.; Diaz, R.E.; Ren, Y.; Ribeiro,
F.H.; Miller, J.T.; “Pd-In intermetallic alloy nanoparticles: highly selective ethane
dehydrogenation catalysts,” Catal. Sci. Technol. 2016, 6, 6965. Reproduced by permission of The
Royal Society of Chemistry, copyright 2016. DOI: 10.1039/c6¢cy00491a

2.1 Abstract

Silica supported Pd and Pd-In catalysts with different In: Pd atomic ratios and similar
particle size (~2 nm) were tested for ethane dehydrogenation at 600 °C. For a monometallic Pd
catalyst, at 15 % conversion, the dehydrogenation selectivity and initial turnover rate (TOR, per
surface Pd site) were 53 % and 0.03 s*, respectively. Addition of In to Pd increased the
dehydrogenation selectivity to near 100 % and the initial TOR to 0.26 s*. Carbon monoxide IR, in
situ synchrotron XAS and XRD analysis showed that for Pd-In catalysts with increasing In loading,
different bimetallic structures were formed: at low In loading a fraction of the nanoparticle surface
was transformed into PdIn intermetallic compound (IMC, also known as intermetallic alloy) with
a cubic CsCl structure; at higher In loading, a Pd-core/PdIn-shell structure was formed and at high
In loading the nanoparticles were pure PdIn IMC. While a Pd metal surface binds CO
predominantly in a bridge fashion, the PdIn IMC predominantly binds CO linearly. Formation of
the PdIn IMC structure on the catalyst surface geometrically isolates the Pd catalytic sites by non-
catalytic, metallic In neighbors, which is suggested to be responsible for the high olefin selectivity.
Concomitant electronic effects due to Pd-In bond formation likely leads to the increase in TOR.
Though multiple IMC structures with different atomic ratios are possible for the Pd-In binary
system, only a cubic PdIn IMC with CsCl structure was observed, implying a kinetically controlled

solid state IMC formation mechanism.

2.2 Introduction

The past decades have witnessed a steady growth in the demand of light olefin, one of the

most important chemical building blocks. Conventional light olefin production methods include



steam cracking and fluidized catalytic cracking (FCC). The recent shale gas boom and
corresponding decrease in light alkane prices make on-purpose olefin production via catalytic light
alkane dehydrogenation (LAD) economically competitive. [1] Today, several new LAD
installations are being built or planned. [2]

Selectivity control is critical for catalytic light alkane dehydrogenation. [3] Under typical
reaction condition, noble metal catalysts produce methane in high yield and concomitant
production of coke leads to rapid deactivation. Pt is the only noble metal used for LAD catalysts
due to its intrinsic selectivity favoring C-H bond activation over C-C bond activation. [2]
Commercially supported bimetallic Pt-Sn catalysts are used, in which the promoter Sn reduces
side reactions and coke formation. [2-5] It is believed that Sn modifies the electronic structure of
Pt by transferring electrons to its valence band. Dissociative adsorption of alkanes is suppressed
and olefin desorption is enhanced, leading to less hydrogenolysis and coking. [4, 6-9] A geometric
effect for Sn promotion has also been proposed wherein Sn reduces the Pt ensemble size by
alloying with Pt or covering Pt sites with low coordination. [3, 10] However, the exact structure
of the modified surface sites has seldom been investigated in very small nanoparticles
characteristic of commercial catalysts.

Recently, a selective propane dehydrogenation catalyst comprised of a Pd containing
intermetallic compound (IMC) was reported. [11, 12] Monometallic Pd was poorly selective (<
10 %) to propylene; however, when Zn was added, the dehydrogenation selectivity increased to
greater than 98 %. The pronounced selectivity change was attributed to formation of a B;1-PdZn
IMC (tetragonal, CuTi type structure) on the catalyst surface. In this crystal structure, all of the
first nearest neighbors of Pd were Zn. No Pd-Pd surface ensemble sites remained, which
effectively turned off the structure-sensitive pathway for hydrogenolysis. This work suggested that
specific intermetallic compound structure could play a crucial role in determining the selectivity
of LAD catalysts. Although monometallic Pd catalysts are typically non-selective for LAD, certain
Pd IMC structures may be selective catalysts.

Indium has also been reported as a promoter for Pt based bimetallic light alkane
dehydrogenation catalysts. [13-15] However, the exact structure of the bimetallic particles and
their influence on catalyst function have not been studied. Studies on Pd-Zn propane
dehydrogenation catalysts suggest that intermetallic compound structures may also play an

important role in these In promoted LAD catalysts. [11, 12] In and Pd can form 6 Pd-In IMC
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phases with different stoichiometries at 600 °C (Figure 2.1). [16] The ordered arrays of two
different atom types over specific crystallographic sites characteristic of IMCs give rise to Pd
active sites with specific geometric coordination, which is in contrast to alloys where the metal
atoms randomly substitute in solid solutions. [17] IMCs formed by In with Pd and other noble
metals have recently been reported to exhibit improved catalytic properties in methanol steam
reforming and amination of alcohols. [18-20]
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Figure 2.1: a) In-Pd phase diagram at 600 °C adapted from Okamoto et.al. [21] and b) crystal
structure of Pd and different Pd-In intermetallic compound phases [22-26]

Determining the crystal structure of supported catalyst nanoparticles is, however,
challenging. The small particle size (< 3 nm), low metal loading (< 5 wt. %) and large background
from typical amorphous catalyst supports (SiO2 and y-Al,Oz) usually make detection of
nanoparticle structure using laboratory XRD instruments very difficult. Gallagher et al. recently
showed that resolving the broadened diffraction peaks of ~ 2 nm monometallic Pt nanoparticles
required in situ measurements under H; flow and a high signal-to-noise ratio only obtainable from

synchrotron radiation. [27] For bimetallic particles, the problem is further complicated since



11

several structures may be present, [12, 28] resulting in overlapping of multiple broad diffraction
peaks. In addition, the diffraction peaks of some IMCs show up at 26 values very close to those of
the parent metals or the other IMCs, for which high spatial resolution of diffraction peaks is
required.

Here, we report on the synthesis, testing and characterization of silica supported Pd and
Pd-In nanoparticle catalysts with different In:Pd ratios and similar particle size of about 2 nm. The
catalysts were characterized by scanning transmission electron microscopy (STEM), infrared
spectroscopy of adsorbed CO (CO IR), in situ synchrotron X-ray absorption spectroscopy (in situ
XAS) and in situ synchrotron X-ray diffraction (in situ XRD). The ethane dehydrogenation
reaction was used to evaluate the influence of In on the catalysts’ performance. Detailed crystal
structure and particle geometry were determined for the nanoparticles with mixed metal and
intermetallic compound phases. Their relation with catalyst function is further discussed,
suggesting the role of In as both a geometric and an electronic promoter.

2.3 Experimental
2.3.1 Catalyst Preparation

A monometallic Pd catalyst (2 wt. % Pd supported on Davisil 636 silica gel from Sigma—
Aldrich, 480 m?/g and 0.75 mL/g pore volume) was synthesized using the incipient wetness
impregnation (IWI) method. 2.81 g of 10 % Pd(NHz3)4(NOz)2 solution (Sigma—Aldrich) were
dissolved in 1.5 mL of H20. 30% ammonium hydroxide solution (Sigma—Aldrich) was then added
to the solution until the pH reached 11. The obtained Pd precursor was added dropwise to 5 g of
silica and stirred. After drying overnight at 125 °C, the sample was calcined at 500 °C for 3 h and
reduced at 200 °C in 5 % H2/N2 at 100 cm*/min for 30 minutes.

A series of Pd-In bimetallic catalysts with target Pd loading of 2 wt. % and In loading of 1,
3, 6 wt. % were synthesized by sequential incipient wetness impregnation (s-1WI1) under controlled
pH conditions. Various amounts of In(NO3)2 hydrate (Sigma-Aldrich) were dissolved in about 8
mL of H>O. Citric acid (Sigma-Aldrich) was added to this solution with a molar ratio of 1:3 to the
In in the solution. About 5 mL of 30 % ammonium hydroxide solution was then added to this
solution to initially form a white precipitate which dissolved later when additional ammonium

hydroxide solution was added. The obtained solution at pH = 11 was added dropwise to 15 g of
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silica and stirred. The obtained In/SiO; catalyst precursors were dried overnight at 125 °C and then
calcined at 600 °C for 3 h. 3.37 g of 10 % Pd(NH3)4(NOs)2 solution were dissolved in ammonia
and then added dropwise to 6 g of the obtained In/SiO2. This catalyst was then dried overnight at
125 °C, calcined at 200 °C for 3 h, reduced at 200 °C in 5 % H/N, at 100 cm?/min for 30 min, and
then reduced at 600°C in 5% H/N, at 100 cm®/min for 30 minutes. These samples are named after

the atomic ratio of In: Pd determined by atomic absorption spectroscopy (Table 2.1).

2.3.2 Atomic Absorption Spectroscopy (AAS)

The elemental loadings of Pd and In in the catalyst samples were measured using a
PerkinElmer AAnalyst 300 atomic absorption spectrometer. Approximately 40 mg of each sample
were dissolved in 2 ml HF (48 wt. %, Macron chemicals) overnight followed by the addition of
about 50 ml D.I. water to dilute the concentrated acid solution. AAS standards for Pd and In (Fluka)
were diluted to within the linear detection range and used for calibrating the instrument. Weight
percentages of Pd and In were calculated from the average absorbance value of two repeat
measurements and the atomic ratios of Pd to In were calculated from the obtained weight

percentage.

2.3.3 Scanning Transmission Electron Microscopy (STEM)

The STEM images were taken at Birck Nanotechnology Center at Purdue University using
the FEI Titan Scanning Transmission Electron Microscope (80-300 kV, 1 nm spatial resolution in
STEM). Samples were ground to fine powders and dispersed in isopropyl alcohol. Three drops of
the solution were added onto an ultrathin Carbon film-Au TEM ready grid (TedPella) and dried
on a hot plate at 80 °C. STEM images were taken using the high angle annular dark field (HAADF)
detector at 300 kV and particle size was counted using the ImageJ program. [29] A minimum of

200 particles were counted to obtain the size distribution for each catalyst.

2.3.4 CO Chemisorption

The CO chemisorption measurements on Pd-In catalysts were conducted using a
Micromeritics ASAP 2020 chemisorption instrument. Around 0.1 g of each catalyst was loaded
into a U-shaped quartz reactor tube. The catalysts were reduced in 50 cm®min of 5 % Hy/He at
600 °C for 0.5 h and cooled to RT under the same atmosphere. The sample was then flushed for

30 minutes in He before evacuation and measurements. Difference analysis of the chemisorption
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curve was used to obtain the catalyst dispersion. A stoichiometry of CO: Pd =1:1 was assumed in
order to estimate the lower bound of dispersion value for Pd-In catalysts.

2.3.5 Ethane Dehydrogenation Kinetics

Ethane dehydrogenation kinetics measurements were carried out in a quartz fixed-bed
reactor with 3/8-inch ID. The weight of the catalysts used ranged from 0.2 g to 0.65 g. A
thermocouple within a quartz thermocouple well was placed at the bottom center of the catalyst
bed to measure the reaction temperature inside the bed. The products were analyzed with Hewlett
Packard 5890 Series Il gas chromatograph equipped with a thermal conductivity detector (TCD).
Before each test, the catalyst was first reduced under 40 cm®/min 5% Ha/N2 while the temperature
was raised to 600 °C and held at 600 °C for 30 minutes. For selectivity comparison at 15%
conversion at 600 °C, a reaction atmosphere of 5 % C2He, 6 % H> balanced in N2 with a total flow
rate of 50 cm®/min was used. When measuring the dehydrogenation turnover rate (TOR, per
surface Pd site) at 600 °C and the activation energy, the reaction mixture was 5 % CzHs, 2 % Ho,
0.5 % C2Ha, 43.2 % He, and balance N at a total flow rate of 150 cm®min. Co-feeding both
hydrogen and ethylene helped make sure that the reactor was operated under differential condition,
which was typically not considered in previous works on light alkane dehydrogenation kinetics.
[2, 3, 14] Approach to equilibrium was also considered for the calculation of TOR following the

work of Koryabkina et al. [30] The rate expression is as below,

[CoH,][H,]
K[CyHe]

rate = kf[CzHe]a[C2H4]b[H2]c(1 - B B=
where ks is the forward rate constant, K is the equilibrium constant and g is the approach to
equilibrium index. The value of g was found to be always smaller than 0.17, indicating the reaction
was run far from equilibrium. Apparent activation energy was measured at 4 different temperatures

between 570 and 600 °C after the catalyst stabilized at conversions below 10%.

2.3.6 Insitu Infrared Spectroscopy

Infrared spectra were collected using a Nicolet 4700 spectrometer equipped with a Hg-Cd-
Te (MCT, cooled to -194 °C by liquid nitrogen) detector in transmission mode. Catalysts were
diluted with SiO, (Davisil 636 silica gel from Sigma-Aldrich, 480 m?/g and 0.75 mL/g pore
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volume) with a catalyst to silica mass ratio of 1:3. The diluted samples were ground to a fine
powder and pressed to form a self-supporting wafer (~0.02 g/cm?). The wafer was sealed in a
specially designed quartz cell with CaF,> windows. Two K-type thermocouples (Omega) were
placed 2 mm from the wafer on each side to measure wafer temperatures. The cell was surrounded
by a mineral-insulated resistive heating coil (ARi Industries), and both the cell and coil were
encased in an alumina silicate ceramic chamber (Purdue Research Machining Services). A custom
glass manifold was connected to the cell to control the gas for pretreatment and the amount of CO
introduced. The cell was first purged with He, and then the sample was reduced with 10% H; in
balance He while the temperature was increased to 600 °C and held for 30 minutes. After reduction,
the wafer was cooled to 30 °C in the same gas environment. The wafer was then exposed to
dynamic vacuum (Alcatel 2008A rotary vane rough pump, <0.1 Torr) for 15 minutes at 30 °C, and
a background scan was recorded, which was averaged over 64 scans with 2 cm™ resolution. The
sample was then exposed to 20 kPa CO in sequential doses over ~ 30 minutes followed by dynamic
vacuum for 30 minutes to remove gas-phase and weakly adsorbed CO before final IR scan was

collected.

2.3.7 Insitu X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy measurements at the Pd K (24350 eV) edge and In K edge
(27940 eV) were made on the 10-BM bending magnet beamline of the Materials Research
Collaborative Access Team (MRCAT) at the Advanced Photon Source (APS), Argonne National
Laboratory. Measurements were taken in transmission mode. A palladium foil spectrum was
acquired through a third ion chamber simultaneously with each measurement for energy
calibration. Samples were prepared by grinding the catalysts into fine powders and pressing them
into a cylindrical sample holder to form a self-supported wafer. Before the XAS spectra were
obtained, the catalysts were reduced at 600 °C in a 4 % H,/He mixture at 50 cm®min flow rate.
After reduction, the samples were purged with He at 100 cm®/min and cooled to room temperature.
Trace oxidants in He were removed by passing through a Matheson PUR-Gas Triple Purifier
Cartridge containing a Cu trap. All spectra were obtained at room temperature in He.

WINXAS 3.1 software [31] was used to fit the XAS data. The EXAFS coordination
parameters were obtained by a least-squares fit in R-space of the k?-weighted Fourier transform

data from Ak = 3.0 to 12.0 A, The first shell fit of the magnitude and imaginary parts were
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performed between AR = 1.6 to 2.9 A for the Pd edge. At the In edge, the first shell fit was
performed from AR = 1.8 to 2.8 A. An average coordination number and bond distance were
determined for Pd-Pd and Pd-In scattering at Pd edge and In-Pd scattering at In edge by fitting
with the experimental phase shift and back scattering amplitude of Pd-Pd scattering extracted from
Pd foil XAS data (12 Pd-Pd at 2.75 A). Such treatment was rationalized based on the small
difference in phase shift and amplitude between Pd-Pd and Pd-In scattering due to the close atomic
number of Pd and In. While fitting the data with both Pd-Pd and Pd-In scattering path was possible,
the similarity between these two paths results in varied fitting parameters giving similar fits. Fits
were performed by refinement of the coordination number (CN), bond distance (R), and energy
shift (Eo). The Ac? value was kept constant for all of the samples through all fits, and CN and R

were allowed to vary in turn to determine the correct fit.

2.3.8 Insitu X-ray Diffraction (XRD)

In situ XRD measurements were performed at the 11-1D-C beamline at the APS, Argonne
National Laboratory. Data was acquired in transmission mode using X-rays at 105.091 keV (A =
0.11798 A) and a PerkinElmer large area detector. Samples were pressed into a thin pellet and
loaded into a Linkam Thermal Stage which allowed reactant gas flow during the in situ XRD
measurements. The reactor was first purged with Ar for 5 minutes before a flow of 3 % H2/Ar at
50 cm®/min was introduced and the temperature was ramped to 600 °C. After reducing at 600 °C
for 20 minutes, diffraction patterns were taken for all the samples. Then the reactor was cooled to
room temperature in the same atmosphere and diffraction patterns were taken again for all the
samples now without thermal-induced lattice distortion and strain. The bare SiO, support, in
addition to the empty cell, were treated with the same procedure and corresponding reference
measurements were taken at the same conditions. The 2-D diffraction patterns were integrated and
converted to the conventional 1-D diffraction data using the Fit2D software [32] to obtain plots of
intensity versus 26. The diffraction patterns of possible Pd-In alloy phases were simulated based
on the known structures [22-26] by MAUD (Materials Analysis Using Diffraction) [33] and used

as standards to determine the phase obtained.
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2.4 Results
2.4.1 Atomic Absorption Spectroscopy (AAS)

The Pd and Pd-In catalysts were prepared by impregnation and pre-reduced at 600 °C
before catalyst testing and characterization. It was found that initial reduction of Pd-In catalysts at
600 °C deposited a yellow solid film on the wall of the reactor tube outlet. This yellow color was
almost identical to the color of calcined In-impregnated SiO prepared in the first step of the
synthesis and is typical of In,Os, suggesting that the deposits correspond to some lost In. The
elemental loadings for Pd-In catalysts were measured by AAS. Table 2.1 shows the obtained Pd
and In contents and the In: Pd ratio in each catalyst. The Pd content for all Pd-In catalysts was
close to the target weight loading. The In content, however, was about half of the target loading,
confirming partial In loss. After the initial reduction of the catalyst precursor during preparation,
subsequent reduction pretreatments of Pd-In catalysts did not lead to significant additional loss of

In.
Table 2.1: Elemental Analysis, Particle Size, and Dispersion
Sample Pd Content In Content In: Pd Particle Size by  Dispersion
Name 2 (wt. %) (wt. %)  Atomic Ratio STEM (nm) (%) °
Pd / / / 1.9+0.9 47
Pd-In-0.2 2.0 0.5 0.2 20+£0.6 14
Pd-In-0.8 2.0 1.7 0.8 1.8+0.4 12
Pd-In-2.0 1.6 3.4 2.0 2.7+0.9 2

& Named with the measured In: Pd atomic ratios for the Pd-In catalysts
b |_ower boundary values determined by CO chemisorption assuming a stoichiometry of CO: Pd =
1: 1 for Pd-In catalysts. The dispersion of Pd catalyst was estimated using the STEM particle size.

2.4.2 Particle Size and Catalyst Dispersion

Metal nanoparticle sizes of Pd and Pd-In catalysts were determined by STEM imaging.
Images were taken for all four catalysts after pre-reduction in Hz at 600 °C and exposure to air. An
image of Pd-1n-0.8 catalyst and corresponding size distribution statistics are shown in Figure 2.2
and are typical of the other samples. The average particle size of this sample was determined to be
1.8 nm with a standard deviation of 0.4 nm. Obtained average particle sizes for the other samples

are reported in Table. 2.1. Except for Pd-In-2.0, all the catalysts have roughly the same particle
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size of about 2 nm. Pd-In-2.0 has slightly larger particles of 2.7 nm. The similar particle sizes of
these catalysts enable comparison between their kinetics and surface structure without having to
account for the changes in particle size.
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Figure 2.2: a) STEM HAADF image and b) particle size distribution statistics of Pd-In-0.8 sample

The Pd dispersions of the catalysts were determined from CO chemisorption analysis or
STEM nparticle size. For the monometallic Pd catalyst, the dispersion was estimated to be 47%
using the average particle size. For Pd-In catalysts, the lower boundary values of dispersion were
calculated from the CO uptake in CO chemisorption analysis assuming a stoichiometry of CO: Pd
= 1. 1. The IR spectra discussed below show a high fraction of linearly bound CO; thus this
assumption is a reasonable estimate. The dispersion values were found to be 14 % for Pd-In-0.2
and 12 % for Pd-In-0.8 catalysts, lower than that of the Pd catalyst with similar particle size,
suggesting possible covering of the surface by some In species. The dispersion of the Pd-In-2.0
catalyst was even lower (2 %) and much smaller than one would expect for a catalyst with 2.7 nm

nanoparticles. Surface coverage by a species which does not chemisorb CO is likely for this sample.

2.4.3 Ethane Dehydrogenation Kinetics

The catalytic performance of Pd and Pd-In catalysts were determined for ethane
dehydrogenation at 600 °C. At this temperature, methane was the only side product (due to ethane
hydrogenolysis). Calcined In impregnated silica showed negligible catalytic activity. The
conversion in all tests are below 10 % and far from equilibrium as confirmed by approach to

equilibrium index B. The TORs were tested at 600 °C, corrected by approach to equilibrium index
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B and normalized by the amount of surface Pd obtained from chemisorption (Table 2.1). Apparent
activation energy (Ea) was measured at 4 different temperature between 570 and 600 °C after
catalysts stabilization. The results for the Pd and PdIn catalysts are shown in Table 2.2 and Figure
2.3. The product distribution was calculated for each catalyst at 15 % ethane dehydrogenation
conversion. While the Pd catalyst had an ethylene selectivity of 53 % typical of noble metal
nanoparticles, the Pd-In catalysts showed much higher selectivity. Pd-In-0.2 was 98 % selective
to ethylene and Pd-In-0.8 was near 100 %. Pd-In-2.0 had a stabilized selectivity of 99 %.

Table 2.2: Catalytic performance and kinetic parameters of ethane dehydrogenation

Selectivity (0/9) ata 15 % Initial TOR TOR after 3 Apparent Es
Sample conversion (s1) h (ki/mol) ®
C2Ha CHa (shH°P
Pd 53 47 0.03 0.003 /
Pd-In-0.2 98 2 0.09 0.03 102
Pd-In-0.8 100 0 0.26 0.12 130
Pd-In-2.0 99 1 0.21 0.16 128

a \Measured under 5 % CoHs, 6 % H>, and balance N2 with a total flow rate of 50 cm3/min at 1 atm

and 600 °C. The equilibrium conversion is 27 %.
b Measured under 5 % CoHs, 2 % Ho, 0.5 % CoHa, 43.2 % He, and balance N> with a total flow rate

of 150 cm3/min at 1 atm
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Figure 2.3 Plots of a) Conversion vs selectivity of ethane dehydrogenation measured in 50 cm®/min
of 5 % CzHs, 6 % H> balanced in N2 at 1 atm and 600 °C and b) Turnover rate (TOR) vs time on
stream measured in 150 cm®/min of 5 % C,Hs, 2 % H2, 0.5 % C2Ha, 43.2 % He, and balance N at
1 atm and 600 °C of Pd (black square), Pd-In-0.2 (red circle), Pd-In-0.8 (blue up triangle) and Pd-
In-2.0 (magenta down triangle) catalysts.
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The TORs (low concentrations of H> and ethylene products were co-fed with the ethane)
were measured under differential conditions (Table 2.2 and Figure 2.3b). Normalizing the moles
of ethane converted per second to the moles of surface Pd atoms (using the dispersion value in
Table 2.1), the initial TORs were determined for each catalyst and were 0.03 s, 0.09 s, 0.26 s
and 0.21 s* for Pd, Pd-In-0.2, Pd-In-0.8 and Pd-In-2.0, respectively. The TORs of Pd-In-0.8
catalyst increased almost 10 fold compared to monometallic Pd, indicating that In promoted the
ethane dehydrogenation reaction rate. The stability of these catalysts was also found to be very
different. While Pd quickly deactivated to low conversion, the Pd-In catalysts deactivated
moderately within the first 2-3 h and reached a stable conversion, allowing activation energy to be
measured. Although the selectivity is close to 100 % for the Pd-In catalysts, there is a small amount
of coke deposition over time which contributes to slow activity loss.

The apparent activation energy measurements were performed on Pd-In catalysts after
stabilization at similar conversions below 10 % (see Arrhenius plot in Figure. A.1). The results are
also shown in Table 2.2. Pd deactivated too rapidly to determine a reliable activation energy. The
Ea of Pd-In-0.2 was 102 kJ/mol, and for both Pd-In-0.8 and Pd-In-2.0 it was around 130 kJ/mol.
The significantly different Ea of Pd-In-0.8 and Pd-In-2.0 from that of Pd-In 0.2 and the higher
TOR'’s of the former suggests that the two catalysts with higher In loading may have different
surface structure compared with Pd-In-0.2 and In likely modifies the electronic properties of Pd

for ethane dehydrogenation reaction.

2.4.4 Insitu Infrared Spectroscopy

In situ IR of chemisorbed CO on reduced Pd and Pd-In catalysts are shown in Figure 2.4.
In each spectrum there are two characteristic CO bands, one from 2000 cm™ to 2100 cm™ assigned
to linearly adsorbed CO and a second between 1700 and 2000 cm* associated with bridge bound
CO. [34, 35] For the monometallic Pd catalyst, the IR spectrum is dominated by the broad bridge
bound CO band. This broad band possibly contains two or more peaks including the ones between
1750 and 1900 cm™ assigned to CO bridge bound on terrace and hollow Pd sites and the ones
between 1900 and 2000 cm™ attributed to CO bridge bound to corner and edge sites. [35-38] The
linear bound CO band is a small feature on the ~ 2 nm monometallic Pd catalyst. For the Pd-In
samples, however, the linear CO peak is much more pronounced, with peak maxima between 2060

cm?t and 2070 cmt. While the bridge bound CO peak is large relative to the linear bound peak in
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Pd-In-0.2 sample, its intensity decreases with increasing In content. For Pd-In-0.8 and Pd-In-2.0,
the bridge bound CO peaks are small. The feature between 1750 and 1850 cm™ is no longer present,

indicating few terrace and hollow Pd sites in these catalysts.

Linear Bridge
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Figure 2.4: IR spectra of adsorbed CO measured after saturation and subsequent evacuation (1800
s, 0.1 Torr, 30 °C) for Pd (Black), Pd-In-0.2 (red), Pd-In-0.8 (blue) and Pd-In-2.0 (magenta)
catalysts. The IR signal intensity has been normalized by the thickness of each sample wafer (using
the mass of the wafer and a constant cross-sectional area) and the CO chemisorption uptake
obtained from chemisorption analysis, so as to be compared on a per surface Pd atom basis.

Table 2.3: Bridge-to-linear peak area ratio from CO IR spectroscopy

Bridge to linear

Sample name :
ratio
Pd 21:1
Pd-In-0.2 3.2:1
Pd-In-0.8 0.63:1
Pd-In-2.0 0.13:1

A decrease in the ratio of bridge bound to linear bound CO is observed with increasing In
loading, Table 2.3. Bridge-to-linear ratios for the catalysts were determined by dividing the total
peak area between 1700 and 2000 cm™ by the peak area between 2000 and 2100 cm™. Though
these ratios do not take into consideration the extinction coefficients of the different CO adsorption
bands and are not quantitatively related to the CO coverages of the various Pd sites, the ratios

reflect qualitative changes in the surface of the catalysts. The monometallic Pd catalyst has a bridge
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to linear ratio of 21, i.e., primarily bridge bound CO bound to Pd terrace and hollow sites. With
increasing In loading, the ratio decreases to 3.2 for Pd-In-0.2, 0.63 for Pd-In-0.8 and finally to 0.13
for Pd-In-2.0. In the Pd-In-0.8 and 2.0 samples, the relative proportion of Pd terrace and hollow
sites is significantly reduced and Pd sites capable of binding CO linearly are predominant. The
shift in the CO binding mode suggests that In breaks the Pd ensembles and creates isolated Pd sites
binding CO linearly. Though Pd atoms with low coordination number are typically thought to be
responsible for linear bound CO, the new linear Pd sites are likely from the bimetallic nanoparticle

formation since the particle size of the monometallic Pd and Pd-In catalysts are similar.

2.4.5 Insitu X-ray Absorption Spectroscopy (XAS)

The local structure of Pd and In atoms was determined by in situ X-ray absorption spectra
(in situ XAS) for the Pd and Pd-In catalysts. The spectra were taken at room temperature after the
catalysts were pre-reduced in Hyo/He at 600 °C. The XANES and EXAFS spectra at both the Pd
and In edges are shown in Figure A.2 and Figure 2A.3 for Pd-In-2.0 and is typical of the other Pd-
In catalysts (See Figures 2.10, 2.11 for the spectra of Pd, Pd-In-0.2 and Pd-In-0.8). Comparing the
Pd edge XANES of Pd-In-2.0 catalyst to Pd foil the edge energy (24350 eV) and white line
intensity are similar between these 2 samples indicating the Pd-In-2.0 catalyst is fully reduce to
metallic Pd; however, there are some small differences in the shape of the XANES suggesting
additional metallic atoms in the nanoparticles. The white line in Pd-In-2.0 decreases slightly in
intensity compared to Pd foil (Figure 2.5a), suggesting that Pd has some metallic In neighbors.
The EXAFS of Pd-In-2.0 looks similar to that of Pd foil (Figure 2.5b), but with slightly longer
bond distance (Table 2.4). Pd and In have a similar number of electrons, therefore, scatter similarly.
Nevertheless, difference can still be observed in the position and shape of the scattering peaks
corresponding to the first coordination shell, due to the existence of In neighbors and their different
bond distance. At the In edge, the edge energy in the XANES of Pd-In-2.0 and In;Os are similar
(27940 eV), but the intensity of the white line in Pd-In-2.0 is significantly lower than that in In,O3
(Figure 2.6a), which indicates that some metallic In is also present in the sample. This is confirmed
in the In edge EXAFS of Pd-In-2.0 as major scattering peak at R = 2.6 A (phase uncorrected
distances) typical for 4d metal is observed (Figure 2.6b). [39] Spectra with the same features were
obtained for Pd-In-0.2 and Pd-In-0.8 catalysts, indicating bimetallic interactions in all Pd-In

catalysts studied.
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Figure 2.5: Pd K edge a) XANES and b) magnitude of the Fourier Transform of the EXAFS of
Pd-In-2.0 (magenta) with Pd Foil Standard (black, 1/3 the original FT EXAFS magnitude). k?: Ak
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Figure 2.6: In K edge a) XANES of Pd-In-2.0 (magenta) with In,Os Standard (black) and b)
magnitude of the Fourier Transform of the EXAFS of Pd-In-2.0 (magenta). k% Ak =3.0 - 12.0 A

The k?-weighted EXAFS at both the Pd and In edge of all the samples were fit and the
results are given in Table 2.4 (graphical fitting results are shown for Pd-In-2.0 in Figures A.4 and
A.5). At the Pd edge, an average coordination number and bond distance was determined for Pd-
Pd and Pd-In scattering by fitting with a single Pd-Pd scattering path, since Pd-Pd and Pd-In
scattering are very similar. At the In edge, In-Pd scattering was also fitted with the Pd-Pd scattering
reference. The average coordination number of In from the fit is the number of In-Pd neighbors

normalized to all the In atoms in the sample (including the metallic In in all the Pd-In catalysts and
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the oxidized In in two of the catalysts Pd-1n-0.8 and Pd-In-2.0). Therefore, for samples containing
oxidized In, the obtained coordination number is lower than the expected value for fully reduced
In. While for Pd-1n-0.8 and Pd-In-2.0 contributions from In-O scattering in the range of R = 1.0-
1.8 A (phase uncorrected distances) are observed, due to the nature of light scattering, their
intensity are very low and, therefore, the In-O scattering was not possible to fit. For Pd-In-0.2, the
In-Pd coordination number is 8.0 and the bond distance is 2.80 A, shorter than that of In metal at
2.87 A, which implies the In has Pd neighbors. At the Pd edge, average Pd-Metal (Pd-M)
coordination number is 10.8 and the bond length is 2.78 A, longer than the values for Pd foil (12
at 2.75 A), suggesting that there are Pd-In bonds in the first coordination shell. For Pd-In-0.8 and
Pd-In 2.0 the Pd-M and In-M bond distances were similar to those of Pd-In-0.2, also indicating the
presence of bimetallic nanoparticles, but the coordination numbers vary with changing
composition of the nanoparticles and the amount of unreduced In oxide in the samples (see section
2.5.1).

Table 2.4: EXAFS fitting parameters for Pd-In catalysts

Sample Scattering  Coordination Bond Debye Waller

Name Path number distance (A) Factor Ac? (10°%)
Pd Pd-Pd 8.4 2.75 5
Pd-M 10.8 2.78 5
Pd-In-02 v 8.0 2.80 5
Pd-M 7.9 2.77 5
Pd-In-08 1 v 5.1 2.78 5
Pd-M 7.6 2.79 5
Pd-In-20 3.7 2.80 5

2.4.6 In situ X-ray Diffraction

While XAS identified that Pd and In formed bimetallic nanoparticles, it was not possible
to determine if, or which, ordered structures were formed. To investigate the phase assemblage of
the sub-3 nm Pd-In bimetallic nanoparticles, in situ synchrotron X-ray diffraction was performed.
Background subtracted diffraction patterns were obtained for Pd-In catalysts at 600 °C and at room
temperature after reduction (Figure 2.7a). It was found that except for peak displacement caused

by thermal induced lattice expansion, the spectra taken at 600 °C (Figure A.6) were very similar
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to those taken at RT, indicating unchanged crystal structure of the catalysts at the two different
temperatures. The RT patterns were compared to standard diffraction patterns of Pd, Pd-In
intermetallic compounds and Indium oxides. No In-only species were identified in the diffraction
patterns. FCC Pd and cubic PdIn intermetallic compound (IMC) with a CsCl type structure (shown
in Figure 2.7b) were the only two phases observed for the Pd-In nanoparticles. Simulated
diffraction patterns of Pd and cubic PdIn IMC structures (dotted, Figure 2.7a) are thus plotted
together with the diffraction patterns of the Pd-In catalysts (solid, Figure 2.7a).

) (110) b)

Intensity a.u.

2 Theta (Degrees)

Figure 2.7: a) Background subtracted in situ XRD pattern of Pd-In-0.2 (red), Pd-In-0.8 (blue), and
Pd-In-2.0 catalyst (magenta, 1/2 the original peak intensity) compared with the simulated XRD
pattern (with major peaks indexed) of bulk FCC Pd (grey, dotted), and bulk PdIn intermetallic
compound phase (black, dotted). The grey vertical line marks the diffraction features in the
samples from FCC Pd phase, while the black vertical line marks those from Pdin IMC phase. b)
the crystal structure of PdIn IMC with CsClI type structure and FCC Pd metal

Despite the very low intensity (See Figure A.7 compared to amorphous silica background)

and broad shape of the diffraction peaks arising from small particle size (ca. 2 nm), due to the very
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high resolution (0.005 °) and signal to noise ratio of synchrotron data it is possible to identify
which phases were present in each sample. For Pd-In-2.0 with the highest In loading, its diffraction
pattern shows only peaks corresponding to the cubic PdIn IMC phase. The peaks are slightly
broadened compared to the simulated bulk Pdin XRD pattern. The crystallite size calculated using
the FWHM of the (110) peak is 3.3 nm, slightly larger than the average particle size determined
from the STEM image (2.7 nm). This is common for size estimation using these two techniques
since STEM measures number distributions while XRD measures volume weighted distributions.
[27] For nanoparticles in this size, its high surface portion (30 - 40 %) means any local or surface
structure different from the bulk particle would give rise to additional diffraction features or extra
peak broadening in the XRD pattern. Accordingly, absence of these features for this catalyst
indicates that the nanoparticles are well ordered PdIn IMC.

Identification of the crystal phases in Pd-In-0.8 catalyst is less straightforward. The pattern
contains weak features of both Pd and PdIn IMC. Two local maxima can be identified for the most
intense peak in this sample. One maximum is observed at 2.95 °, corresponding to the PdIn (110)
peak, and another is observed at 3.01 °, which is the position of Pd (111) peak of FCC Pd
suggesting diffraction from both phases. Other diffraction features of these two phases are shown
by the broad peaks centered around 4.9 °, 5.7 °, and 7.6 ° for FCC Pd marked by the grey vertical
lines and the small peaks at 4.1 °, 5.1 °, 5.9 °, and 6.6 ° for PdIn IMC marked by the black vertical
lines. These diffraction peaks are very broad and overlapping. Therefore the crystallite size
estimated from the FWHM of the most intense peak using the Sherrer equation 1.3 nm would be
smaller than the actual crystallite size. The average size from STEM imaging for this catalyst is
1.8 nm.

For Pd-In-0.2, while XAS indicated some In-metal scattering, only broad peaks similar to
those of FCC Pd metal were present. Compared to standard FCC Pd, the peaks in Pd-In-0.2 are
slightly shifted to lower angle (0.04° for the most intense (111) peak). The shift in peak position
increases with 20 value, suggesting that it is related with increased lattice parameter, i.e. lattice
expansion, due to the presence of In in the nanoparticles. Using Bragg’s law, the increased lattice
parameter is calculated from the peak position of the most intense (111), (220) and (311) peak.
The average value is found to be 3.93 A, corresponding to an average Pd-M bond distance of 2.78
A, which is in agreement with EXAFS fitting results. The crytallite size estimated from the FWHM
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of (111) peak using Sherrer equation is 1.4 nm, which is smaller than the STEM determined

particle size 2.0 nm also due to overlapping of diffraction peaks.

2.5 Discussion
2.5.1 Detailed Structure Analysis of Pd-In Intermetallic Catalysts

The structure of Pd-In catalysts with three different In: Pd ratios have been investigated by
in situ IR, XAS and XRD. While IR shows there are changes occurring at the nanoparticle surface,
XAS reveals local structure, and XRD identifies the long-range order of atoms in the catalyst.
Combined analysis of these results sheds light on the details of the change of the catalyst structure.

For the Pd-In-2.0 catalyst, XRD indicates that the nanoparticles are very likely fully alloyed
cubic PdIn IMC with CsCl type structure, in which Pd has only 8 In and In has 8 Pd as first nearest
neighbors at a bond distance of 2.81 A. [22] EXAFS fitting gives a Pd-M bond distance of 2.79 A
with a coordination number of 7.6 and a In-M bond distance of 2.80 A, all close to the theoretical
coordination environment of the PdIn IMC structure. The average coordination number for In is
lower than the expected value 8 as the number of In-Pd neighbors is normalized to both the In in
InPd and a roughly identical amount of In oxide estimated from the atomic ratio of In to Pd in the
catalysts. The isolation of Pd atoms by In atoms expected for PdIn IMC structure on the particle
surface is confirmed by the CO IR, which shows predominantly linear bound CO. The very low
CO chemisorption capacity and the low intensity of the IR peaks of this sample compared to the
other ones in similar particle size suggest that much of the catalytic surface is covered with non-
catalytic In species.

For the Pd-In-0.8 catalyst, a mixture of Pd and PdIn IMC phases was identified by XRD.
However, the nanoparticle surface is very likely in PdIin IMC structure only. In situ IR shows
predominantly linear bound CO, which means the surface has mostly isolated Pd atoms. Pd-In-0.8
undergoes almost identical ethane dehydrogenation kinetics compared with Pd-In-2.0, as shown
by their similar selectivity, TOR and their almost identical activation energy, suggesting that they
probably have the same PdIn surface structure. Both IR and Kkinetics results do not favor presence
of monometallic Pd on the catalyst surface though it is found to be present in the bulk, indicating
a morphology of a Pd-core/PdIn-IMC shell structure. Comparison of the structure of Pd-In-0.8 to

that of Pd-In-2.0 suggests that intermetallic alloy formation occurs starting at the surface of Pd
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nanoparticles followed by the inward growth of the intermetallic alloys, which has been previously
reported for B:-PdZn alloy catalyst. [40, 41]

At low In loadings, for Pd-In-0.2, only Pd nanoparticles could be identified by XRD.
Nevertheless, it is clear from the partial improvement in the ethane dehydrogenation selectivity,
an increase in the L/B ratio in IR, and the presence of metallic In-M scattering peaks at the In
EXAFS that the nanoparticles surface are not just metallic Pd. The In EXAFS fit gives CN = 8.0
and a bond length of 2.80 A, almost identical to the expected value for PdIn IMC, suggesting that
the majority of In atoms likely form a local PdIn IMC structure. The average bond distance of Pd-
M neighbors, 2.78 A, is between the expected values of those of FCC Pd and the Pd in Pdin
structure. The average coordination number of Pd 10.8 is higher than that of monometallic Pd
nanoparticles in similar size, likely indicating that there are fewer low-coordination surface Pd
atoms in this catalyst, i.e., there are also surface In. In situ IR also shows increased linear bound
CO, which suggests the formed PdIn IMC is present on the particle surface. It seems that Pdin
IMC is preferentially formed over other more Pd rich IMC or substitutional solid solution even at
relatively low In loading. Similar phenomenon has been previously reported for a series of Rh-

In/C intermetallic catalysts. [19]

Pd Pd-In 0.2 Pd-In 0.8 Pd-In 2.0

\ PdIn / Unalloyed In ~

Figure 2.8: Schematic model of geometric structure of the Pd and Pd-In catalysts

In summary, combined analysis of particle size, in situ IR, XAS and XRD leads to a general
picture of the structure of Pd-In catalysts with different loadings. The evolution of Pd-In
nanoparticle structure with increasing In content is demonstrated by a schematic model in Figure
2.8. Pd-In catalysts with increasing In loading have increasing fraction of the nanoparticles
transformed from Pd to cubic PdIn IMC with a CsCl type structure. It is very likely that Pd-In-0.2

has an FCC Pd core structure with its surface partially transformed into Pdin alloy and Pd-In-0.8
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has a Pd-core with PdIn shell structure. At higher loadings, for Pd-In-2.0, the PdIn IMC structure
is fully formed; however, part of the nanoparticle surface is covered by non-catalytic In species.

2.5.2 Structure-function Relationship of Pd-In Intermetallic Catalyst: the Promotion Effect of
Indium

Section 2.5.3 shows the ethane dehydrogenation performance (including selectivity,
stability, TOR, and apparent activation energy) of Pd and Pd-In catalysts. As with catalyst structure,
it is found to vary with In loading. Pd exhibits low selectivity (53 % at 15 % conversion), initial
TOR (0.03 s) and stability (fast deactivation). When a limited amount of In is introduced, the
catalyst performance is greatly improved as seen in Pd-In-0.2. It becomes highly selective (> 97 %),
more active (0.09 s initial TOR), and stable (0.03 s TOR after 3h). Higher In loading results in
further improved performance. For Pd-In-0.8 and Pd-In-2.0 catalysts, further increases are seen in
their selectivity (> 99 %), initial TOR (0.26 s and 0.21 s*) and TOR after 3 h (0.12 s* and 0.16
s1). The latter two catalysts have similar selectivity, TOR and almost identical apparent activation
energies (130 kJ/mol) for ethane dehydrogenation, possibly suggesting similar active sites.
However, Pd-In-2.0 catalyst has a much lower dispersion and rate per gram compared with Pd-In-
0.8. Excess In in the catalyst leads to blocking of active Pd sites and lower activity per gram,
although the TOR and Ea of the exposed sites are unchanged.

Correlating the catalyst function with the surface structure suggests that formation of the
PdIn IMC leads to higher ethane dehydrogenation selectivity. Pd nanoparticles have Pd ensembles,
which catalyze hydrogenolysis. As the fraction of the surface of Pdin IMC increases, and the
fraction of ensemble sites decreases, the olefin selectivity increases. Additionally, the TOR and Ea
significantly increase. When the surface contains only isolated, catalytically active Pd atoms, the
hydrogenolysis (and rapid coke formation) is nearly eliminated. PdIn IMC has a cubic CsClI type
structure where the first nearest neighbors of Pd are In atoms at a bond distance of 2.81 A. The
Pd-Pd distance is much longer at 3.25 A. Thus, all catalytic Pd sites are isolated by the non-
catalytic In atoms. This site isolation eliminates the Pd-Pd terrace ensembles responsible for the
structure-sensitive reaction, i.e., ethane hydrogenolysis. As a result, this undesirable side reaction
is turned off, leaving only structure-insensitive dehydrogenation reactions and a highly selective
catalyst. As evidenced from in situ IR, Pd terrace and hollow sites are greatly reduced on Pd-In-

0.8 and Pd-In-2.0 and isolated Pd sites dominate in these two catalysts.
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Changes in nanoparticle composition and geometric structure often concomitantly lead to
change in the electronic properties of the catalytic atoms, [42] which may be related with changes
in catalyst TORs and Ea. Many previous studies have emphasized the importance of electronic
modification in promoting catalyst activity. [4, 6-9, 43] For the Pd-In-0.8 and Pd-In-2.0 catalysts
with PdIn IMC surface, although their TORs 0.2-0.3 s are lower than the reported TOR 2-3 s™of
Pt-In and Pt-Sn catalysts, [14] which suggests that Pt is more active than Pd for ethane
dehydrogenation, their TORs are almost 10 times higher than that of monometallic Pd, showing
that In is promoting the activity of the Pd catalyst for ethane dehydrogenation. The Pd edge XAS
of the Pd-In catalysts shows changes in the shape of the XANES compared to monometallic Pd,
indicating a possible change in the electronic properties of Pd due to PdIn IMC formation which
may be related with the change in TORs. [14] Further studies to understand the changes in
electronic structures of intermetallic alloys compared to monometallic metals by density functional
theory are in progress.

Overall, promotional effect of In appears to be both geometric, i.e., isolation of the active
Pd atoms, leading to high selectivity and lower deactivation rates, and electronic due to formation
of Pd-In bonds leading to higher TOR’s and higher activation energies.

Geometric effects have been discussed in a number of previous studies on bimetallic Pt
light alkane dehydrogenation catalysts. [3, 10, 14] It has been proposed that the catalyst selectivity
is improved when Pt ensembles are reduced by bimetallic particle formation or when Pt sites with
low coordination are covered. However, the exact structure of the bimetallic surface ensemble has
not been identified in these catalysts. As shown for the phase diagrams for Pd-In in Figure 2.1a,
several intermetallic alloys are often possible in bimetallic nanoparticles. [21] Bimetallic
nanoparticles, however, may not only form ordered alloy structures, but may also form, solid
solutions or alloys without isolated active atoms. [17, 44] This work suggests that only one of the
several possible intermetallic compound structures is formed in Pd-In catalysts. That structure has
isolated Pd atoms, thus, is selective for alkane dehydrogenation reactions. A similar structure was
observed for a 1-PdZn dehydrogenation catalyst. [11] For both In and Zn promoters, although Pd
is not generally thought as a potential alkane dehydrogenation, for Pd alloys where the active atoms
are isolated, high olefin selectivity is possible. It is possible that the role of promoter atoms, Sn,

Zn, Ga, and In, in Pt is formation of intermetallic alloys with isolated Pt sites. [14, 45-49]
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2.5.3 Preferential Alloy Phase Formation

For this study, the In:Pd ratio varies from 0.2 to 2.0, covering the composition range of 6
different possible intermetallic compound phases according to the phase diagram (Figure 2.1a).
[21] Nevertheless, the only alloy phase observed is the 1:1 cubic PdIn intermetallic compound
with CsCl structure, suggesting preferential formation of this intermetallic phase. During catalyst
synthesis, the reaction temperature is far from the melting point of Pd and relevant Pd-In IMCs,
indicating that the IMC formation reaction is likely Kinetically controlled rather than
thermodynamically controlled. This means that for two intermetallic compound phases, both
within the relevant composition range, though one may be thermodynamically more stable than
the other, formation of the second phase from Pd metal precursor may be preferred due to its lower
activation energy, or kinetic barrier. This Kkinetic barrier is dependent on the difference in the
crystal structure of the product phase compared to the reactant phase. When the Pd-In catalysts
were prepared, Pd is easily reduced at about 200°C, where InOx is not reducible. Reduction of
InOx likely occurs at higher temperature on the surface of the Pd nanoparticles by surface
dissociated H atoms. [18, 50] The reduced In then diffuses at higher temperature into the Pd
nanoparticle from the surface, forming Pd-In IMC. Among all 6 possible Pd-In IMC phases (Figure
2.1b), [22-26] the PdIn 1:1 IMC in a cubic CsClI type structure is most similar in crystal structure
to FCC Pd and would require the least rearrangement of Pd atoms, i.e. has the lowest Kinetic barrier.
Therefore, only this IMC structure formed in all Pd-In catalysts. Further rearrangement does not
occur at the temperature of preparation or reaction.

This phenomenon has been observed in other catalysts where intermetallic compounds are
known. [12, 18, 19] In almost all cases, the preferred IMCs are characteristic of similar close
packed crystal structures to the parent noble metal. It has been reported that in Pd-Zn catalysts, the
only IMC phase that form is a 1:1 B1-PdZn intermetallic compound with the CuTi type structure
(tetragonal, shortened in ¢ axis compared to the CsCl type). [12] For Rh-In catalysts, only Rhin
1:1 IMC (in the same structure as PdIn: cubic, CsClI type) forms. [19] Even when the In:Rh is
substantially lower than 1:1, the catalysts maintain a high symmetry Rhin structure (tetragonal,
AuCu type) by increasing the c/a ratio from the original CsCl structure via lattice distortion but do
not form another IMC with major rearrangement of Rh atoms, which also implies a kinetically-
controlled reaction mechanism. Other examples include Pt-Sn catalysts with Pt3Sn and PtSn as the
only IMCs formed, [49, 51] and Pt-In catalysts with Ptsln and Ptin, preferred. [18, 52] This kind
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of diffusion, or kinetically controlled preferential phase formation phenomenon is well-known in
metallurgy. [53, 54, 55]

2.6 Conclusions

Monometallic Pd and three Pd-In intermetallic compound (IMC) catalysts with different In
loading have been synthesized, characterized and tested for ethane dehydrogenation. Addition of
In greatly increases the olefin selectivity for ethane dehydrogenation by forming a Pdin 1:1 IMC
(cubic, CsCl type structure) in the Pd-In catalysts. At low In loading, partial surface PdIn IMC is
formed. With additional In, there is a complete Pdin surface IMC, and at high In loading fully
formed PdIn IMC nanoparticles are present. Although there are several Pd-In IMC structures
possible, only the cubic PdIn 1:1 IMC (with a CsClI structure type) is formed in all Pd-In catalysts.
It is suggested this occurs by a kinetically controlled mechanism for solid state IMC formation.
The PdIn 1:1 IMC is the structure with the lowest kinetic barrier for intermetallic alloy formation
and requires the least rearrangement of atoms in the initially formed FCC Pd nanoparticle. In the
cubic PdIn IMC structure, the first nearest neighbors of Pd atoms are In at 2.81 A with the nearest
Pd-Pd distance of 3.25 A, ensuring isolation of the catalytically active Pd atoms. For catalysts with
a PdIn IMC surface, the ethane dehydrogenation selectivity is near 100%; while that of Pd nano-
particles of similar size is approximately 50 %. The geometric isolation of the active sites allows
for catalytic reaction of structure insensitive reactions, i.e., dehydrogenation, while elimination of
hydrogenolysis, a structure sensitive reaction. Concomitant Pd-In bond formation also modifies
the electronic properties of Pd atoms, leading to an increase in the TOR by almost 10 times

compared with monometallic Pd.
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CHAPTER 3. STRUCTURE AND REACTIVITY OF PT-IN
INTERMETALLIC ALLOY NANOPARTICLES: HIGHLY
SELECTIVE CATALSYTS FOR ETHANE DEHYDROGENATION

Wegener, E.C.; Wu, Z.; Tseng, H.; Gallagher, J.R.; Ren, Y.; Diaz, R.E.; Ribeiro, F.H.;
Miller, J.T.; “Structure and reactivity of Pt-In intermetallic alloy nanoparticles: highly selective
catalysts for ethane dehydrogenation,” Catalysis Today 2018, 299, 146-153. Reproduced with
permission by Elsevier, copyright 2018. DOI: 10.1016/j.cattod.2017.03.054

3.1 Abstract

The structure of silica supported Pt and Pt-In bimetallic catalysts with nominal In:Pt atomic
ratios of 0.7 and 1.4 were determined by in situ synchrotron XAS and XRD. It was seen that the
addition of In led to the formation of two different intermetallic alloy phases. At an In:Pt ratio of
0.7 the PtzIn phase with a CusAu structure was formed. When the ratio was increased to 1.4 a shell
of PtIn2 having a CaF- structure formed around a core of PtsIn. The catalysts were tested for ethane
dehydrogenation at 600 °C to determine the effect of alloying on ethylene selectivity and turnover
rate (TOR). The monometallic Pt catalysts was 73% selective for ethylene and had an initial TOR
of 0.7 s. Both alloy catalysts were =100% selective for dehydrogenation and had higher initial
TOR, 2.8 st and 1.6 s for In:Pt ratio of 0.7 and 1.4, respectively. The increase in selectivity is
attributed to the elimination of large Pt ensembles resulting from geometric changes to the catalyst
surface upon alloying. Electronic changes due to the formation of Pt-In bonds are thought to be

responsible for the increases in TOR in the alloy catalysts.

3.2 Introduction

The past decade has brought tremendous growth in the production of natural gas resulting
from advancements in drilling technologies which have allowed for the recovery of gases trapped
in shale formations. This increase in supply has made natural gas a viable feedstock for the
production of chemicals and fuels. While predominately methane, shale deposits can contain up to

20% ethane and propane. These plentiful alkane resources can be directly converted by catalytic
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dehydrogenation to alkenes, valuable chemical building blocks. High purity products can be
utilized in the polymer industry while mixtures can be converted to fuel range hydrocarbons. [1]

Catalyst selectivity for dehydrogenation over hydrogenolysis, the primary competing
reaction pathway, is paramount in light alkane dehydrogenation (LAD) processes. Industrially, Pt
is used for LAD due to its intrinsic nature of favoring C-H bond activation over C-C bond
activation. [2] The addition of Sn as a promoter results in higher olefin selectivity and catalyst
stability. [3-12] The promotional effects have been attributed to the formation of Pt-Sn alloys. [3,
10-12] Alloying can change the geometric and electronic properties of catalysts and both effects
have been proposed to be the dominate factor responsible for improved selectivity and stability.
For the geometric case it has been proposed that alloying with Sn eliminates large Pt ensembles
responsible for hydrogenolysis and coke forming reactions while retaining catalytic activity for
dehydrogenation. [3-5] The PtsSn, PtSn, and PtSn. alloy phases have been identified in model Pt-
Sn catalysts. However, because of the very small particles and low metal loadings the crystal phase
of commercial catalysts has not been reported. [13-17] For the electronic case the formation of Pt-
Sn bonds is thought to transfer electron density from Sn to Pt resulting in enhanced olefin
desorption and improved selectivity. [17-20]

Recently Pd-Zn bimetallic catalysts have been shown to be highly selective for propane
dehydrogenation. The addition of Zn to Pd catalysts led to the formation of a 1:1 intermetallic
alloy with a AuCu structure and resulted in an increase in propylene selectivity from 10% for
monometallic Pd to 98% for the alloy. [21,22] Similar results have been reported for bimetallic
Pd-In catalysts used for ethane dehydrogenation. A 1:1 PdIn intermetallic alloy with a CsCl
structure was formed which led to an increase in ethylene selectivity from 53% to 98%. [23] In
both studies the increase in olefin selectivity was attributed to the formation of the 1:1 alloy phase
in which the active Pd atoms are geometrically isolated by inactive Zn or In. These works
demonstrate that selective LAD catalysts can be made through the formation of certain
intermetallic alloy structures.

The addition of In to Pt catalysts has also been shown to increase olefin selectivity for LAD
[24] and to reduce activity for hydrogenolysis. [25, 26] The changes in catalytic properties have
been attributed to the formation of bimetallic Pt-In particles, but exact structures have not been

determined. The binary phase diagram for Pt and In at 600 °C is shown in Figure 3.1.
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Figure 3.1: Binary Pt-In phase diagram at 600 °C adapted from Okamoto [27]

Pt and In can form seven intermetallic alloys. Unlike solid solutions where atoms occupy
random lattice positions, atoms in intermetallic alloys sit in fixed sites which results in active sites
with well-defined geometric and electronic properties. [28] Therefore, determination of the exact
structure of bimetallic nanoparticles is crucial for understanding catalytic properties.

Here, we report on the synthesis, characterization, and catalytic performance of a
monometallic Pt and two bimetallic Pt-In catalysts with different Pt:In atomic ratios supported on
silica. The catalysts were characterized by CO chemisorption, scanning transmission electron
microscopy (STEM), in situ X-ray absorption spectroscopy (XAS), and in situ X-ray diffraction
(XRD). Ethane dehydrogenation was used to evaluate the effect of In on the olefin selectivity and

reaction rate.

3.3 Experimental
3.3.1 Catalyst Synthesis

Pt-In bimetallic catalysts (target loadings of 4 wt. % Pt and 3 and 6 wt. % In) were
synthesized by sequential incipient wetness impregnation. The required amount of In(NOz)3-xH20
(Sigma Aldrich) was dissolved in 8 mL of water. Citric acid (Sigma Aldrich) was added to the
solution at a 3:1 molar ratio of citric acid to In(NOsz)s. Approximately 5 mL of ammonium
hydroxide solution (30%, Sigma Aldrich) was then added to the solution. Initially a white
precipitate formed which dissolved upon further addition of ammonium hydroxide. The resulting
solution (pH~11) was added dropwise to 15 g of Silica (Davisil 636 silica gel, Sigma Aldrich, 480

m2/g surface area and 0.75 mL/g pore volume) with continuous stirring. The obtained catalysts
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were dried overnight at 125 °C and then calcined for 3 hr at 600 °C. 0.48 g of Pt(NH3)4(NOz3). was
dissolved in a mixture of 3 mL of ammonium hydroxide solution and 3.5 mL of water. The
resulting solution was added dropwise to 6 g of the In/SiO. precursor catalysts. The obtained
catalysts were dried overnight at 125 °C and calcined at 225 °C for 3 hr. The Pt-In catalysts were
reduced at 250 °C for 30 min and then at 600 °C for 30 min in 5% H2/N> at 100 cc/min.

For comparison a 2 wt. % monometallic Pt catalyst was synthesized by the strong
electrostatic adsorption method (SEA). 5g of silica was added to 50 mL of water. Ammonium
hydroxide was added until the pH of the mixture was ~11. 0.2 g of Pt(NH3)4(NOs3). was dissolved
in 25 mL of water and ammonium hydroxide solution was added until a pH =11. The Pt solution
was added to the silica mixture with constant stirring. The obtained catalyst was filtered, washed
with H2O, filtered, and dried overnight at 125 °C. The catalyst was calcined at 300 °C for 3 hr
followed by reduction at 250 °C for 30 min and then 600 °C for 30 min in 5% H/N> at 100 cc/min.

3.3.2 Atomic Absorption Spectroscopy

The indium content of the bimetallic catalysts after reduction at 600 °C was determined by
AAS using a PerkinEImer AAnalyst 300 spectrometer. 3 mL of aqua regia was added to
approximately 40 mg of sample and left overnight to dissolve. The solutions were then diluted
with H2O to be within the linear detection range of the instrument. The instrument was calibrated
using an In AAS standard obtained from Sigma Aldrich. Metal loadings were obtained from the

average values of two sets of dissolved samples, which differed by less than 5%.

3.3.3 CO Chemisorption

Pt dispersions were measured by CO chemisorption using a Micromeritics ASAP 2020
chemisorption device. Approximately 0.1g of catalyst was placed in a U-shaped quartz reactor.
Before measurements the catalysts were reduced at 600 °C for 30 min in a flow of 5% Hz/He at 50
cc/min, cooled to 35 °C under vacuum, and then held under vacuum for 30 min. Measurements
were conducted at 35 °C with the CO adsorption on Pt being determined from the difference

between two repeat isotherms. A binding stoichiometry of 1:1 was assumed to calculate dispersion.

3.3.4 Scanning Transmission Electron Microscopy (STEM)

STEM images were acquired using the FEI Titan Scanning Transmission Electron

Microscope (80-300 kV, 1 nm spatial resolution in STEM) at Birck Nanotechnology Center,
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Purdue University. Catalysts samples were ground to a fine powder and dispersed in isopropyl
alcohol. The solutions were added dropwise onto ultrathin Carbon film-Au TEM ready grids
(TedPella) and the solvent evaporated on a hot plate. Images were taken using the high angle
annular dark field (HAADF) detector at 300 kV. 200 particles were counted to determine the size
distribution for each sample using the ImageJ program.

3.3.5 Insitu X-ray Absorption Spectroscopy

XAS measurements at the Pt Ly edge (11.564 keV) and In K edge (27.940 keV) were taken
at the bending magnet beamline of the Materials Research Collaborative Access Team (MR-CAT)
at the Advanced Photon Source (APS), Argonne National Lab. Measurements were taken in step-
scan transmission mode in about 10 min.

Samples were ground to a fine powder and pressed into a stainless-steel sample holder to
form a self-supporting wafer. The sample holder was placed in a quartz tube with ports containing
Kapton windows so samples could be treated prior to measurements. Samples were reduced in 100
cc/min of 3% Ha/He for 30 min at 600 °C. Following reduction, the samples were cooled to room
temperature in 100 cc/min of He. Trace oxidants in He were removed by passing through a
Matheson PUR-Gas Triple Purifier Cartridge. Spectra were obtained at room temperature in He.
WINXAS 3.1 software [29] was used to fit XAS data. The EXAFS coordination parameters were
obtained by a least-squares fit in R-space of the k>-weighted Fourier transform data from 3.0 to
12.0 AL, The first shell fit of the magnitude and imaginary parts were performed between 1.8 and
2.9 A at the Pt Ly edge and between 1.5 and 3.2 A at the In K edge. Fits were performed by
refinement of coordination numbers (CN), bond distances (R), and energy shift (Eo). Ac? was kept
constant for each sample and CN and R were allowed to vary to determine the correct fit. Phase
and amplitude fitting functions for Pt-Pt were determined from Pt foil (CN=12 at 2.77 A) and
FEFF calculations for Pt-In. [30]

3.3.6 Insitu X-ray Diffraction

XRD measurements were performed at the 11-ID-C beam line at the APS, Argonne
National Lab. Diffraction patterns were collected in transmission mode with a PerkinElmer large
area detector using x-rays at 105.091 keV (A=0.11798 A). Samples were ground to a fine powder,

pressed into a thin wafer, and loaded into a Linkam Thermal Stage. Prior to measurements the
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stage was purged with Ar for 5 min at room temperature and then ramped to 600 °C in 3% H/Ar
at 50 cc/min. Diffraction patterns (the summation of 30 exposures of 5 seconds each) were
collected after reduction at 600 °C for 20 min. Samples were then cooled to room temperature in
the same atmosphere and diffraction patterns collected. The empty sample stage and bare silica
support were treated with the same procedure for background subtraction. The obtained 2-D
diffraction patterns were integrated to 1-D intensity versus 20 plots using the Fit2D software. [31]
MAUD (Materials Analysis Using Diffraction) was used to simulate theoretical diffraction
patterns of potential Pt-In alloy phases which were used as standards to determine the crystal
structure of each catalyst. [32]

3.3.7 Ethane Dehydrogenation Kinetics

Ethane dehydrogenation kinetics were measured using a quartz fixed-bed reactor with 3/8-
in ID. A thermocouple was placed within a quartz thermocouple well positioned at the bottom
center of the catalyst bed to measure the reaction temperature within the bed. Before testing the
catalyst was reduced under 40 cc/min of 5% H2/N2 while the temperature was raised to 600 °C
where it was held for 30 min. Catalysts were compared under two sets of conditions. To compare
catalyst selectivity for ethylene the catalysts were tested at an initial conversion of 15% under a
reaction atmosphere of 5% C.Hs, 6% H>, 49.3% N2, balanced in He at a total flow rate of 150
cc/min and 600 °C. Turnover rates (TOR) were measured at 600 °C under a reaction atmosphere
of 5% CzHe, 2% H>, 0.5% C2Ha, 49.3% Ny, balanced in He at a total flow rate of 150 cc/min. The
approach to equilibrium was considered for the calculation of TOR following the work of

Koryabkina et al. [33] The rate expression used is,

[CoH,][H,]
K[CyHe]

rate = kf[CzHe]a[C2H4]b[H2]c(1 - B B=
where ks is the forward rate constant, K is the equilibrium constant, and £ is the approach to
equilibrium. The value of £ was found to be less than 0.17 for all reactions indicating the reactions
were far from equilibrium. Apparent activation energies were measured at four temperatures

between 570 and 600°C once the catalysts had stabilized at conversions below 10%.



43

3.4 Results
3.4.1 Atomic Absorption Spectroscopy

After the bimetallic catalysts were initially reduced at 600 °C, a yellow residue was
observed at the outlet of the reactor tube. The yellow color, characteristic of In.Oz and identical to
the color of the calcined, In impregnated SiO, suggests the residue is a result of a loss of In oxide
from the catalyst. The actual In:Pt ratios in the reduced bimetallic catalysts were determined by
AAS and are reported in Table 3.1.

Table 3.1: AAS, CO Chemisorption, and STEM Results

Catalyst Pt Loading In Loading In:Pt Pt Dispersion  Particle Size
(wt. %) (wt. %) Atomic Ratio (%) (nm)
Pt 2.0 / / 29 3516
Pt-In(0.7) 4.0 1.7 0.7 13 3.0£0.7
Pt-In(1.4) 4.0 3.2 1.4 9 34+£12

After high temperature reduction the In loadings of the two bimetallic catalysts were
approximately half the nominal loading, resulting in catalysts with 1.7% and 3.2% In by weight.
The two bimetallic catalysts were named for the reduced In:Pt atomic ratios determined from AAS,
Pt-In(0.7) and Pt-In(1.4), respectively. The yellow residue was not seen after subsequent reductive

pretreatments of the bimetallic catalysts indicating further loss of In was negligible.

3.4.2 Co Chemisorption and Scanning Transmission Electron Microscopy

CO chemisorption and STEM were used to determine platinum dispersions and particle
size distributions of the three catalysts. The results are given in Table 3.1. The average particle
size of the monometallic Pt catalyst is 3.5 nm, in agreement with what would be expected from
the measured dispersion value of 29%. Pt-In(0.7) and Pt-In(1.4) were determined to have Pt
dispersions of 13% and 9% respectively. The average particle sizes of the two bimetallic catalysts
were found to be 3.0 nm and 3.4 nm, smaller than what would be expected from the measured
dispersion values. The lower dispersion values for the bimetallic catalysts are likely from coverage

of the nano-particle surface by a species which does not adsorb CO, for example metallic In.
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3.4.3 Insitu X-ray Absorption Spectroscopy

XAS measurements were conducted at the Pt Ly (11.564 keV) and In K (27.940 keV)
edges to determine the local coordination environments of Pt and In and determine whether
bimetallic nanoparticles were formed in the Pt-In catalysts. Spectra were collected at room
temperature in He after reduction at 600 °C. Pt Ly edge XANES of the Pt and Pt-In catalysts are
shown in Figure 3.2a and In K edge XANES of the Pt-In catalysts and an In,Os reference are

shown in Figure 3.2b.

1.4+

c c

2 L 12

-t -

o o

13 1

o © 1.0

(724 1723

o o

< < 0.8

el ©

S 8 os]

® ®

£ E 04

— —

o o

4 Z 02
0.0 - . , 0.0 - - - .
11.55 11.56 11.57 11.58 27.93 27.94 27.95 27.96 27.97

Photon Energy (keV) Photon Energy (keV)

Figure 3.2: XANES spectra of catalysts reduced at 600°C (a) Pt Lin Edge - Pt (black), Pt-In(0.7)
(red), and Pt-In(1.4) (blue) and (b) In K Edge - In203 (black), Pt-In(0.7) (red), and Pt-In(1.4) (blue)

The XANES shape, white line intensity, and edge energy (11.5640 keV, Table 3.2) of the
Pt catalyst are very similar to that of the Pt foil. The white line intensities of Pt-In(0.7) and Pt-
In(1.4) are consistent with metallic Pt, but the edge energies have been shifter to higher energy,
11.5648 keV and 11.5651 keV, also given in Table 3.2. The change in the shape and energy of the
XANES spectra of the Pt-In catalysts is consistent with the formation of bimetallic Ptin
nanoparticles. Comparison of the Pt-In(0.7) and Pt-In(1.4) XANES spectra show differences in
edge energy and position of the first peak in the white line suggesting the Pt in the two samples
also have different coordination environments. The energy of the In XANES are 27.9402 keV,
shifted to higher energy than metallic In (27.940 keV) and are given in Table 3.2. The decrease in
the white line intensity of the spectra of the Pt-In catalysts compared to the In.O3 reference is

indicative of a fraction of In being metallic. The Pt Ly and In K edge EXAFS of the catalysts after
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reduction at 600 °C are shown in Figure 3.3. The local structure, coordination numbers (CN) and

bond distances (R), of the Pt and

In were determined from the k?-weighted first shell EXAFS

spectra, and the results are in Table 3.2.
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Figure 3.3: EXAFS spectra of catalysts reduced at 600°C (a) Pt Ly Edge of — Pt (black) and Pt-
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Table 3.2: XANES and EXAFS fitting parameters following reduction at 600 °C

XANES Energy  Scattering 5 . Eo

Catalyst ~ Edge (keV) Pair CN R@A) As*x10 V)
Pt Pt 11.5640 Pt-Pt 84 276 2.0 01
Pt-Pt 57 279 4.0 6.0

Pt-In(0.7) " 11.5648 Pt-In 3.3 2.79 4.0 4.7
| In 27.9402 In-O 08 211 4.0 8.2

' In-Pt 35 2.79 4.0 1.2
Pt-Pt 4.4 2.79 4.0 -10.0

Pt-In(1.4) " 115651 Pt-In 51 274 4.0 2.9
| In 27.9402 In-O 0.7 214 4.0 -8.9

' In-Pt 2.9 2.74 4.0 2.4

Pt Foil Pt 11.5640 Pt-Pt 12 277 0.0 0.1

The Pt-Pt CN of 8.4 at a distance of 2.76 A for the monometallic Pt catalyst are typical of
3 nm Pt nanoparticles, in agreement with chemisorption and STEM results. [34] The Pt-In catalysts
cannot be fit with only Pt-Pt scattering and a good fit was obtained by adding a contribution for
Pt-1n scattering. Pt-In(0.7) has a Pt-In CN of 3.3 and a Pt-Pt CN of 5.7. Both Pt-In and Pt-Pt are at
adistance of 2.79 A, the latter is slightly longer than the Pt-Pt bonds in the monometallic Pt catalyst.
The Pt-In coordination number in Pt-In(1.4) is 5.1, larger than that in Pt-In(0.7). However, the Pt-
In bond distance of 2.74 A is shorter than that of Pt-In(0.7). The increase in Pt-In coordination was
accompanied by a decrease in the Pt-Pt CN to 4.4, but at the same bond distance, 2.79 A, as Pt-
In(0.7).

At the In edge, the bimetallic catalysts show a set of two peaks between 2-3 A (phase
uncorrected distance), typical of metal-metal scattering, and a shoulder around 1.8 A (phase
uncorrected distance), typical of In-O scattering. Pt-In(0.7) has an In-O CN of 0.8 at a distance of
2.11 Aand an In-Pt CN of 3.5 at a distance 0f 2.79 A. Similar values of In-O CN and bond distance,
0.7 and 2.14 A respectively, were present in Pt-In(1.4). Pt-In(1.4) was found to have a In-Pt CN
of 2.9 at a distance of 2.74 A, fewer In-Pt bonds at a shorter distance compared to Pt-In(0.7). The
In-O scattering seen in both catalysts is a result of unreduced indium oxide on the catalyst. The In-
O coordination numbers of 0.8 and 0.7 for Pt-In(0.7) and Pt-In(1.4) are lower than the In-O
coordination number of 6 in bulk In2O3 and it can be estimated that approximately 90% of the In
in each catalyst has been incorporated into the bimetallic particles. The In-O bond distances are in
agreement with what has been reported for amorphous In20s. [35] No evidence of In-In scattering

was seen in the EXAFS of either bimetallic catalyst. From XAS it is evident that bimetallic
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nanoparticles are formed in both Pt-In catalysts. However, XAS provides local structural
information and does not determine whether a specific alloy phase or a disordered structure is
formed.

3.4.4 Insitu X-ray Diffraction

To determine if the bimetallic Pt-In particles formed an ordered structure, in-situ
synchrotron XRD measurements were performed. Due to their small size a high fraction of the
atoms are at the surface and are oxidized in air. Therefore, to obtain meaningful structural
information the data has to be collected in situ. [36] Diffraction patterns were collected at 600 °C
after reduction and then after cooling to room temperature. Aside from peak displacement due to
thermally induced lattice expansion, the diffraction patterns were identical indicating the same
crystal structure present at 600 °C and room temperature. To identify the phases present, the room
temperature spectra were compared to simulated diffraction patterns of known Pt-In alloys. The
diffraction pattern of the isolated nanoparticles in each catalyst and the simulated pattern of the
identified phases are shown in Figure 3.4. The patterns were obtained by subtracting the scattering
due to the silica support, the empty cell, and gases present in the X-ray path from the full diffraction
patterns. The energy of the synchrotron X-rays was 105.091 keV, much higher than Cu Ka
radiation (8.0463 keV) which is typically used in lab-based instruments. Thus, the diffraction
peaks occur at much lower angles in the synchrotron XRD patterns. The weak and broad diffraction

peaks result from the low metal loading and small size of the nanoparticles.
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Figure 3.4: Background subtracted XRD patterns of catalysts following reduction at 600°C (Pt
(black), Pt-In(0.7) (red), and Pt-In(1.4) (blue)) and simulated spectra of identified phases (Pt (black
dashed), PtsIn (red dashed), and PtIn; (blue dashed)).

The diffraction pattern from the monometallic catalyst is characteristic of FCC Pt with
peaks from the (111) and (200) reflections at 2.99° and 3.45°. The average lattice parameter
calculated from Bragg’s law and the position of the (111) and (200) reflections is 3.92 A which
corresponds to a Pt-Pt bond distance of 2.77 A and is consistent with EXAFS results. Pt-In(0.7)
has a diffraction pattern similar to FCC Pt, however, all the peaks are shifted to lower angles
indicating an increase in the size of the unit cell. The diffraction pattern of Pt-In(0.7) matches that
of the PtsIn alloy with a CusAu structure with the most intense peaks at 2.93° and 3.33°
corresponding to the (111) and (200) reflections. The diffraction pattern of Pt-In(1.4) is distinctly
different from the other two catalysts. There is one main peak in the diffraction pattern centered at
2.99° which has been identified as the (220) reflection of the Ptin, alloy with a CaF> structure.
However, all the peaks present are shifted to lower angle by 0.01°-0.02°, indicating a larger unit

cell than the ideal structure.
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3.4.5 Ethane Dehydrogenation Kinetics

Initial turnover rates and selectivity of ethane dehydrogenation were determined at 600 °C
at 15% conversion using a reaction mixture of 5% ethane and 6% H- balanced in inert. The results
are given in Table 3.3. Selectivity was calculated from the observed gas phase products (ethylene
from dehydrogenation and methane from hydrogenolysis) The small amount of coke on the
catalyst was not included. Alloy formation led to increased ethylene selectivity and stability. The
Pt catalyst was 73% selective for ethylene and deactivated after one hour to a constant conversion
of 9% with selectivity improving to 91% as the catalyst deactivated. Pt-In(0.7) and Pt-In(1.4)
exhibited high ethylene selectivities of 99% and 98% with little deactivation in 5 hr. The In

impregnated silica was tested under the same conditions and showed negligible conversion.

Table 3.3: Catalytic results for ethane dehydrogenation reactions

CoHe + H2 CoHs + CoHs + H2
. Initial . .
Initial x Initial TOR Steady State
Catalyst Selectivity T(Sg (s TOR" (s7) Ezpp (kJ/mol)
Pt 73% 1.8 0.7 0.2 76
Pt-In(0.7) 99% 5.3 2.8 1.0 95
Pt-In(1.4) 98% 1.9 1.6 1.0 137

* Per mole of surface Pt as measured by CO chemisorption

Turnover rates (TOR) and apparent activation energies (Eapp) Were determined with a
reaction gas of 0.5% ethylene with 5% ethane and 2% H,. Results are also shown in Table 3.3.
The initial TOR and steady state TOR were higher on the alloy catalysts than the monometallic Pt
catalyst. The initial TOR of the Pt catalyst was 0.7 s and deactivated to a steady-state value of
0.2 s, Pt-In(0.7) had the highest initial TOR of the three catalysts, 2.8 s, while Pt-In(1.4) had an
initial TOR of 1.6 s™*. The Pt-In catalysts had equivalent steady state TOR of 1.0 s*. The addition
of ethylene to the feed decreased the initial TOR’s of Pt and Pt-In(0.7) while the TOR of Pt-In(1.4)
was almost unchanged. Alloy formation also led to increases in the apparent activation energy.
The addition of In led to an increase in Eapp from 76 kd/mol for Pt to 95 kJ/mol for Pt-In(0.7) and
137 kJ/mol for Pt-In(1.4). The increase in TOR and higher Eapp in the Pt-In catalysts are consistent

with an electronic promotion of Pt by In. Differences in the TOR and Egpp’s of the two Pt-In
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catalysts also suggests that there is a different In promotional effect due to the different Pt-In alloy

structures.

3.5 Discussion

The addition of In to the Pt catalyst led to the formation of multiple Pt-In intermetallic alloy
phases. The catalyst synthesized with a bulk In:Pt atomic ratio of 0.7 formed the PtsIn phase with
a CuzAu structure. Ptzln has the same structure as the PtzSn alloy which has been reported for Pt-
Sn bimetallic catalysts. [14-17] The Pt-In and Pt-Pt bond distances of 2.79 A seen by EXAFS is in
agreement with the bond distances in the ideal PtsIn structure of 2.82 A. Increasing the In:Pt ratio
to 1.4 led to the formation of a second alloy phase, Ptin, with a CaF, structure. PtSn, alloys of
equivalent structure have been reported to be selective for alkane dehydrogenation. [13, 14] The
Pt-In bond distance in the ideal PtIn, structure is 2.76 A, similar to the distance seen by EXAFS,
2.74 A. However, there is still Pt-Pt scattering in the EXAFS spectra of the Pt-In(1.4) catalysts. In
the ideal PtIn, structure Pt has only In first nearest neighbors; therefore, the Pt-Pt scattering
indicates a second phase is also present. The AAS results provide further evidence since the
measured In:Pt ratio is 1.4, less than the minimum ratio necessary to form a complete alloy of the
correct stoichiometric ratio of 2:1. The Pt-Pt bond distance determined by EXAFS is 2.79 A, the
same as was seen in the Pt-In(0.7) catalyst indicating the second phase present is likely Ptsln. It
has been reported for Pd-Zn intermetallic alloy catalysts that alloy formation occurs first on the
surface of Pd nanoparticles and progresses towards the center suggesting that the promoter metal
diffuses into the Pd nanoparticles as more ZnQO is reduced to metal at higher temperatures. [21, 22]
Based on these observations it is likely that for the Pt-In(1.4) catalyst as more In2Os is reduced it
forms a shell of PtIn, around a core of PtsIn. Figure 3.5 shows the evolution of nanoparticle

structure with increasing In:Pt ratio and the unit cells of the alloy phases identified.
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Pt Pt-In(0.7) Pt-In(1.4)

Figure 3.5: Schematic of geometric structure of Pt and Pt-In catalysts and crystal structures of the
active phase [37, 38]

Initial addition of In leads to the formation of the PtzIn phase and continued addition leads
to the formation of the PtIn; phase at the surface of the PtzIn nanoparticles. Due to the limiting
amount of In present in the Pt-In(1.4) catalyst, a shell of PtIn; is formed around a core of the PtzIn
phase.

The alloy phases formed in the Pt-In catalysts have different stoichiometry’s and structures than
those which have been reported to form in highly selective Pd-Zn and Pd-In dehydrogenation
catalysts, which both form alloys with atomic ratios of 1:1 having a AuCu and a CsClI structure,
respectively. [21-23] While the bulk phase diagrams show multiple intermetallic alloy phases over
the composition ranges studied, only the 1:1 alloys were formed in the Pd-Zn and Pd-In catalysts.
[39, 40] For Pd-In it was also proposed that alloy formation was kinetically controlled and that the
1:1 alloy was selectively formed due to its similar crystal structure to FCC Pd. Similar phenomena
occurs in the Pt-In catalysts. The structures of the Pt-In intermetallic alloys that were not formed

in the Pt-1In catalysts are shown in Figure 3.6.
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Figure 3.6: Crystal structures of Pt-In intermetallic alloys not formed in the Pt-In catalysts [41-
45]

The phases formed, Ptsln and Ptln,, have crystal structures which can be formed by
minimal rearrangement of the Pt atoms in the initially reduced FCC structure. The structures in
Figure 3.6 require significant reordering of the Pt and In atoms and are not formed. The observed
structures suggest that alloy formation is kinetically, rather than thermodynamically controlled,
consistent with previous studies on PdZn and Pdin bimetallic nanoparticles. Thus, all
compositionally possible structures are not formed.

Although the 1:1 alloys were the only phases formed in the PdZn and PdIn catalysts, the
structure of equivalent stoichiometry was not observed in the present work. The unit cell of the
PdZn 1:1 alloy is body-centered tetragonal while that of PdIn is body-centered cubic, both similar
in structure to FCC Pd. As seen in Figure 3.6, the 1:1 PtlIn alloy has a monoclinic unit cell very
different in structure from FCC Pt. This large difference in crystal structure is believed to be
responsible for the 1:1 Ptin phase not forming even though alloys with the same stoichiometry
were formed in the PdZn and PdIn bimetallic catalysts.

The observed changes in crystal structure coincide with changes in the ethane
dehydrogenation performance of each catalyst. The monometallic Pt catalyst exhibited a moderate
selectivity of 73% at 15% conversion and deactivated quickly, behavior typical of Pt catalysts. [3,
22] Ethylene selectivities of nearly 100% were achieved over the alloy catalysts which also showed
more stable performance than monometallic Pt. Alloy formation also increased dehydrogenation
TORs. The PtsIn phase present in Pt-In(0.7) had the highest initial TOR of the three catalysts,
almost 4 times that of the monometallic Pt catalyst. Increased In content and formation of the Ptin;
phase in Pt-In(1.4) resulted in a lower initial TOR than Pt-In(0.7), but still higher than that
measured for Pt. Similar behavior was seen by Sun et al, where bimetallic Pt-In nanoparticles were

confirmed by EXAFS; however the exact structure was not determined. It was reported that the
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addition of In and formation of bimetallic particles increased the ethylene selectivity from 60% for
monometallic Pt to greater than 96% for all the Pt-In catalysts. The TOR increased from 0.7 s for
Pt with increasing In:Pt ratios before reaching a maximum of 1.6 s* at a ratio of 1.7 and decreasing
to 0.5 s with further addition of In. [24] Pt-In(0.7) and Pt-In(1.4) had equivalent steady state TOR,
approximately five times that of monometallic Pt.

The increase in selectivity for dehydrogenation of the alloy catalysts compared to the
monometallic catalyst can be attributed to the elimination of large Pt ensembles upon alloy
formation, i.e. a geometric effect. Dehydrogenation is a structure insensitive reaction requiring a
single active atom [46, 47] while hydrogenolysis is a structure sensitive reaction requiring an
ensemble of active atoms. [47] It has been shown that Pt 3-fold hollow sites present in large Pt
ensembles are responsible for the formation of strongly adsorbed alkylidyne species which are
precursors of hydrogenolysis and coke forming reactions. [48-51] The formation of PtsIn reduces
the number of Pt 3-fold hollow sites and it has been shown that the formation of ethylidyne is
suppressed on PtsSn alloys with equivalent structures to the Ptzln phase in Pt-In(0.7). [48,50,51]
While the number of Pt 3-fold hollow sites is reduced, they are not completely eliminated, and
trimers of Pt atoms are still present in the alloy structure. However, the Pt-Pt bond distance of
2.82A is slightly elongated from 2.77A, the Pt-Pt bond distance in FCC Pt. It has been proposed
that two adjacent active atoms are required for hydrogenolysis reactions. [52-54] Although Pt-
In(0.7) contains three adjacent Pt atoms it is highly selective for dehydrogenation suggesting that
C-C bond cleavage requires ensembles of more than three active atoms. In the PtIn; phase, catalytic
Pt atoms are geometrically isolated by inactive In atoms which completely eliminates Pt 3-fold
hollow sites necessary for ethylidyne formation. Although the bulk stoichiometry and structure are
different, the local coordination environment of Pt in PtIn> is equivalent to Pd in the 1:1 PdZn and
PdIn alloys where high dehydrogenation selectivity was attributed to the isolation of Pd atoms by
the inactive metal. [21-23] Accordingly, the isolated Pt atoms in Pt-In(1.4) are highly selective for
dehydrogenation reactions.

Accompanying the geometric changes of alloy formation are concomitant electronic
changes to Pt which are likely responsible for the increases seen in the TORs and Eapp Of the Pt-In
catalysts. XPS and XANES studies on bimetallic Pt-Sn catalysts have shown that the electronic
properties of Pt are altered by interactions with Sn. The binding energy of Pt 4f7;> electrons as

measured by XPS has been reported to decrease while the Pt Liiy XANES energy has been reported
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to increase. [20,55] It has been proposed that these changes are due to a d — s, p rehybridization
that occurs upon formation of Pt-Sn bonds resulting in a decrease in the occupancy of the Pt 5d
orbitals. [20,55-57] However, this would yield no change in the XANES energy and an increase
in the white line intensity.

For the bimetallic catalysts the Pt Lyt XANES energy increases and the white line intensity
decreases. The increase in XANES energy indicates an upward shift in the unfilled valance states
of Pt while the decrease in the white line intensity suggests higher occupancy of the 5d orbitals.
Molecular Orbital (MO) Theory would predict that the formation of Pt-In bonds would result in
new filled bonding and unfilled anti-bonding state in Pt. A shift to higher energy in the Ptin
XANES spectra suggests that the energy of the empty 5d orbitals are at higher energy compared
to Pt. From MO Theory, this also implies Pt-In bond formation results in the filled 5d orbitals in
Pt being lower in energy. A shift to lower energy would result in less hybridization of the 5d with
the 6s and 6p orbitals leading to higher electron density in the 5d states and a decrease in the white
line intensity. The effects of rehybridization on white line intensity is well documented for changes
in size of metal clusters. [34, 58-60] Changes in the 5d states likely modify the adsorption of
reactants and products leading to changes in catalytic performance. Electronic changes are also
evident from the increases in the apparent activation energy, a convolution of heat of adsorption
and intrinsic activation energy, seen for the Pt-In catalysts. Experimental and theoretical results on
Pt-Sn surfaces have shown that alloy formation reduces the binding strengths of alkenes to Pt.
[3,4,51] It is possible that the formation of Pt-In alloys leads to weaker adsorption of alkenes,
resulting in faster ethylene desorption and promoting dehydrogenation TORs, similar to what has

been proposed for Pt-Sn catalysts.

3.6 Conclusions

The addition of In to Pt catalysts leads to the formation of intermetallic alloy nanoparticles.
At an In:Pt atomic ratio of 0.7 the Ptsln phase with a CusAu structure formed. A shell of PtIn, with
a CaF structure forms around a core of PtsIn when the In:Pt ratio is increased to 1.4. The Ptsln
and PtInz alloys are structurally similar to FCC Pt and their formation requires minimal atomic
rearrangement when compared to phases not observed suggesting alloy formation is kinetically
controlled. When compared to a monometallic Pt catalyst the intermetallic alloys exhibited

superior performance for ethane dehydrogenation, i.e. higher ethylene selectivity and turnover
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rates. The increase in selectivity to nearly 100% can be attributed to geometric changes to the
catalytic Pt atoms. Ensembles responsible for structure sensitive hydrogenolysis reactions are
eliminated upon alloy formation; while structure insensitive dehydrogenation, which requires a
single active site, is unaffected. The increases in TOR are likely due to electronic changes to Pt
arising from the formation of Pt-In bonds. Further studies are necessary to fully understand the
electronic properties of Pt intermetallic alloy nanoparticles. This work shows that it is possible to
tailor both the geometric and electronic properties of catalysts by synthesizing intermetallic alloy

nanoparticles of different stoichiometry’s and structures.
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CHAPTER 4. ZINC PROMOTION OF PLATINUM FOR CATALYTIC
LIGHT ALKANE DEHDROGENATION: INSIGHTS INTO
GEOMETRIC AND ELECTRONIC EFFECTS

Reproduced with permission from Cybulskis, V.J.; Bukowski, B.C.; Tseng, H.; Gallagher,
J.R.; Wu, Z.; Wegener, E.C.; Kropf, A.J.; Ravel, B.; Ribeiro, F.H.; Greeley, J.; Miller, J.T.; “Zinc
Promotion of Platinum for Catalytic Light Alkane Dehydrogenation: Insights into Geometric and
Electronic Effects,” ACS Catal. 2017, 7, 4173-4181. Copyright 2017 American Chemical Society.
DOI: 10.1021/acscatal.6b03603

4.1 Abstract

Supported metal nanoparticles are vital as heterogeneous catalysts in the chemical
transformation of hydrocarbon resources. The catalytic properties of these materials are governed
by the surface electronic structure and valence orbitals at the active metal site and can be
selectively tuned with promoters or by alloying. Through an integrated approach using density
functional theory (DFT), kinetics, and in situ X-ray spectroscopies, we demonstrate how Zn
addition to Pt/SiO2 forms high symmetry Pt:Zn; nanoparticle alloys with isolated Pt surface sites
that enable near 100% CyHa selectivity during ethane dehydrogenation (EDH) with a six-fold
higher turnover rate (TOR) per mole of surface Pt at 600 °C compared to monometallic Pt/SiO..
Furthermore, we show how DFT calculations accurately reproduce the resonant inelastic X-ray
spectroscopic (RIXS) signatures of Pt 5d valence orbitals in the Pt/SiO; and PtZn/SiO; catalysts
that correlate with their kinetic performance during EDH. This technique reveals that Zn modifies
the energy of the Pt 5d elections in PtZn, which directly relates to TOR promotion, while ensemble

effects from the incorporation of Zn into the catalyst surface lead to enhanced product selectivity.

4.2 Introduction

The recent surge in gas production from shale formations throughout the United States
presents a tremendous opportunity to develop catalytic innovations that efficiently transform
hydrocarbon resources (i.e., methane, ethane, propane, butanes) directly into value-added

chemicals and fuels with reduced environmental impact by selectively activating paraffinic C-H
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bonds. [1] Although various routes to synthesize alkene and aromatic building block molecules
over metal-containing catalysts by dehydrogenation [2] and cyclization [3], respectively, have
been well-studied, fundamental understanding of issues regarding long-term catalyst stability,
product selectivity, and turnover rates (TOR) still remain problematic. [4-5] Many of the
challenges associated with developing new materials to overcome these limitations can only be
addressed at the molecular level.

Noble metals, such as Pt, are well-known for exceptional performance in hydrocarbon
catalysis, particularly for hydrogenation and isomerization reactions, due to their affinity for
paraffinic C-H bonds. [2] Since the reactivity of metal nanoparticle surfaces is determined by the
electronic states through the valence d-bands, which is a region in the partial density of states
(DOS) [6, 7], one way we may alter the electronic structure of these surfaces, and hence, their
reactivity, is by alloying of the surface with various promoters that can influence the availability
and energies of the valence electrons to form chemical bonds with adsorbates. For example, the
addition of Zn or Sn to Pt-containing catalysts has led to improved alkene selectivity during alkane
dehydrogenation. [8-10] It has been suggested that these ad-metals modify the electronic properties
of the noble metal sites by donating electron density and weakening the adsorption of z-bonded
alkenes; thus, inhibiting the formation of coke precursors. [10-13] Yet, the energy levels of the d
states of Pt and Pt-containing alloys, which also direct bond formation, have seldom been directly
measured experimentally.

While structure-insensitive reactions, such as alkene hydrogenation and alkane
dehydrogenation can occur on isolated Pt sites, it has been shown that larger Pt ensembles catalyze
structure-sensitive reactions, including cracking and hydrogenolysis. [14-18] Recent experimental
work by Childers et al. [19] has also shown that Zn addition to supported Pd catalysts can enhance
propylene selectivity during propane dehydrogenation (PDH). The improved catalyst stability is
attributed to the formation of a PdZn alloy with isolated Pd surface sites that eliminate the
structure-sensitive hydrogenolysis pathway. [20] Similar conclusions regarding the importance of
active site isolation (i.e., geometric effects) have been reported for SiO,-supported Pdin [21] and
PtIn [22] intermetallic alloys during ethane dehydrogenation (EDH).

Experimentally, the electronic structure of metal nanoparticles on heterogeneous catalysts
can be accessed by using L edge, resonant inelastic X-ray scattering (R1XS) to monitor the energy

of the d-band filled and unfilled states. [23-25] As a hard X-ray, two-photon process, RIXS permits
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the elucidation of electron excitations between inner-shell and valence levels within a specific
element under working reaction conditions, thus making it possible to directly probe the surface
chemistry at metal active sites and map the entire d-band spectrum to identify electronic descriptors
of catalytic activity. As shown for the Pt Lz edge in Figure 4.1, absorption of a photon with energy
0 promotes a 2p electron to an unoccupied state in the 5d valence shell and leaves behind a core
hole that is subsequently refilled by an electron from filled orbitals. Filling of the core hole results
in an emitted photon whose energy is dependent on the energy of the filled orbital. With a high-
energy resolution spectrometer, the energy (@) of the fluorescent photon from the filled 5d orbital
can be determined (e.g., Pt LSs transition). The difference in energy between (2 and o represents

the overall energy transfer of the system (4E).
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Figure 4.1: RIXS Energy Scheme for Pt 2p « 5d Transitions

Many of the valence-to-core X-ray emission studies to date have been focused on the K
edge (s — p) for inorganic and bioinorganic metal complexes to examine metal-to-ligand charge
transfer as well as changes in bonding and anti-bonding states. [26] However, the K edge cannot
access chemical information on the valence d electrons that are relevant for catalysis. While RIXS
has successfully been applied at the L edge for 3d and 4d transition metal complexes to examine
crystal field splitting and orbital occupancy [27-29], there are relatively few studies on 5d metals
[24, 30, 31], such as Pt, that examine the electronic structure of supported noble metal

nanoparticles.
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Here, by using in situ X-ray absorption and synchrotron X-ray diffraction, we show that
Pt1Zn; intermetallic alloy nanoparticles are preferentially formed from Pt and Zn precursors on an
amorphous SiO2 support. These bimetallic alloy catalysts contain isolated surface Pt atoms with
only metallic Zn nearest neighbors and display high ethylene selectivity (~100%) during EDH at
600 °C. We also show how the capabilities of RIXS analysis can provide a unique fingerprint for
the catalytic properties of Pt/SiO> and PtZn/SiO. dehydrogenation catalysts. This spectroscopic
characterization of metal nanoparticle electronic valence states can be coupled with kinetic
measurements of catalytic performance to describe how Zn addition to Pt/SiO> modifies the metal
nanoparticle electronic structure to affect the EDH TOR. Lastly, we suggest that DFT RIXS
calculations for Pt-containing alloy compositions provide additional electronic structural

information; thereby, complementing and strengthening existing d-band models.

4.3 Results and Discussion
4.3.1 Ethane Dehydrogenation on Pt/SiO and PtZn/SiO;

The Pt/SiO. and PtZn/SiO; catalysts for this study were prepared by pH-controlled
incipient wetness impregnation (pH-IWI) of high-purity SiO2> with (NH3)sPt(NO3). and
Zn(NOs3)2-6H20 precursors to obtain 9.70 wt.% Pt for Pt/SiO2, and 9.28 wt.% Zn and 9.53 wt.%
Pt for PtZn/SiO>. A high Pt loading was required in order to obtain sufficient signal-to-noise during
in situ RIXS experiments due to the relatively weak intensity of the valence 5ds — 2p3z;2 (L5s) X-
ray emission line for Pt. Pt dispersions based on the measured H; uptake (Table B.1) on the freshly-
reduced Pt/SiO2 and PtZn/SiO, catalysts were determined to be 27% and 44%, respectively.
Catalyst testing was performed at 600 °C in a gas mixture of 2.5% C2Hs, 1% H>, and 0.5% C,Ha
to achieve differential CoHes conversion (X < 0.1) and allow the reaction rate to be treated as
constant throughout the reactor (Appendix B).

As shown in Figure 4.1(a), the EDH TOR, normalized per surface Pt atom, for Pt/SiO> (blue closed
circles) stabilized at 0.01 s after 5 h on stream from a starting value of 0.05 s™%. During this period,
the CoHs selectivity reached 96% (X = 0.09) from a starting value of 74% (X = 0.4) as shown in
Figure 4.1(b) (blue closed circles). Following the catalyst stabilization, the apparent activation
energy between 570 °C and 600 °C was determined to be 72+4 kJ mole™ (Fig. B.1). At the start of

the run, the carbon mass balance closed at 83%, indicating significant coke deposition on the clean
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catalyst surface, and then ultimately reached 100% after the stabilization period. This result, along
with observed CH4 formation during the reaction, shows that C2Hs hydrogenolysis and CzHs
decomposition reactions occur concomitantly with dehydrogenation on Pt. For PtZn/SiO2, the
EDH TOR per surface Pt was a factor of six higher than on Pt/SiO, as indicated by the red closed
squares in Figure 4.2(a), and reached 0.06 s after 12 h from a starting value of 0.2 s™*. Throughout
the stabilization period, the CoHa selectivity (Figure 4.2(b)) and carbon mass balance both
remained near 100% to indicate that dehydrogenation occurs almost exclusively on PtZn. The
measured apparent activation energy for PtZn/SiO, was 9945 kJ mole* (Fig. B.1) and is similar to
the 102 kJ mole? result reported by Galvita et al. [17] for PtSn/Mg(AI)O. Metal cluster size
distributions on the used Pt/SiO2 and PtZn/SiO2 samples after EDH at 600 °C were analyzed from
HAADF-STEM and TEM images and determined to be 3.3£1.9 nm and 2.5+0.6 nm, respectively
(Figs. B.2—B.4).
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Figure 4.2: Ethane dehydrogenation kinetics for Pt/SiO2 and PtZn/SiO>. (a) TOR as a function of

time on stream during EDH (2.5% C,H,, 1% H,, 0.5% C,H,) at 600 °C on 9.70 wt.% Pt/SiO, with
C,H, co-fed (blue closed circles), 9.70 wt.% Pt/SiO, without C,H, co-fed (blue open circles), 9.53
wt.% Pt —9.28 wt.% Zn/Si0, with C,H, co-fed (red closed squares), and 9.53 wt.% Pt —9.28 wt.%
Zn/Si0, without C,H, co-fed (red open squares). (b) C,H, selectivities as a function of time on
stream during EDH at 600 °C. (¢) C,H, selectivities as a function of C,H, conversion during EDH
(2.5% C,H,, 1% H,) at 600 °C for 9.70 wt.% Pt/SiO, (blue open circles) and 9.53 wt.% Pt —9.28
wt.% Zn/Si0, (red open squares).

When C>Hs was removed from the reaction feed stream (Figure 4.2(a)), the TOR for both
Pt/SiO2 (blue open circles) and PtZn/SiO> (red open squares) increased by a factor of two, which
indicates that CoH4 inhibits the EDH reaction by competing with C2Hs for Pt surface sites. As
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shown in Figure 4.2(b), the C2H4 selectivities for both Pt/SiO2 and PtZn/SiO> were comparable to
EDH with CoHs co-fed in the reaction mixture. At low CzHe conversion (X < 0.1) the CoH4
selectivity on Pt/SiO. was similar to PtZn/SiO2, but decreased to less than 50% at conversions
above the equilibrium limit for dehydrogenation (Xeq = 0.54) as concomitant C-C bond cleavage
reactions became dominant (Figure 4.2(c)). Conversely, PtZn/SiO, was able to maintain near 100%
selectivity to C2Has up to the thermodynamically-limited equilibrium conversion, indicating that
the active Pt surface sites are able to suppress cracking and hydrogenolysis reactions, even with
H> (produced during EDH) present in the reactor.

4.3.2 Geometric Structures of Pt and PtZn Nanoparticles

The Pt and PtZn nanoparticle structures were determined by using in situ X-ray absorption
spectroscopy (XAS) and synchrotron X-ray diffraction (XRD). The X-ray absorption near edge
structure (XANES) at the Pt L3z edge (E = 11,564 eV) shows that the supported Pt nanoparticles on
Pt/SiO, were metallic (Pt%), as evidenced by the similar edge positons (defined as the inflection
point in the first derivative of the experimental XANES spectrum) and white-line intensities
between the Pt foil and the Pt/SiO catalyst (Fig. B.5). The Pt atoms in PtZn/SiO> were also
metallic and the edge energy increased as a result of Zn addition by 0.9 eV compared to Pt/SiO..
Although the shape of the Pt Ls XANES for metallic nanoparticles below approximately 3 nm in
diameter exhibits slight differences compared to that for Pt foil, the edge energy is not changed.
[32] Thus, changes in the edge energy can only be attributed to the formation of bimetallic PtZn
nanoparticles. The in situ extended X-ray absorption fine structure (EXAFS) spectrum (black open
circles) and fit of the isolated first scattering shell for 9.70 wt.% Pt/SiO. (blue dashed line) in the
top half of Figure 4.3(a) revealed that the metallic Pt nanoparticles on Pt/SiO, are structurally
similar to the bulk Pt foil (black open triangles) and that each Pt atom was surrounded by an
average of 8.940.9 Pt nearest neighbors at a bond distance of 2.76+0.01 A. Based on the metal
dispersion correlation reported by Miller et al. [33], the average Pt cluster size on Pt/SiO2 was
4.2+1.1 nm, consistent with the 3.3+1.9 nm cluster size distribution from HAADF-STEM and
TEM images of the used catalyst after EDH (Fig. B.2 and B.4(a)).

For PtZn/SiO2, each Pt atom was surrounded by an average of approximately 7 Zn nearest
neighbors (7.1+0.6) at a bond distance of 2.62+0.01 A as shown by the first shell fit in the bottom
half for Fig. 4.3(a) (red dashed line). A Pt-Pt contribution was also fit in PtZn/SiO, with a
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coordination number of 3.6+0.3 at an average bond distance of 2.81+0.02 A as shown by the first
shell fit in the bottom half for Fig. 4.3(a) (blue dashed line). This Pt-Pt distance is longer than that
in monometallic Pt (i.e., at a non-bonding distance) and indicates that the Pt atoms in the PtZn
nanoparticles were geometrically isolated from one another. Individual fitting parameters for the
Pt foil, Pt/SiO., and PtZn/SiO, samples can be found in Table B.2.

The synchrotron XRD pattern for Pt/SiO> at room temperature further confirms that the Pt
nanoparticles were metallic, as indicated by the agreement between the peak positions of the
simulated Pt metal pattern (red line) and the data (black line) in Fig. 4.3(b). The Pt/SiO. diffraction
peaks were broadened due to the small (3.3£1.9 nm by HAADF-STEM and TEM) nanoparticle
size. In order to isolate these structural features, background scattering due to the SiO> support and
empty heating stage were subtracted from the patterns for the Pt/SiO. and PtZn/SiO; catalysts
according to the method described by Gallagher et al. [34]. The background-subtracted patterns
taken at 600 °C (Fig. B.6) were found to be identical to those obtained at room temperature (Fig.
4.3(b)) except for shifts in diffraction peaks due to thermal lattice expansion, thereby indicating
that the crystal structures of the Pt and PtZn nanoparticles remained unchanged throughout this
temperature range. Thus, the diffraction patterns collected at room temperature were used for

comparison with standard patterns simulated under the same conditions.
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Figure 4.3: Structural characterization of Pt and PtZn nanoparticles. (a) In situ EXAFS at the Pt L,
edge and isolated first scattering shell fits for 9.70 wt.% Pt/SiO, and 9.53 wt.% Pt — 9.28 wt.%
Zn/Si0, obtained at room temperature after H, reduction at 600 °C. (b) /n situ XRD patterns
obtained for 9.70 wt.% Pt/SiO, and 9.53 wt.% Pt — 9.28 wt.% Zn/SiO, at room temperature and
compared to simulated patterns for Pt and Pt,Zn,, respectively. (c) Structures of Pt and Pt,Zn,

intermetallic alloy along with bond distances from in situ EXAFS simulation of in situ XRD
patterns for 9.70 wt.% Pt/SiO, and 9.53 wt.% Pt —9.28 wt.% Zn/SiO, at room temperature.

PtZn nanoparticles on the PtZn/SiO> sample (black line) in Fig. 4.3(b) show diffraction
peaks attributed to a PtiZn;, 1:1 intermetallic alloy phase (red line) with a tetragonal AuCu
structure. No additional PtZn alloy phases (i.e., PtsZn, PtsZnio, PtZni7) were observed on the
PtZn/SiO, catalyst, thereby indicating that the high symmetry Pt1Zn; alloy was preferentially

formed. Figure 4.3(c) shows a structural comparison between the Pt (fcc) and Pt1Zn; (tetragonal
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AuCu) phases along with a comparison of the Pt-Pt and Pt-Zn bond distances as determined by
EXAFS fittings and from the diffraction peaks below 6° in the XRD patterns of the reduced
samples at room temperature. The Pt-Pt and Pt-Zn bond distances derived from in situ XRD and
EXAFS are quite similar except for a small systematic error of ~0.02 A between the two techniques
that has been observed by others. [34] A complete list of Pt and Pt1Znz unit cell parameters can be
found in Table B.3.

The diffraction pattern of PtZn/SiO> collected at room temperature upon exposure to air
after reduction at 600 °C exhibited features in addition to those for the PtZn intermetallic alloy,
likely due to surface alloy decomposition induced by exposure to oxygen (Fig. B.7). The difference
pattern (black line) obtained by subtraction of the room temperature oxidized PtZn/SiO, from
reduced PtZn/SiO> is shown in Fig. 4.4. The peaks in the difference pattern correspond to Pt:Zny,
and show that the alloy surface structure was identical to that of the fully reduced PtiZn:
intermetallic nanoparticle. This Pt:Zn; intermetallic structure on the nanoparticle surface isolated
all the surface Pt sites and thereby contributed to the high alkane dehydrogenation selectivity. This
relation is consistent with previous observations for SiO2-supported PdZn [19, 20], PdIn [21], and
PtIn [22] catalysts.

EATRERERE

Intensity / a.u.

Figure 4.4: In situ XRD patterns for PtZn surface layer on PtZn/SiO,. Comparison of simulated
XRD patterns for Pt (blue line) and PtiZn; (red line) with experimentally obtained difference
pattern for 9.53 wt.% Pt — 9.28 wt.% Zn/SiO> (black line).
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4.3.3 Experimental and Calculated RIXS Planes for Pt and PtZn

Energy differences between the unoccupied and occupied Pt 5d states (i.e., the energy
transfer, AE, see Figure 4.1) for reduced Pt/SiO> and PtZn/SiO; catalysts were examined with in
situ RIXS by monitoring the Pt Ls X-ray absorption and emission. The X-ray emission intensity
was measured as a function of the incident and emitted photon energies for the Pt L3 XANES and
L S5 regions, respectively. The experimentally measured RIXS spectra for Pt/SiO, and PtZn/SiO»
are presented in Fig. 4.5 as two-dimensional contour plots that show the energy transfer (4E) as a
function of the incident photon energy (£2). For Pt/SiO», the maximum RIXS intensity (red region)
occurred at £2= 11,564 eV with an energy transfer of 4.0 eV. Addition of Zn to Pt/SiO; shifted the
maximum RIXS intensity to higher energy transfer by approximately 2.0 eV at 11,566 eV (4E ~
6 eV), with a high intensity tail that extended along the diagonal to 11,572 eV. A comparison of
Pt Ls XANES in Fig. B.5 for Pt and PtZn indicates that the edge energy of the latter was shifted to
0.9 eV higher than that in the former. Since the energy transfer for Pt1Zn; was 2.0 eV, the energy
of the filled valence states was 1.1 eV lower for Pt1Zn; than that in the monometallic Pt sample.
The longer tail in the energy transfer plot for Pt1Zn; (Fig. 4.5) is, in part, due to the broader XANES
spectrum of PtZn compared to that of Pt (Fig. B.5).

Simulations of in situ RIXS spectra for Pt and PtZn were performed on Pt(111) and
Pt1Zn1(110) surfaces and are also shown in Fig. 4.5. The (111) and (110) close-packed surface
orientations were chosen in order to represent the bulk nanoparticle surface structures of Pt and
PtiZni, respectively. Calculated bulk and surface d-DOS were averaged for Pt(111) and
Pt1Zn1(110) in order to approximate the Pt and PtiZn; nanoparticles, respectively. The formalism
for calculating RIXS spectra from the DOS has been discussed elsewhere. [24, 35, 36] RIXS

intensities (F) were calculated from the following equation [24]:

€j
plle+0—w
F(Q,(o):fdspd( )Pa( 2 )
b (e-w)+7

Here, F was calculated by integrating over the DOS energies (&) for the occupied valence
states (i) and unoccupied valence states (j), where p4 and p; are the partial d-band DOS of Pt for

the occupied and unoccupied states, respectively. The lifetime broadening of the 2ps> core hole
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(T,,) was taken as 5.41 eV. [24] This method does not account for interactions from the
photoexcitation process; however, it has been shown to give accurate results when compared to
experiment. [24] The calculations, which were performed by using the d-band DOS obtained
through self-consistent DFT calculations, exhibited similar features to the experimental spectra. In
particular, the simulations revealed a ~1.8 eV increase in the energy transfer of the RIXS maximum
that occurred at ~0.9 eV higher incident energy than on Pt(111), in agreement with the measured
0.9 eV edge energy increase for PtZn/SiO2 from in situ XAS.

Previous theoretical studies have provided strong evidence that the metal d-band center is
a useful descriptor of catalytic activity for various transition metals and alloys. [6, 7, 37-40] For
the present study, the calculated Pt d-band center for monometallic Pt(111) was found to be -2.19
eV and was shifted upward to -2.08 eV for Pt;Zn;(110), as shown in Fig. 4.6. Use of a modified
electronic structure descriptor [41], defined as the sum of d-band center and half the d-DOS width,
yielded values of -0.64 eV and -0.61 eV for Pt and Pt1Zn1, respectively. Such small changes are
within the uncertainty of DFT calculations and do not differentiate the electronic properties in
these samples. Indeed, when compared to the experimentally measured RIXS spectra in Fig. 4.5,
it is evident that the calculated Lps RIXS planes for Pt(111) and Pt:Zn:(110), which contain
information corresponding to the surface d-band DOS that affects catalytic activity, accurately
reproduce trends in the PtZn and Pt RIXS signatures and provide additional details regarding the
Pt valence electronic structure, including a more direct comparison between theoretical and

experimental spectra for Pt and PtZn compared to the d-band model alone.
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Figure 4.5: RIXS planes for supported Pt and PtZn nanoparticles. Comparisons between
experimentally (Exp) measured RIXS for 9.70 wt.% Pt/SiO, with calculated RIXS for Pt(111) by

DFT (left column), and experimental RIXS for 9.53 wt.% Pt —9.28 wt.% Zn/SiO, with calculated
RIXS for Pt,Zn, (110) by DFT (right column).

The effect of Zn addition on the energy levels of both the occupied and unoccupied Pt 5d
bands, evaluated from the energy transfer (4E) and Pt Lz edge energy obtained during in situ RIXS
and XANES, respectively, is shown in Figure 4.7. Compared to monometallic Pt, the occupied Pt
5d bands in PtZn were shifted by approximately 1.1 eV further below the Fermi energy, while the
unoccupied bands were shifted to higher energies by approximately 0.9 eV. As discussed in
Appendix B, the lower energies of the occupied states led to an upward shift in the high intensity
peak for the Pt1Zn; alloy compared to monometallic Pt, while the extended unoccupied states led
to a longer tail for PtZn compared to Pt. This combination of lower energy for the filled and higher

energy for the unfilled electronic states changes the relative energy between the Pt d orbitals in
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PtZn/SiO.and the adsorbate electrons, which decreases the Pt-adsorbate bond energy and increases
the number of reaction turnovers per Pt site per unit time. Previous microcalorimetric and DFT
studies by Dumesic and coworkers [11-13] have shown that the addition of Zn and Sn ad-metals
to Pt- and Pd-containing catalysts weakened the interaction of the metal surface with CoHs to
inhibit production of coke-forming ethylidyne species. These findings align with the kinetic and
structural characterization results from the present study that show suppressed coke deposition and
TOR enhancement on the Pt:Zn; nanoparticle alloys. Furthermore, DFT calculations and in situ
RIXS measurements indicate that the mechanism of this electronic promotion of Pt by Zn for EDH
is driven by changes in energy of the Pt 5d electrons, rather than a change in electron occupancy
due to electron donation as previously suggested for PtZn [8, 10] and PtCu [40], which effectively
reduces the binding energies of adsorbates and increases the TOR per surface Pt.

—— Pt(111)
—— Pt,Zn (110)

d-band center:

/ -2.08 eV

d-band center:

/ -2.19 eV

Pt d Density of States / a.u.

L IIIIIII
-10 -8 6 4 -2 0 2 4 6 8 10

Relative Energy (E-E)/eV

Figure 4.6: Projected density of states (DOS) for d orbitals of Pt(111) and Pt;Zni(110). The vertical
axis represents the electron density and the horizontal axis corresponds to the energy relative to
the Fermi energy (£ -

A major challenge in the development of catalytic materials is the ability to identify the
most important properties of a solid surface which govern its chemical reactivity. The molecular
level insight obtained in the present study provides a model to suggest that control of the geometric

structure of the Pt active sites affects product selectivity, while control of the metal promoter
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affects the adsorbate binding strength and TOR. Furthermore, the direct experimental validation
of DFT-predicted RIXS planes for Pt/SiO2 and PtZn/SiO2 enables new opportunities to investigate
relationships between the energy levels of filled and unfilled valence states for various Pt-
containing alloys, the binding energies of adsorbates, and their effects on catalytic activity for
EDH. While only monometallic Pt and the Pt:Zn; alloy have been considered here for EDH, we

envision that this approach could be applied to other nanoparticle alloys and reactions of interest.
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Figure 4.7: Energy Level Diagram for Pt 5d Valence Bands in Pt/SiO, and Pt1Zni/SiO;

4.4 Conclusions

The combined theoretical and experimental approach for EDH on Pt/SiO, and PtZn/SiO;
demonstrates that the addition of Zn to Pt effectively suppresses C-C bond cleavage pathways
during dehydrogenation at 600 °C to achieve nearly 100% C;Hs selectivity up to the
thermodynamic limit of C2He conversion. Additionally, Zn incorporation into the Pt nanoparticles
leads to a six-fold TOR increase per mole of surface Pt compared to the monometallic Pt catalyst.

Geometric and electronic characterization reveals that the Pt active sites on the surface of
the metallic nanoparticles in these catalysts are both structurally and chemically different. The role
of the Zn promoter is two-fold: (i) to form a Pt: Zn; intermetallic alloy structure with uniformly
isolated Pt surface sites that effectively suppress the rate of structure-sensitive reactions, such as
hydrogenolysis and cracking, while retaining the structure-insensitive dehydrogenation pathway,

and (ii) to lower the energy of the filled states of the Pt surface; thus, weakening the bond formation
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between the 5d orbitals and adsorbates. While the selectivity changes may be explained by an
ensemble effect related to isolated Pt sites, the TOR enhancement implies an electronic change
within the individual Pt atoms, as evidenced by differences in apparent activation energies along
with an increase in the Pt RIXS AE for PtZn/SiO. compared to the monometallic Pt/SiO2 sample.
The agreement between experimental and theoretical energies of the Pt 5d valence orbitals for the
Pt and Pt:Zn; nanoparticles in this application demonstrates that DFT calculations provide accurate
simulations of the RIXS spectra, yielding insights into the electronic structural details and
reactivity of these metal surfaces while also supplementing existing studies based on the first

moment of the d-band.

4.5 Experimental
4.5.1 Catalyst Synthesis
4511 Pt/SiOs..

The incipient wetness impregnation (IWI) method was used with 5 g of commercially
available high-purity SiO, (Davisil Grade 636, 480 m? g!) and an aqueous solution of 0.8 g
(NH3)4Pt(NOs3). (Sigma Aldrich) in 5 ml deionized water for ~5 wt.% Pt loading. The pre-catalyst
was dried in an oven at 100 °C for 24 h, followed by a second impregnation of 0.8 g
(NH3)4Pt(NOs3)2 in 5 ml deionized water to obtain 9.70 wt.% Pt loading, as measured by elemental
analysis (Galbraith Labs). The sample was dried a second time at 100 °C for 24 h, and then calcined
in air at 225 °C for 3 h. After cooling to room temperature (RT), the sample was reduced in 25%
H> and balance He according to the following temperature cycle: (i) ramp from RT to 100 °C at
5 °C min, hold at 100 °C for 15 min; (ii) ramp to 150 °C at 5 °C min%, hold at 150 °C for 15 min;
(iii) ramp to 200 °C at 2.5 °C min’*, hold at 200 °C for 30 min; (iv) ramp to 225 °C at 2.5 °C min?,
hold at 225 °C for 30 min; (v) ramp to 300 °C at 2.5 °C min’%, hold at 300 °C for 15 min; (vi) ramp
to 600 °C at 5 °C min‘%, hold at 600 °C for 15 min; (vii) purge with He at 600 °C for 15 min and
cool to RT in He.

45.1.2 PtZn/SiO..

An aqueous solution of Zn(NO3)> was prepared by dissolving 1.8 g of Zn(NO3).-6H.0

(Sigma Aldrich) into 3 ml of deionized water and adjusting the pH to 11 with 2 ml concentrated
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NH4OH. Deionized water was added to raise the solution volume to 10 ml. IWI was used with 5 g
of high-purity SiO (Davisil Grade 636, 480 m? g!) and the Zn(NOs). solution to obtain ~5 wt.%
Zn loading. The pre-catalyst was dried in an oven at 100 °C for 24 h, followed by a second
impregnation of Zn(NO3). solution (pH adjusted to 11) to obtain 9.28 wt.% Zn loading. The sample
was dried a second time at 100 °C for 24 h, and then calcined in air at 550 °C for 3 h followed by
annealing in He at 600 °C for 15 min. After cooling to RT, the 10 wt.% Zn/SiO, sample was twice
impregnated with aqueous solutions of 0.8 g (NH3)4Pt(NOs3). (Sigma Aldrich) in 5 ml deionized
water to obtain 9.53 wt.% Pt loading. The final Zn and Pt loadings were measured by elemental
analysis (Galbraith Labs). The 9.53 wt.% Pt — 9.28 wt.% Zn/SiO; pre-catalyst was calcined in air
and reduced in 25% H> and balance He per the same procedure as the 9.70 wt.% Pt/SiO- catalyst.

4.5.2 Ethane Dehydrogenation Kinetics

Catalyst testing was performed in a quartz, plug-flow reactor (9.5 mm 1.D.) with a U-
shaped effluent line. The catalyst section has a well for a K-type thermocouple (3.2 mm O.D.) for
temperature indication that is contained within a quartz sheath and placed in the bottom center of
the catalyst bed to measure the reaction temperature inside of the bed. A furnace connected to a
temperature controller is used to supply heat to the reactor and maintain the reaction at the desired
temperature. The mass of the catalyst sample ranged from 0.01 g to 0.2 g, depending upon the
desired conversion. The catalyst was diluted with high-purity SiO (Davisil Grade 636, 480 m? g )
to maintain the catalyst bed height at ~12.7 mm (1/2 in).

The reactor gas delivery system consists of five mass flow controllers (2-Brooks 5850E, 2-
Porter 201, 1-Tylan FC-260) and a manifold that mixes the gases prior to entering the reactor. First,
the catalyst was reduced in 5% H. (Praxair, 99.999%) and balance N. (Matheson, 99.995%) at 40
ml mint total flow while the temperature was ramped from RT to 600 °C at 10 °C min and then
held at 600 °C for 30 min. The total flow rate was confirmed at the reactor outlet. Then, following
the reduction, the EDH reaction mixture was introduced into the reactor at 600 °C and 150 ml min-
! total flow. The EDH reaction mixture consists of 2.5% C2Hg (Matheson, 99.95%), 1% H. (Praxair,
99.999%), 0.5% C,H4 (Matheson, 99.999%), 46.7% He (Matheson, 99.999%), and balance N
(Matheson, 99.995%), which was used as an internal standard. The reactor effluent was analyzed
by using a Hewlett Packard 5890 Series Il gas chromatograph (GC) equipped with a thermal
conductivity detector (TCD). A Carboxen-1010 PLOT Capillary GC Column was used to separate
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the components in the reactor effluent gas mixture. After the CoHe conversion stabilized below 10%
at 600 °C, the apparent activation energy (Eapp) Was measured between 570 °C and 600 °C. Details
regarding the calculation of EDH rates, ethane conversion, and ethylene selectivity can be found
in Appendix B. During each run, carbon mass balances closed from 83 — 100% for Pt/SiO> (with
C2Ha co-fed), 95 — 100% for Pt/SiO. (without C2H4 co-fed), and ~100% for both PtZn/SiO2 with
and without C2H4 co-fed.

4.5.3 X-ray Characterization
4.5.3.1 Insitu X-ray Absorption Spectroscopy

Platinum Lz (11,564 eV) XAS experiments were performed in transmission mode at the
Materials Research Collaborative Access Team (MRCAT) bending magnet (10-BM) beamline at
the Advanced Photon Source (APS) within Argonne National Laboratory to identify the Pt
chemical state, coordination (N), types of nearest neighbors, and interatomic bond distances (R).
A cylindrical sample holder containing six wells to hold self-supporting catalyst wafers was placed
inside of a quartz tube (25.4 mm O.D.) and sealed with Kapton windows and Ultra-Torr fittings to
allow gases to flow through the cell. The thickness of the catalyst wafers (~15 mg) was chosen to
give an X-ray absorbance of approximately 2.0 and a Pt edge step of approximately 0.5. After
reduction at 600 °C in 3% H; and balance He, the Pt/SiO, and PtZn/SiO, samples were cooled to
room temperature in H> and then X-ray absorption spectra were collected by using standard
methods and energy calibrated to the simultaneously obtained edge position of a Pt foil. The Pt
edge energy was determined based on the position of the maximum of the first peak in the first
derivative of the XANES region. Phase shifts and backscattering amplitudes for the EXAFS
spectra were determined for monometallic Pt scatterers (i.e. Pt-Pt) based on the experimentally
obtained Pt foil spectra (12 scatterers at 2.77 A). Pt-Zn scatterers were calculated by using two
atom calculations with FEFF6 code. [42-43] X-ray absorption spectra were analyzed with
WinXAS v. 3.11 software. [44] The values for the amplitude reduction factor, So?, and Debye-
Waller factor (DWF), 462, were determined by fitting the foils with FEFF. The EXAFS parameters
were calculated for the first scattering shell by using the FEFF references and performing a least
squares fit in R-space of the k?-weighted Fourier transform. Once the nanoparticle structure was
determined by XRD, the final EXAFS fit was performed by using Artemis software [45] based on
a two shell fit (i.e., Pt-Zn and Pt-Pt) of the Pt1Zn; structure.
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4.5.3.2 Synchrotron X-ray Diffraction

XRD measurements were performed in transmission mode at the Sector 11 insertion device
(11-1D-C) beamline at the APS. XRD patterns were acquired by using X-rays at 105 keV (1 =
0.11798 A) and a PerkinElmer large area detector with a typical exposure time of 5 s and a total
of 30 scans. Catalyst samples were pressed into cylindrical, self-supporting wafers (d ~ 7 mm) and
placed on a Pt crucible inside of a ceramic sample cup within a Linkam Scientific TS1500 heating
stage. The heating stage is equipped with water cooling and allows for temperature-controlled
operation while flowing gases across the catalyst wafer. The 2-D scattering images were converted
to 1-D scattering patterns by using Fit2D software in order to obtain plots of intensity as a function
of 26. [46] Materials Analysis Using Diffraction (MAUD) v. 2.55 software was used to simulate
standard XRD patterns of Pt, Pt1Zn1, PtsZn, PtsZnio, and PtZny 7 phases. [47-50] These simulated
patterns were then compared with the experimentally measured pattern for 10 wt.% Pt/SiO> and
10 wt.% PtZn/SiO».

4.5.3.3 Resonant Inelastic X-ray Scattering

RIXS measurements were obtained on the MRCAT insertion device (10-1D) beamline at
the APS. Catalyst samples (~50-75 mg) were pressed into self-supporting wafers at a 45° angle
and placed inside of a custom in situ gas cell that is equipped with a resistively-heated sample
stage, water-cooled Kapton windows, dual thermocouples for temperature indication and control,
and connections to allow gases to flow through the cell. [51] The catalysts were reduced in 3% H>
and balance He (50 ml min total flow) at 550 °C for 0.5 h, and then cooled to 100 °C in the same
gas mixture prior to analysis.

The X-ray emission spectrometer was based on a bent silicon Laue analyzer [52],
optimized for high resolution. Soller slits were used for background suppression and a Pilatus
100K pixel area detector (Dectris Ltd.) was used to detect the X-rays. The silicon analyzer element
was a 55 pm thick wafer, <100> orientation, cylindrically bent to a minimum radius of 480 mm
(as a logarithmic spiral). The (133) reflection with a calculated asymmetry of 13.26° was used to
select the pass band. The calculated reflectivity, absorption, and local bandwidth at 11,560 eV
were 53%, 30%, and 1.1 eV, respectively. Soller slits absorbed unreflected X-rays and reduced the
background scatter. To generate the RIXS planes, the incident X-ray energy was scanned from

11,547 eV t0 11,589 eV in 0.7 eV steps above 11,558 eV. The entire emission energy range was
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measured at once by carefully setting the analyzer angle and distance from the sample. Once set,
the analyzer remained fixed during the measurement. Each pixel of the array detector then must
be assigned an energy. Resonant valence emission has a complication for energy calibration in that
the elastic scatter and the X-ray emission are at nearly the same energy over a portion of the
spectrum. Post-processing of the images was required to generate energy masks for the entire array
detector surface. These masks were used to convert the images into intensity versus X-ray energy.
To balance the intensity of the elastically scattered X-rays used for calibration with the low
background required to observe the X-ray emission, the center of the analyzer was offset by 10°
elevation from the plane of the X-ray beam polarization, while being set at 90° in the plan view of
the beam, sample, and analyzer. The combined energy resolution of the source, beam size, and
analyzer was measured to be about 2.4 eV: comparable to the calculated resolution (2.1 eV) and

as well as the valence emission line width.

45.4 DFT Methods

All calculations were performed by using self-consistent, periodic density functional
theory (DFT), as implemented within the Vienna Ab-Initio Simulation Package (VASP). [53-56]
The Perdew-Burke-Ernzerhof exchange-correlation functional was used for all calculations. [57]
The projector augmented wave (PAW) core potentials developed from PBE calculations were
used. [58, 59] For the Pt and PtZn bulk lattice optimizations, a cutoff energy of 600 eV and a
20x20x20 Monkhorst-Pack K-point grid with Methfessel-Paxton smearing was used to accurately
reduce Pulay stress. Lattice constants are converged to within a force criterion of 0.02 eV A,
which resulted in lattice parameters of 3.98 A for Pt and 2.88 A and 3.53 A for the a and ¢ unit
vectors, respectively, of PtiZn;. For DOS calculations on the Pt and Pti1Zn: bulk, a cutoff energy
of 1000 eV and a 30x30x30 Monkhorst-Pack K-point grid was implemented along with
tetrahedron Blochl smearing. The projected density of state (PDOS) was Im-decomposed
according to the Wigner-Seitz radius provided by the PAW potential. Close packed surfaces
corresponding to the (111) for Pt as well as the (110) and (101) surfaces for Pt1Zn; were cut from
the lattice optimized bulk. Each surface was a 5 layer slab with 10 A vacuum. Cell dimensions for
the Pt surface were 5.62 A, 5.62 A, and 29.18 A along the a, b, and ¢ unit vectors, respectively,
including vacuum. Cell dimensions for the Pt1Zn,(110) surface were 4.08 A, 3.53 A, and 28.16 A

along the a, b, and c unit vectors, respectively, including vacuum. Cell dimensions for the
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PtZn(101) surface were 4.58 A, 2.88 A, and 28.93 A. A comparison of the predicted RIXS planes
for the (110) and (101) surfaces is included in Appendix B. The bottom two layers were fully
constrained and the rest of the slab was allowed to relax to a force criterion of 0.02 eV A1, An
energy cutoff of 400 eV, 6x6x1 Monkhorst-Pack K-point grid, and Methfessel-Paxton smearing
was found to minimize Pulay stress and converge total energies. DOS calculations were performed
with a 1000 eV cutoff energy, 8x8x1 Monkhorst-Pack K-point grid, and tetrahedron Blochl

smearing by using the relaxed surface geometries.
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CHAPTER 5. PT-FE INTERMETALLIC NANOPARTICLES: EFFECT
OF ALLOY PHASE ON PROPANE DEHYDROGENATION

5.1 Abstract

In this work, a series of silica-supported Pt-Fe bimetallic catalysts were synthesized and
compared to monometallic Pt and Fe catalysts for propane dehydrogenation. In situ X-ray
absorption spectroscopy (XAS) and X-ray diffraction (XRD) revealed that Pt and Fe formed
intermetallic alloys and that the phase varied with the Fe:Pt ratio. As the atomic ratio was increased,
first the PtsFe phase was formed, then PtFe, and lastly PtFes. When tested for propane
dehydrogenation the bimetallic catalysts were greater than 95% selective towards propylene.
Monometallic Pt was only 75% selective and the Fe catalyst showed no activity under the test
conditions used. The Pt-Fe catalysts also exhibited higher apparent turnover rates (TOR) than
monometallic Pt. The elimination of Pt ensembles, the active site for undesirable side reactions, in
the alloy structures is proposed to be the dominate factor responsible for the increase in selectivity.
The increase in TOR suggests changes to the valance electronic states of Pt upon alloy formation.
To investigate the changes in the 5d-states of Pt, in situ resonant inelastic X-ray scattering (RIXS)
measurements were performed on the Pt-Fe and Pt catalysts and corroborated with density
functional theory calculations (DFT). The electronic structure measurements and calculations
revealed that as the alloy structures become more Fe rich the average energies of the unfilled and
filled states increase and decrease, respectively. It is believed that this change in energy of the

valance states is the dominant electronic effect of alloy formation.

5.2 Introduction

The findings from the previous chapters support geometric changes upon alloying being the
dominant factor leading to increased catalyst selectivity for alkane dehydrogenation. The
formation of specific intermetallic structures eliminates ensembles of catalytic atoms responsible
for hydrogenolysis, a structure sensitive reaction, while dehydrogenation, a structure insensitive
reaction, is unaffected. These results suggest that promoters other than the traditionally post-

transition metals could be used to make selective catalysts if they can form the correct structures.
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The bulk Pt-Fe phase diagram (Figure 5.1) shows three intermetallic compound phases:
PtsFe (CusAu), PtFe (CuAu), and PtFes; (CusAu).
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Figure 5.1: Pt-Fe phase diagram at 600 °C adapted form Okamoto [1]

All three phases are cubic and would require minimal atomic rearrangement to form. PtsFe

and PtFe have the same structure types as IMC catalysts which have been reported to be selective
for alkane dehydrogenation [2-9]. While catalysts with the same structure as the PtFes phase have
not been reported as selective alkane dehydrogenation catalysts, the Pt atoms are geometrically
isolated by Fe. Pt-Fe catalysts have been reported to be selective for isobutane dehydrogenation.
[10] The improved olefin selectivity compared to Pt was attributed to the formation of bimetallic
particles, but the exact structure of the catalyst was not determined.
Unlike the post-transition metals commonly used as promoters, Fe has an unfilled d-shell in the
metallic state. This likely results in Pt-Fe alloys having different electronic properties from
intermetallic compounds of Pt and post-transition metals. If the Pt-Fe IMC phases are formed, it
allows for the study of catalysts with the same structures as those reported to be selective, but
different electronic properties. This affords the opportunity to investigate the role of electronic
changes during alkane dehydrogenation reactions.

In this chapter a study on Pt-Fe bimetallic catalysts is discussed. A series of Pt-Fe bimetallic
catalysts were synthesized with varying Fe:Pt atomic ratios and compared to monometallic Pt and
Fe catalysts for propane dehydrogenation. The structures of the catalysts were determined using
in situ X-ray absorption spectroscopy and in situ X-ray diffraction. Electronic structure

measurements were performed by in situ resonant inelastic X-ray scattering. Experimental results
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were substantiated with density functional theory calculations which also provided insight into the
potential effect of electronic changes on difference in catalytic properties.

5.3 Methods
5.3.1 Catalyst Synthesis

A series of silica supported Pt-Fe bimetallic catalysts were synthesized with different Fe:Pt
atomic ratios and nominal Pt and Fe loading by sequential incipient wetness impregnation. The
general synthesis procedure involved dissolving the required amount of Fe(NO3)3-9H,0 (Sigma
Aldrich) in 1.5 mL of water. An equimolar amount of citric acid (Sigma Aldrich) was added to the
Fe(NOs3)3z solution and the mixture was stirred until no solids remained. Ammonium hydroxide
(30% in water) was added to the solution until a pH of 12. If necessary, water was added to the
basic solution to bring the total volume to the pore volume of the silica support. The Fe solution
was added dropwise to the bare silica support (Davisil 636 silica gel, Sigma Aldrich, 480 m2/g
surface area and 0.75 mL/g pore volume) with constant stirring. The obtained catalyst was dried
in air first at room temperature for 0.5 hr and then at 125 °C overnight. The dried Fe/SiO> catalyst
was then calcined at 550 °C for 3 hr in air. Following calcination, the necessary amount of
Pt(NH3)4(NO3). (Sigma Aldrich) was dissolved in 1.5 mL of water and ammonium hydroxide
solution was added until a pH of 12. Water was added to the solution to bring the total volume to
that of the pore volume of the dried Fe/SiO2 catalyst. The Pt solution was added dropwise to the
Fe/SiO, catalyst with constant stirring. The Pt-Fe/SiO> catalyst was dried at room temperature in
air for 0.5 hr and then overnight in air at 125 °C. The dried Pt-Fe/SiO, catalysts were calcined at
225 °C for 3 hr. The calcined catalysts were reduced at 225 °C in 50% H2/N2 mixture at a flow of
200 cc/min for 0.5 hr and then 600 °C for 1 hr in the same atmosphere.

For comparison, monometallic Pt (2 wt. %) and Fe (10 wt. %) catalysts were synthesized
via incipient wetness impregnation. For the Pt catalysts the required amount of Pt(NH3)4(NO3)2
was dissolved in 1.5 mL of water and aqueous ammonium hydroxide was added to the solution
until a pH of 12 was reached. Water was then added to the basic solution to make the total volume
equal to the pore volume of the silica support. The final solution was added dropwise to the SiO»
support with constant stirring. Once all the liquid was added the catalyst was dried in air at room

temperature for 0.5 hr and then overnight at 125 °C. The dried catalyst was calcined at 400 °C in
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air for 3 hr and then reduced in a 50% Hz/N2 mixture with a flow of 200 cc/min at 225 °C for 0.5
hr and then at 600 °C for 1 hr.

For the Fe catalyst the required amount of Fe(NOz3)3-9H.O was dissolved in 1.5 mL of
water. Citric acid was added in an equimolar amount and the solution was stirred until all solids
had dissolved. Ammonium hydroxide solution was added until a pH of 12 and then the solution
was brought up to four times the pore volume of the bare silica support with water. One quarter of
the solution was added to the silica with constant stirring. The obtained catalyst was dried at room
temperature in air for 0.5 hr, overnight at 125 °C in air, and the dried catalyst was calcined at 550
°C for 3 hr. The impregnation and drying steps were then repeated until all the solution had been
added to the silica. The calcined catalyst was then reduced at 750 °C for 3 hr in 50% H2/N: at a
flow of 200 cc/min.

5.3.2 Insitu X-ray Absorption Spectroscopy (XAS)

XAS measurements were conducted on the bending magnet beamline of the Materials
Research Collaborative Access Team (MR-CAT) at the Advanced Photon Source (APS), Argonne
National Laboratory at the Pt Ly Edge (11.564 keV) and the Fe K edge (7.112 keV). Spectra were
collected in step-scan transmission mode in about 15 minutes.

Catalysts were ground into fine powders and pressed into a stainless-steel sample holder to
form self-supporting wafers. Sample holders were placed in quartz tube reactors with ports
containing Kapton windows through which gases could be flowed. Samples were reduced in 100
cc/min flow of 3% Hy/He at 550 °C for 30 min. Prior to measurements the reaction cells were
purged with He to remove adsorbed H.. Trace oxidants in He were removed by passing the gas
through a Matheson PUR-Gas Triple Purifier Cartridge. Samples were cooled to room temperature
and scans were performed at room temperature in He. After scans of the reduced catalysts were
collected the samples were treated in 100 ccm air at room temperature for 20 min and rescanned
to obtain the oxidized spectra used for AXANES.

XAS data was fit using WINXAS 3.1 software. [11] At the Pt Ly edge, EXAFS
coordination parameters were obtained by least-squares fit in R-space of the k?-weighted Fourier
transform data from 3.00 A to 11.40 A. First shell fits of the magnitude and imaginary parts were
performed from 1.8 to 2.9 A. Fits were performed by refinement of the coordination numbers

(CN), bond distances (R), and energy shift (Eo). Ac? values for Pt-Pt and Pt-Fe scattering were
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determined from the Pt and Pt-Fe(4.4) samples, respectively, and the values were held constant for
Pt-Fe(0.7) and Pt-Fe(2.9). Experimental phase and amplitude fitting functions for Pt-Pt scattering
pairs were obtained from Pt foil (12 Pt-Pt bonds at 2.77 A). Pt-Fe phase and amplitude fitting
functions were obtained from FEFF calculations. [12, 13] So?> (0.73) and o2 (0.004) were
determined from a Pt foil. AEXAFS spectra were obtained by subtracting chi of the samples after
oxidation from chi of the samples after reduction and were fit using the same procedure as the
reduced samples. A Pt-O scattering path was included in the fits and experimental phase shift and
amplitude fitting function were obtained from NasPt(OH)s (6 Pt-O bonds at 2.05 A). Pt Ly
AXANES spectra used to estimate the Pt dispersion of the bimetallic catalysts were obtained by
subtracting the normalized XANES of the samples after reduction from those of the samples after

oxidation.

5.3.3 Insitu X-ray Diffraction (XRD)

In situ XRD measurements were performed at the 11-1D-C beam line of the X-ray Science
Division at the APS, Argonne National Lab. Diffraction patterns were collected in transmission
mode with a PerkinElmer large area detector using X-rays with a wavelength of 0.117418 A.
Samples were ground into a fine powder, pressed into wafers, and loaded into a Linkam Thermal
Stage through which gases could be flowed. Catalysts were reduced in 3% H./He at a flow of 100
cc/min at 550 °C for 10 min before spectra were collected. Diffraction patterns (the summation of
3 sets of 30 exposures of 5 seconds each) were collected at 550 °C in the Hzo/He mixture. The cell
was then cooled to 35 °C under the same atmosphere and patterns collected. The obtained 2-D
diffraction patterns were integrated to 1-D intensity versus 2@ plots using GSAS-2 software. [14]
Materials Analysis Using Diffraction (MAUD) software was used to simulate theoretical
diffraction patterns of potential Pt-Fe alloy phases which were used to determine the crystal

structure of each catalyst. [15]

5.3.4 Catalyst Testing

Propane dehydrogenation reactions were performed using a vertical, quartz tube reactor
(O.D. 0.5 in.) with gases supplied by mass flow controllers. The outlet stream was analyzed by
online gas chromatography using an FID detector. The GC outlet was equipped with a back-

pressure regulator and the system pressure was held constant at 5 psig. The catalyst loading was
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varied to obtain different initial conversions and approximately 0.5 g of SiO> was used as a diluent
to give a constant bed height of 1 in. The catalyst was supported on quartz wool and a stainless-
steel thermocouple well was placed at the bottom center of the bed to monitor the reaction
temperature. Prior to testing the reactor was purged with 100 cc/min N2 for 5 min and the catalyst
was reduced in 100 cc/min 5% H2/N2 as the temperature was raised to 550 °C where it was held
for 20 min. Catalysts were tested under two sets of feed conditions: 2.5% propane with balance
N2, and 1.7% propane, 1.7% H: with balance N2. Turnover rates (TOR) were calculated from the
rate of propylene production per exposed Pt atom, determined by AXANES, from the tests with
H> included in the feed.

5.3.5 Insitu Resonant Inelastic X-ray Scattering (RIXS)

RIXS measurements were performed at the MR-CAT 10-1D beamline at the APS, Argonne
National Lab. Approximately 50 mg of catalyst was ground into a powder and pressed into a self-
supported wafer in a stainless-steel sample holder at a 45° angle to the incident beam. The sample
holder was placed in a custom resistively-heated reactor cell through which gases could be flowed.
[16] Samples were reduced at 550 °C in 3% H/He at 100 cc/min for 20 min and then cooled to
200 °C in the same gas flow for measurements.

A spectrometer based on the Laue geometry was used for RIXS measurements and has
been described previously. [9] Briefly, a spherically bent silicon crystal analyzer was used to select
the LPs emission line of Pt. Fluorescence X-ray were detected using a Pilatus 100k pixel area
detector. Soller slits between the analyzer and detector lowered the background signal by
absorbing unreflected X-rays. The entire emission spectrum was collected at each incident energy
by setting the analyzer position with respect to the sample. Both the analyzer and detector positions
were fixed during measurements. Each pixel of the detector was assigned an energy value which
was calibrated using the elastic scattering peak from the SiO2 support. Energy masks were created
for the entire detector area and used to minimize the elastic scattering peak in the 2D intensity vs

energy plots.

5.3.6 Density Functional Theory Calculations (DFT)

All electronic structure calculations are performed with periodic density functional theory
using the Vienna Ab-initio Simulation Package (VASP) [17] and the Perdew-Burke-Enrzerhof
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(PBE) [18] exchange-correlation functional with projector augmented wave (PAW)
pseudopotentials. [19] The Pt_pv pseudopotential is used to include interactions with the 5p
electrons. Spin polarization is considered for all calculations due to the unpaired electrons in Fe.
Bulk Pt, PtsFe, PtFe, and PtFes FCC unit cells were converged at a 600 eV cutoff energy and a
force convergence criterion of 20 meV/A. A 15x15x15 Gamma-point centered grid in k-space was
used to sample the Brillouin zone. Magnetic moments of Fe atoms in each alloy were varied to
converge to the lowest energy electronic configuration. Bulk lattice constants were found to be
a=3.96 A for pure Pt, a=3.91 A for Pt3Fe, a=2.73 A and ¢=3.77 A for PtFe. For PtFe3, an
elongation of the c lattice vector was observed for the lowest energy spin state which retained a
FCC lattice ordering. The PtFe3 lattice vectors were found to be a=3.82 A and 3.59 A.

Surfaces were cleaved for each intermetallic alloy based on the lowest surface free energy.
For each alloy, a 5 layer slab was constructed with the bottom 2 layers constrained to their bulk
lattice positions. A 450 eV cutoff energy was used to relax each surface with a vacuum of 13 A to
separate slabs. Additionally, a dipole correction in the z direction was made to reduce spurious
interactions between periodic images. For pure Pt, a 2x2 (111) surface was cut based on previous
reports of its stability. The Pt3Fe alloy has an FCC structure, and a 2x2 (111) surface was used for
it as well. The PtFe alloy forms a tetragonal BCC lattice, and thus the (011), (110), and (101)
surface terminations were considered (Appendix C), and the (011) surface was found to have the
lowest surface free energy. A 2x1 (011) surface was considered to match the surface coverage of
the FCC metals. A 2x2 (111) surface was used for the PtFe3 surface based on its FCC lattice
structure.

RIXS spectra were calculated using the scheme discussed in previous literature. [9, 20]
Ground state electronic structure calculations were performed at a 600 eV cutoff using tetrahedral
smearing with Blochl corrections. The electron band structure was projected onto hybridized
atomic orbitals according to their Wigner-Seitz radius. RIXS scattering peaks were calculated from
the Pt d-DOS as projected from the atomic basis set. To simulate the scattering contributions from
surface and bulk Pt atoms in each alloy the Pt d-DOS was a weighted average of 60% surface and

40% bulk electronic states, similar to previous RIXS simulations. [9]
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5.4 Results
5.4.1 Catalyst Synthesis

Bimetallic catalysts were synthesized with nominal Fe:Pt atomic ratios of 0.7, 2.9, and 4.4
and are designated by such. For example, the Pt-Fe catalysts with a nominal Fe:Pt ratio of 0.7 is
Pt-Fe(0.7). To compare the propylene selectivity and dehydrogenation rate, monometallic Pt and

Fe catalysts were also synthesized. The synthesized catalysts are summarized in Table 5.1.

Table 5.1: Catalyst compositions and Fe:Pt atomic ratios

Pt Loading Fe Loading Fe:Pt
Catalyst (wt. %) (wt. %) atomic ratio
Pt 2 0
Pt-Fe(0.7) 5 1 0.7
Pt-Fe(2.9) 3 2.5 2.9
Pt-Fe(4.4) 4 5 4.4
Fe 0 10

5.4.2 Insitu XAS

XAS measurements were performed at the Pt Ly (11.564 keV and Fe K (7.112 keV) edges
to determine the average local coordination environments of Pt and Fe in the mono and bimetallic
catalysts. Prior to measurements catalysts were reduced at 550 °C and spectra were collected at
room temperature in He. The Pt Ly edge XANES of the bimetallic and monometallic Pt catalysts

are shown in Figure 5.2.
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Figure 5.2: Pt Ly edge XANES of Pt (black), Pt-Fe(0.7) (red), Pt-Fe(2.9) (green), and Pt-Fe(4.4)
(blue)

The Ly edge energy of the Pt catalyst (11.5640 keV, Table 5.2) is the same as the Pt foil
and the slight decrease in the white line intensity is typical of small nanoparticles. [21-24]
Compared to the monometallic Pt catalyst Pt-Fe(0.7), Pt-Fe(2.9), and Pt-Fe(4.4) show small
increases in edge energies to 11.5642, 11.5645, 11.5646 keV, respectively (Table 5.2) with
increasing loadings of Fe. The L edge XANES spectra of the bimetallic catalysts also change in
shape and have a lower white line intensity than the monometallic Pt nanoparticles. The changes
in energy and shape of the L edge XANES spectra of the Pt-Fe catalysts are consistent with the
formation of bimetallic nanoparticles. Since the L-edge XANES probe the empty 5d states, the
changes in edge energy and white line intensity indicates differences in the valance electronic
structure of Pt with different Fe loadings. The Pt L edge EXAFS of the catalysts after reduction
at 550 °C are shown in Figure 5.3.
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Table 5.2: Pt Lin edge XANES and EXAFS fitting parameters after reduction at 550 °C
Pt L

Catalyst Energy ScaFt)te_rlng CN R (A) Ac? (x10%)  Eo (V)
alr
(keV)

Pt 11.5640 PL-Pt 8.8 2.75 2.0 02
Pt-Pt 6.1 2.73 2.0 11

Pt-Fe(0.7)  11.5642 Pt-Fe 2.2 2.64 5.0 3.2
Pt-Pt 5.0 2.74 2.0 17

Pt-Fe(2.9)  11.5644 Pt-Fe 4.6 2.64 5.0 2.0
Pt-Fe(4.4) 115646 Pt-Fe 8.6 2.66 5.0 05

0.025

0.020

0.015

0.010

mag. FT[k**x(k)]

0.005 -

0.000 -

R(A)

Figure 5.3: Isolated first-shell magnitude of the Fourier transform of the k?>-weighted Pt Ly edge
EXAFS of Pt (black), Pt-Fe(0.7) (red), Pt-Fe(2.9) (green), and Pt-Fe(4.4) (blue). (Ak =3.00 — 11.40
Al

The coordination numbers (CN) and bond distances (R) of Pt were determined from fitting
of the magnitude and imaginary parts of the Fourier transform of the k2-weighted first shell EXAFS
spectra and the results are in Table 5.2. The EXAFS of the Pt catalyst shows three prominent peaks
at 1.94, 2.39, and 2.86 A (phase uncorrected distances) characteristic of Pt-Pt scattering. The Pt-
Pt CN was determined to be 8.8 at a distance of 2.75 A, values typical of small nanoparticles. [21,
25] The spectrum of Pt-Fe(0.7) shows three peaks similar to monometallic Pt; however, the second

and third peaks are shifted to 2.35 and 2.84 A (phase uncorrected distances), the first peak has
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become a shoulder on the leading edge of the second, and there is a change in peak ratios. The
changes in the spectrum of Pt-Fe(0.7) are consistent with the presence of non-Pt neighbors and a
good fit was obtained by including contributions from Pt-Pt and Pt-Fe scattering. The Pt-Fe CN is
2.2 at a distance of 2.64 A and the Pt-Pt CN is 6.1 at a distance of 2.73 A, shorter than the Pt-Pt
distance in monometallic Pt nanoparticles. The EXAFS of Pt-Fe(2.9) show an asymmetric peak at
2.29 A with a shoulder at 2.84 A (phase uncorrected distances), consistent with Pt having Pt and
non-Pt neighbors like Pt-Fe(0.7). The Pt-Pt CN is 5.0, lower than Pt-Fe(0.7). However, the bond
distance is 2.74 A, similar to Pt-Fe(0.7). The Pt-Fe CN of Pt-Fe(2.9) is 4.6, larger than Pt-Fe(0.7),
and at an equivalent distance of 2.64 A. The spectrum of Pt-Fe(4.4) shows a single peak at 2.26 A
(phase uncorrected distance) which is indicative of Pt having only non-Pt neighbors and a good fit
is obtained by only including a contribution from Pt-Fe scattering. The Pt-Fe CN of Pt-Fe(4.4) is
8.6 at a distance of 2.66 A.

To estimate the metallic fraction of Fe in each catalyst, Fe K edge XANES measurements
were performed. XANES spectra of the bimetallic and monometallic Fe catalysts are shown in
Figure 5.4.

1.2 1

oxidized Fe
white line
= 1.0
=
-
Eq
e 0.84
w
=
<
E 0.6
A
=
E 0.4 4 metallic Fe
2 XANES energy
0.2 1 \
0.0 = T T 1
7.10 7.11 7.12 7.13 7.14

Photon Energy (keV)

Figure 5.4: Fe K edge XANES of Pt-Fe(0.7) (red), Pt-Fe(2.9) (green), Pt-Fe(4.4) (blue), and Fe
(magenta)
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The shape of the Fe XANES spectrum of each catalyst at 7.112 keV is consistent with a
mixture of Fe?* and Fe®. Linear combination XANES fits were performed to estimate the fraction
of metallic iron in each sample. However, fitting the spectra with Fe foil and FeO led to
unsatisfactory fits. Fe is known to form single site Fe?" species on SiO,. [26] The isolated Fe
species have four Fe-O bonds rather than six, as in bulk FeO, which results in a different XANES
shape. Linear combination fitting of the XANES spectra with Fe foil and isolated Fe?* produced
better fits, allowing for the estimation of the fraction of oxidation states in each sample, and the

results are shown in Table 5.3.

Table 5.3: Fe K Edge XANES fits of bimetallic Pt-Fe and monometallic Fe catalysts (* fractions
of Fe® and Fe?* determine from fractional coordination number of Fe-Fe scattering)

Catalyst Fe K Edge Energy XANES Fit
(keV) Fraction Fe’ Fraction Fe?*
Pt-Fe(0.7) 7.1195 0.29 0.71
Pt-Fe(2.9) 7.1195 0.32 0.68
Pt-Fe(4.4) 7.1195 0.46 0.54
Fe* 7.1120 0.68 0.32
Fe Foil 7.1120 --- ---

Increasing the bulk Fe:Pt ratio led to a higher fraction of metallic Fe. In Pt-Fe(0.7) 29% of
the Fe is metallic and the amount increased slightly to 32% in Pt-Fe(2.9). When the Fe:Pt ratio
was increased to 4.4, 46% of the Fe was reduced to the metallic state. A good fit of the
monometallic Fe catalyst was not obtained with either the FeO or isolated Fe?* reference. The high
Fe loading of this catalyst (10 wt. %) likely led to poor dispersion of the catalyst precursor on the
silica support and the formation of several Fe-oxide species. Therefore, a reliable XANES fit could
not be obtained. To gain insight into the local coordination environment of Fe in the bimetallic and
monometallic catalysts K edge EXAFS measurements were performed and the spectra are shown

in Figure 5.5.
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Figure 5.5: Fe K edge EXAFS of (a) Fe'" Single Site (dashed black) and Pt-Fe(0.7) (red), (b) Pt-
Fe(0.7) (red) and Pt-Fe(2.9) (green), (c) Pt-Fe(2.9) (green) and Pt-Fe(4.4) (blue), and (d) Fe
(magenta) and Fe foil (dashed black)

Figure 5.5a shows the magnitude of the Fourier transform of the k2-weighted EXAFS of
the first and second-shell scattering of isolated Fe?* and the bimetallic catalysts. Due to the large
number of overlapping peaks from different types of neighboring atoms, meaningful fits of the
bimetallic catalysts could not be obtained, however, qualitative information can still be obtained.
The spectrum of the single site catalysts shows two features at 1.48 and 2.58 A (phase uncorrected
distance) which correspond to first-shell Fe-O and second-shell Fe-O-Si scattering, respectively.
Pt-Fe(0.7) shows a Fe-O scattering peak with reduced intensity compared to the single site catalyst,
consistent with a fraction of Fe being in the metallic state. Also, a new peak has emerged at 2.11
A and the peak at 2.58 A has shifted to higher R (2.71 A). The changes seen between 2.0 and 3.0

A are consistent with the presence of metal-metal scattering and the Pt Ly edge EXAFS which
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show Pt has Fe neighbors. Pt-Fe(2.9) shows further reduction in the Fe-O scattering peak compared
to Pt-Fe(0.7) and increased metal-metal scattering (i.e. increased intensity between R =2.0 and 3.0
A). The spectrum of Pt-Fe(4.4) shows a asymmetric peak at 1.99 A (phase uncorrected distance)
consistent with a large fraction of Fe in the sample having metal neighbors. Although a fraction of
the Fe remains as an oxide in Pt-Fe(4.4), the metal-metal scattering dominates the spectrum. The
Fe K edge EXAFS of the bimetallic catalysts are consistent with the Fe XANES and Pt EXAFS
which showed increasing amounts of metallic Fe and Pt-Fe neighbors with increasing nominal
Fe:Pt ratios.

The magnitude of the Fourier transform of the k?-weighted EXAFS of the isolated first-
shell of Fe foil and the monometallic catalyst are shown in Figure 5b. The foil spectrum shows
one asymmetric peak with the maximum at 2.19 A (phase uncorrected distance). The asymmetry
arises from overlapping peaks from the first and second coordination shells of bcc Fe (8 Fe at 2.48
A and 6 Fe at 2.87 A). The monometallic catalyst shows a similar asymmetric peak to the foil.
However, the intensity of the peak is approximately 60% that of the foil. This is due to a fraction
of the Fe being in the reduced state and present as large particles as seen by XRD and discussed
later. As with Pt-Fe(4.4), the metal-metal scattering dominates the spectrum even though the
XANES show a fraction of the Fe remains oxidized. Since only Fe-Fe scattering is visible the
spectrum was fit to determine the fractional Fe-Fe coordination number and estimate the fraction
of Fe in the metallic state. Fe was found to have 4.7 nearest neighbors at a distance of 2.44 A which
corresponds to approximately 58% (i.e. 4.7/8 = 0.58) of the Fe being present in the metallic state.
XAS results at the Pt Ly and Fe K edges are consistent with the formation of bimetallic
nanoparticles in the Pt-Fe catalysts. However, XAS only provides local structural information so
to determine whether the bimetallic particles have a specific structure, in situ X-ray diffraction

measurements were performed.

5.4.3 Insitu XRD

In situ synchrotron XRD measurements were performed to determine the crystal structure
of the nanoparticles in the synthesized monometallic and bimetallic catalysts. Diffraction patterns
were collected at 550 °C in 3% Hz/He and then after cooling to 35 °C in the same atmosphere. The
patterns collected at 35 °C were identical to those collected at 550 °C except for thermally induced

lattice expansion indicating the structure of the nanoparticles does not change upon cooling.
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Therefore, the patterns collected at 35°C were used to identify the crystal structure of each catalysts
by comparing the experimental data to simulated patterns of known Pt-Fe alloys. To isolate the
diffraction patterns of the nanoparticles the scattering from the silica support, the empty cell, and
the gases in the X-ray path were subtracted from the full spectrum of each catalyst. Figure 5.6
shows the diffraction patterns of the isolated nanoparticle and the simulated patterns of the

identified phases.

Pt-Fe(2.9)

Intensity

Pt-Fe(4.4)

20

Figure 5.6: Background subtracted XRD patterns at 35 °C of the catalysts after reduction at 550
°C (Pt — black, Pt-Fe(0.7)- red, Pt-Fe(2.9) — green, Pt-Fe(4.4) — blue, and Fe — magenta) and
simulated patterns of identified phases (Pt — dashed black, PtsFe — dashed red, PtFe — dashed green,
PtFes — dashed blue, and a-Fe — dashed magenta).

The diffraction patterns of the Pt and three Pt-Fe catalysts show broad peaks indicative of
small nanoparticles. However, there are sharp peaks in the pattern of Pt-Fe(4.4) which indicates

the presence of a second phase with large crystal domains. Minimal peak broadening is observed
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for the Fe catalyst consistent with the presence of large crystalline domains. The Scherrer equation
was used to estimate average crystal sizes from the position and broadening of the most intense
diffraction peak of each sample and the results are in Table 5.4.

Table 5.4: Crystal sizes, identified phases, and lattice parameters determined from XRD of the
mono and bimetallic catalysts at 35 °C in He after reduction at 550 °C

. Lattice Bond Distance
Catalyst Crystal Size (nm) Crystal Phase Constant (A) A)
Pt 2.1 Pt 3.92 Pt-Pt: 2.77
Pt-Fe(0.7) 1.8 PtsFe 3.86 Pt-Pt/Fe: 2.73
a: 2.77 Pt-Fe: 2.68
Pt-Fe(2.9) 1.9 PtFe C: 3.67 Pt-Pt: 2.77
PtFes: 3.76 Pt-Fe: 2.66
Pt-Fe(4.4) 2.2 PtFes + a-Fe o-Fo: 287 Fe-Fo: 2.49
Fe 48 a-Fe 2.87 2.49

The average crystal size of the Pt catalyst determined from XRD is 2.1 nm. The crystal
sizes of Pt-Fe(0.7) (1.8 nm), Pt-Fe(2.9) (1.9 nm), and Pt-Fe(4.4) (2.2 nm) are similar to the
monometallic Pt catalysts. Due to peak overlap the size of the second phase in Pt-Fe(4.4) was not
determined from the Scherrer equation. However, the sharpness of the peaks suggests the phase is
present as large crystalline domains. The average particle size in the Fe catalyst determined from
the Scherrer equation is 48 nm. The similar particle sizes and peak broadening of the Pt and Pt-Fe
catalysts suggests that the decrease in peak intensity seen with increasing Fe:Pt ratio is due to an
increase in the amount of Fe present in the detected crystal structures. The isolated diffraction
patterns of each catalyst were compared to simulations of known intermetallic phases to determine
the structure of the nanoparticles present in each sample. Figure 5.7 shows the crystal structures

of the phases identified in the bimetallic catalysts as well as monometallic Pt and Fe.
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Figure 5.7: Unit cells of the crystal structures present in the mono and bimetallic catalysts
determined from XRD: (a) Pt, (b) PtsFe, (c) PtFe, (d) PtFes, and (¢) a-Fe (Pt —silver, Fe — orange)
[27-30]

The diffraction pattern of the monometallic Pt catalyst is characteristic of FCC Pt with
peaks at 2.973° and 3.415° corresponding to the (111) and (200) reflections respectively. The small
20 angles are due to the high energy (105 keV) of the synchrotron X-rays. The lattice constant and
Pt-Pt bond distance calculated from Bragg’s law are 3.92 and 2.77 A, respectively (Table 5.4). Pt-
Fe(0.7) has a similar diffraction pattern to the monometallic Pt catalyst, however all the peaks are
shifted to higher 20 indicating a decrease in the lattice constant. The diffraction pattern matches
that of the PtsFe alloy with a CuzAu structure with the most intense peaks at 3.021° and 3.449°
corresponding to the (111) and (200) reflections. The calculated lattice constant is 3.86 A
corresponding to an average Pt-M bond distance of 2.73 A. The diffraction pattern of Pt-Fe(2.9)
is similar to Pt-Fe(0.7), however the peak positions of the four most intense peaks are shifted. The
first and third peaks are shifted to higher angle (3.040° and 4.961°) while the second and fourth
peaks are shifted to lower angle (3.432° and 5.786°) compared to Pt-Fe(0.7). The pattern of Pt-
Fe(2.9) matches that of the PtFe alloy with a AuCu structure with the peaks at 3.040° and 3.432°
corresponding to the (101) and (110) reflections. The shift to higher angle of the first and third
peaks and to lower angle of the second and fourth peaks is due to PtFe having a tetragonal unit cell
rather than cubic like the PtsFe phase. The lattice constants a and ¢ determined from Bragg’s law
are 2.77 and 3.67 A, respectively, which corresponds to a Pt-Fe bond distance of 2.68 A. The broad
peaks in the diffraction pattern of Pt-Fe(4.4) are shifted towards lower angles compared to those
of Pt-Fe(2.9) indicating a decrease in the lattice constant. The broad peaks in the pattern result
from the PtFes alloy phase with a AuCus structure with the peaks at 3.099° and 3.527°
corresponding to the (111) and (200) reflections. The lattice constant and Pt-Fe bond distance
calculated from Bragg’s law are 3.76 and 2.66 A, respectively. The diffraction pattern of Pt-Fe(4.4)
shows sharp peaks at 3.311°, 4.687°, and 5.742° in addition to the broad peaks from the alloyed

nanoparticles. The sharp peaks arise from the presence of monometallic a-Fe with most intense
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peak at 3.311° corresponding to the (110) reflection. The calculated lattice constant of the
monometallic Fe phase is 2.87 A, equivalent to that reported for bulk a-Fe. The most prominent
peaks in the diffraction pattern of the monometallic Fe catalyst correspond to a-Fe, with the peak
at 3.312° corresponding to the (110) reflection, and having a lattice constant of 2.87 A. The other
peaks in the diffraction pattern appear to be from different species of Fe-oxide. However,
comparison of the experimental spectrum to simulations of FeO, FesO4, and Fe>Os did not provide
a satisfactory match to a single phase. This suggests that the remaining oxidized Fe is present as a
mixture of species which is consistent with the Fe K edge XANES results. In situ XRD results
reveal that Pt and Fe form ordered intermetallic alloys in bimetallic nanoparticles and that the exact
structure depends on the Fe:Pt atomic ratio.

5.4.4 Catalyst Testing

To study the effect of crystal structure on reactivity the catalysts were tested for propane
dehydrogenation at 550 °C. Figure 5.8 shows the effect of increasing conversion on propylene

selectivity for the catalysts tested using a reaction feed of 2.5% propane in nitrogen.
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Figure 5.8: Initial propylene selectivity as a function of propane conversion of Pt (black), Pt-
Fe(0.7) (red), Pt-Fe(2.9) (green), and Pt-Fe(4.4) (blue). (Reaction feed 2.5% C3Hs, balance N>)
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The propylene selectivity of the Pt catalyst dropped from 90% to 55% as the propane
conversion was increased from 10% to 30%. The decrease in selectivity can be attributed to the
increased hydrogen concentration resulting from higher propane conversions facilitating
hydrogenolysis. Under the testing conditions the Fe catalyst showed no propane conversion. At
10% conversion Pt-Fe(0.7), Pt-Fe(2.9), and Pt-Fe(4.4) were 97, 98, and 98% selective for
propylene. However, at 40% the three alloy catalysts were 91, 95, and 94% selective, much higher
than monometallic Pt. The large difference in selectivity between the Pt and Pt-Fe catalysts at high
conversion indicates that the alloys will preferentially perform dehydrogenation rather than
hydrogenolysis even in the presence of hydrogen. To better study the effect of H2 on propylene
selectivity the catalysts were tested for propane dehydrogenation with a feed containing equal
molar amounts of Hz and CsHs (1.7% H2, 1.7% CsHg, balance N2). Figure 5.9 shows the effect of
H2 on the initial propylene selectivity at different propane conversions.
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Figure 5.9: Initial propylene selectivity as a function of propane conversion of Pt (black), Pt-Fe(0.7)
(red), Pt-Fe(2.9) (green), and Pt-Fe(4.4) (blue). (Reaction feed 1.7% CsHs, 1.7% H>, balance N2)

When H; was included in the reaction feed Pt catalyst showed a drop in propylene

selectivity from 75% to 48% as the propane conversion was increased from 10% to 30%. When



102

H> was added to the reaction feed the Fe catalyst still showed no propane conversion. At 10%
conversion with Hz in the feed Pt-Fe(0.7) (94%), Pt-Fe(2.9) (96%), and Pt-Fe(4.4) (97%)
maintained high selectivity for propylene. Even at 40% the three alloy catalysts were 90%, 93%,
and 94% selective, only a slight decrease compared to 10% conversion. Propane dehydrogenation
results show that even in the presence of hydrogen the alloy catalysts preferentially perform
dehydrogenation. Since the monometallic Fe catalyst showed no activity at 550 °C it is believed
that Pt is the active site for propane dehydrogenation in the alloy catalysts. Propylene production
rates per gram of Pt were measured at 10% conversion with H> in the feed for the Pt and alloy
catalysts and the results are in Table 5.5.

Table 5.5: Propylene selectivity at 10% conversion and propane dehydrogenation rates

Propylene Selectivity at 10% Conversion Propylene Production

Catalyst Rate with H>
Without H; With H2 (mol/g Pt-s)
Pt 90% 75% 0.40
Pt-Fe(0.7) 97% 94% 0.71
Pt-Fe(2.9) 98% 96% 0.70
Pt-Fe(4.4) 98% 97% 0.45

The propylene production rate of the monometallic catalyst was 0.40 mol propylene/g Pt-
s. The rates of Pt-Fe(0.7), Pt-Fe(2.9), and Pt-Fe(4.4) are 0.71, 0.70, and 0.45 mol/g Pt-s, similar to
that of the monometallic catalyst. The Ly edge XANES show differences in the electronic
structure of the valance states of Pt in each alloy phase. Therefore, to determine how the crystal
structure effects the reactivity of Pt, rates must be normalized by the number of active sites to

obtain turnover rates.

5.45 Pt L Edge AXANES

To quantify the fraction of surface Pt present in the alloy catalysts AXANES measurements
were performed at the Pt Ly edge. Traditionally CO chemisorption measurements are used to
determine the fraction of exposed Pt atoms in supported nanoparticle catalysts. However, Fe is
known to chemisorb CO so the measured uptake on the alloy catalysts could be a convolution of

adsorption of both metals. [31-35] Pt surface areas can also be measured by O»-H> titration. [36]
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In this method the exposure of reduced Pt particles to air results in oxidation of the surface layer
to PtO. Upon exposure to H, the PtO layer is reduced to the metallic state and chemisorbs Ho.
Modified O,-H: titration methods have been reported for Pt-Fe catalysts, but assumptions are made
about the quantities of gases consumed by metallic and oxidized Fe. [79-38] Therefore, an element
specific technique which allows for the quantification of PtO is desirable.

Oxidation of metallic Pt increases the edge energy and white line intensity of the Pt L
edge XANES (Figure C.2). The composition of a binary mixture can be determined from a linear
combination fit of the XANES spectrum, but without references for the PtO shell and the Pt core
reliable fits of the oxidized nanoparticles cannot be obtained. However, the changes can be isolated
by taking the difference of the XANES spectra of the catalyst in the oxidized and reduced states.
This approach has been used to determine the surfaces coverages on Pt of various adsorbed species
during water-gas shift [39] and electro-chemical reactions [40]. The intensity of the difference
spectrum is proportional to the amount of PtO formed upon oxidation, with increasing intensity
corresponding to higher fraction of Pt?*, and since only the surface of the particles is oxidized the
fraction of PtO is equivalent to the Pt dispersion. Using Pt nanoparticles of different sizes, the
correlation between dispersion and AXANES intensity can be determined (Figure C.3). Assuming
only surface Pt is oxidized in the alloy nanoparticles the determined correlation can be used to
determine the dispersion of the bimetallic catalysts, allowing for the determination of TORs.

Figure 5.10 shows the AXANES spectra of the three alloy catalysts.
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Figure 5.10: Pt Lin edge AXANES spectra of Pt-Fe(0.7) (red), Pt-Fe(2.9) (green), and Pt-Fe(4.4)
(blue)
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The reduction in AXANES intensity with increasing Fe content of the alloy indicates a
decrease in Pt dispersion as the phase becomes more Fe rich. The AXANES intensities of Pt-
Fe(0.7), Pt-Fe(2.9), and Pt-Fe(4.4) are 0.224, 0.133, and 0.104 (Table 5.6). These values
correspond to dispersion values of 34%, 20%, and 16% for Pt-Fe(0.7), Pt-Fe(2.9), and Pt-Fe(4.4),
respectively. From the measured dispersions TORs can be calculated and the results are given in
Table 5.6.

Table 5.6: AXANES intensities, Pt dispersions, and TOR of Pt and the three alloy catalysts.

Catalyst AXANES Intensity Pt Dispersion Apparent TOR (s)
Pt 28% 0.21
Pt-Fe(0.7) 0.224 34% 0.41
Pt-Fe(2.9) 0.133 20% 0.69
Pt-Fe(4.4) 0.104 16% 0.55

All three alloys have higher TOR than monometallic Pt. The TOR also varied with the
crystal structure of the alloy. The formation of PtsFe in Pt-Fe(0.7) led to an increase in TOR to
0.41 s from 0.21 s in monometallic Pt. Changing the crystal structure to PtFe in Pt-Fe(2.9)
further increased the TOR to 0.69 s™.The addition of more Fe in Pt-Fe(4.4) and the formation of
PtFes led to a decrease in the TOR (0.55 s™) compared to Pt-Fe(2.9). However, the TOR of the
PtFes phase was higher than that of PtsFe. The changes in TOR with alloy phase are indicative of

electronic changes to Pt and in agreement with the L edge XANES results.

5.4.6 Pt L Edge RIXS

The observed enhancements in propane dehydrogenation rates of the alloys compared to
Pt are believed to arise from the changes to the 5d states seen in the L edge XANES. To further
investigate the changes to the valance states of Pt upon alloying in situ resonant inelastic x-ray
scattering measurements were performed. Measurements of the Ly absorption edge and the Lfs
emission line give the energies of the unfilled and filled valance states of Pt, respectively, which
are responsible for chemical reactivity. RIXS measurements were performed on the Pt and alloy

catalysts after reduction at 550 °C and the results are in Figure 5.11.



105

9 9
8 8
7 o7
g 6 E 6
Z 2
< <
- 5 - 5
8, 8,
¥ ¥
= =
= 3 = 3
2 2
1 1 —
) =
0 R—— 0 N <]
11560 11562 11564 11566 11568 11570 11560 11562 11564 11566 11568 11570 g
Incident Energy (eV) Incident Energy (eV) ﬁ
| carnd
=
(S}
|
10 =
e
9 9
=
8 8 5
=7 &
< <
g ¢ g€
S S
- 5 - 5
g 8,
@ @
= =
= 3 = 3
2 2
1 1
0 0
11560 11562 11564 11566 11568 11570 11560 11562 11564 11566 11568 11570
Incident Energy (eV) Incident Energy (eV)

Figure 5.11: Ly RIXS planes of Pt (top left), Pt-Fe(0.7) (top right), Pt-Fe(2.9) (bottom left), and
Pt-Fe(4.4) (bottom right)

The 2-D RIXS maps show the incident photon energy (x-axis) and energy loss (y-axis)
versus the intensity of emitted photons. The position of the maximum intensity along the incident
energy axis corresponds to the average energy of the unfilled valance states of Pt. The energy loss
axis gives the energy difference between the incident and emitted photons, which equals the energy
difference between the unfilled and filled valance states, and the location of the maximum intensity
can be used to determine the average energy of the filled 5d states. The incident energy and energy
loss values corresponding to the peak maximum in each catalyst are given in Table 5.7.



106

Table 5.7: Position of most intense feature in RIXS planes of Pt and Pt-Fe alloy catalysts.

Catalyst Incident Energy (eV) Energy Loss (eV)
Pt 11564.2 3.1
Pt-Fe(0.7) 11564.4 3.4
Pt-Fe(2.9) 11564.5 3.6
Pt-Fe(4.4) 11564.6 3.8

The maximum RIXS intensity of the Pt catalyst occurs at an incident energy of 11564.2 eV
and an energy loss of 3.1 eV. When the PtzFe phase is formed in Pt-Fe(0.7) the maximum RIXS
intensity shifts to higher incident energy, 11564.4 eV, and higher energy loss, 3.4 eV. Further
increases in the incident energy and energy loss to 11564.5 and 3.6 eV, respectively, are observed
when the PtFe phase is formed in Pt-Fe(2.9). The PtFes structure formed in Pt-Fe(4.4) shows the
maximum incident energy, 11564.6 eV, and energy loss, 3.8 eV, of the four catalysts. RIXS
measurements show that the valance electronic states of Pt are dependent upon the composition of
the alloy. As the Fe content of the alloy increases there is a continual upward shift of the unfilled
5d states. This is accompanied by an increase in the energy loss due to a decrease in the energy of
the filled states. While the RIXS can provide evidence of shifts of the Pt electronic states upon
alloy formation, DFT calculations can corroborate the experimental results and provide additional

insight into the electronic structure of alloyed platinum.

5.4.7 RIXS modeling and catalyst electronic structure

RIXS planes calculated from ground state periodic DFT capture the broad characteristics
of the experimental spectra (Appendix C), however we are primarily interested in the relative high
intensity peak position due to the similarities between each alloy. To extract high intensity peak
positions from calculated spectra, a Lorentzian function was fitted to obtain the maxima under
experimentally relevant conditions. The electron density of states as calculated correspond to 0 K,

and a Lorentzian broadening of the experimental scattering signal is expected.
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Table 5.8: Calculated high intensity RIXS peaks

Catalyst Incident Energy (eV)! Energy Loss (eV)
Pt 0.7 3.3
Pt-Fe(0.7) 0.9 3.4
Pt-Fe(2.9) 1.2 4.2
Pt-Fe(4.4) 1.4 5.0

YIncident energy is relative to the Fermi energy

Calculated incident and energy loss peaks correlate closely with experimental spectra for
Pt and PtsFe. The two higher Fe compositional alloys follow the same trends as experimental
spectra, however, the magnitude of change relative to Pt is larger for both incident energy and
energy loss than seen experimentally. The Pt density of states (DOS) used to model each spectra
is shown in Figure 5.12. The DOS shows a shift in the occupied and unoccupied Pt d-electrons
upon alloying with Fe. As the relative Fe abundance in the alloy increases, there is a upwards shift
in the mean energy levels of the unoccupied electronic states with a corresponding downward shift

in the mean energy levels of the occupied electronic states.
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Figure 5.12: Projected density of states for Pt d electrons in Pt and the three Pt-Fe intermetallic
compound phases. Pt — dashed black, PtsFe — solid red, PtFe — solid green, PtFes — solid blue
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Binding energies of CO was used as a probe of the relative heats of adsorption of each
alloy. A comparison of binding energies is provided in Table 5.9. CO adsorption onto the alloys is
weaker than pure platinum and decreases as the abundance of Fe increases. We note, however, that
the change in CO binding is relatively small for each alloy composition. For a detailed description

of the adsorption configurations considered, see Appendix C.

Table 5.9: Calculated CO binding energies on each metal surface

Catalyst surface CO bhinding energy [eV]
Pt(111) -1.78
PtsFe(111) -1.58
PtFe(011) -1.54
PtFes(111) -1.48

5.5 Discussion

The addition of Fe to the Pt catalyst led to the formation of all three Pt-Fe alloys shown the
in the bulk phase diagram. With increasing Fe loading, the intermetallic alloy becomes
increasingly Fe-rich. The catalyst with a bulk Fe:Pt ratio of 0.7 formed the PtsFe phase with a
CusAu structure. The PtsFe phase has the same structure as the PtzSn and Ptsin alloy catalysts
which have been reported to be selective for light alkane dehydrogenation. [2-6] Increasing the
Fe:Pt atomic ratio to 2.9 led to the formation of the PtFe alloy with a AuCu structure. PtFe has a
tetragonal unit cell and is equivalent in structure to the PdZn and PtZn alloys that has been reported
to be selective for propane dehydrogenation. [7-9] Further increase in the Fe:Pt ratio to 4.4 led to
the formation of small nanoparticles with the PtFes phase with a AuCus structure and large
unalloyed a-Fe. Pt catalysts with In and Sn have been reported to form promoter rich phases with
CaF structures, which have been reported to be highly selective alkane dehydrogenation.
Although the Pt-In and Pt-Sn alloys have different bulk structures, the local coordination
environment of Pt is similar to the PtFes phase (i.e. Pt only having promoter metal nearest
neighbors). [2, 6, 41]

Since catalysis is a surface phenomenon determination of the surface structure of the

bimetallic nanoparticles is crucial for understanding changes in reactivity. Segregation of metals
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to the surface layers in bimetallic systems have been reported from both experimental [42-45] and
theoretical studies [46-49] and can be induced by either adsorbates or high temperature annealing.
To investigate the surface structure of the IMC nanoparticles Pt L edge AEXAFS spectra of the
bimetallic catalysts were examined. By taking the difference of the EXAFS of the samples after
reduction and oxidation the local structure of surface Pt atoms in the bimetallic particles can be
determined. Fitting of the AEXAFS spectra gives Pt-Pt:Pt-Fe coordination number ratios
consistent with those for the reduced samples (see Appendix C) suggesting the surface structures
of the IMC nanoparticles are the same as the bulk. To determine whether any structural changes
occur at high temperature the diffraction patterns of the bimetallic catalysts at 600 °C in 3% Hx/He
were compared to those collected at 35 °C in the same gas environment. Although XRD is a bulk
characterization technique, surface structural changes of small nanoparticles can be observed via
synchrotron XRD. [50] Therefore, for the small nanoparticles (~2.5 nm) in the IMC catalysts
where ~40% of the atoms are on the surface any changes due to segregation should be observed in
the diffraction pattern. Upon comparison it can been seen that the patterns collected at 35 and 600
°C are identical, aside from thermally induced lattice expansion, indicating no major changes to
the structure of the IMC nanoparticles (see Appendix C). Results from AEXAFS and high
temperature XRD support the reactive surfaces of the IMC nanoparticles being identical in
structure to the bulk and stable at high temperatures in a reducing H> atmosphere, similar
conditions to propane dehydrogenation.

Although Pt and Fe are both active for alkane dehydrogenation and hydrogenolysis the
intermetallic alloy catalysts exhibit behavior different from either metal. When tested for propane
dehydrogenation at 550 °C with a feed containing 2.5% CsHs in N2 all three IMC catalysts were
greater than 97% selective towards propylene at 10% conversion, higher than Pt which was 90%
selective. Under these conditions Fe showed no propane conversion. As the propane conversion
was increased the alloy catalysts maintained high propylene selectivity (>90%) while that of Pt
decreased to 55%. Addition of H> to the reaction feed magnified the differences between the Pt-
Fe and monometallic catalysts. The three Pt-Fe catalysts maintained propylene selectivities above
90% as the conversion was increased from 10 to 40%. A similar trend to having no Hz in the
reaction feed was observed for the Pt catalyst with the propylene selectivity decreasing from 75 to

48% as the conversion was increased from 10 to 30%. These results show that the IMC catalysts
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preferentially activate C-H bonds, even in the presence of Ho. This is in contrast to Pt which
activates both C-H and C-C bonds and Fe which displayed no catalytic activity, at least at 550 °C.

While the Fe catalyst showed no propane conversion at 550 °C, 3 nm Fe nanoparticles have
been reported to be active for dehydrogenation at 650 °C. However, the reported catalysts were
only 14% selective for propylene and rapidly deactivated. [26] Due to the reported activity of Fe,
the monometallic Fe catalyst was tested for propane dehydrogenation at 600 °C with a feed of 1.7%
CsHs and 1.7% H» balanced in N2. After increasing the temperature to 600 from 550 °C the Fe
catalyst showed very low propane conversions. While this could be due to a small fraction of
metallic Fe being exposed, resulting from the large particle size, when the propane consumption
rate was normalized per mole of surface atoms it was found to be approximately two orders of
magnitude lower than the Pt containing catalysts. At the elevated temperature the catalyst was
found to almost exclusively produce coke, in agreement with the reported behavior of the smaller
nanoparticles. The large differences in activity and selectivity of Fe and Pt support the later
behaving as the active site for propane dehydrogenation at 550 °C. After identification of the active
site, normalization of rates by the number of exposed Pt atoms revealed that the IMC catalysts also
have higher apparent TOR than Pt in addition to being more selective.

Pt/Fe>03-Al>03 catalysts have been reported to be more selective and active for isobutane
dehydrogenation than Pt/Al,O3.The increased selectivity and activity were proposed to arise from
geometric and electronic effects, respectively. It was believed that the partial coverage of Pt by
reduced FeOy species decreased the hydrogenolysis activity of the Pt/Fe.O3-Al.O3 compared to
Pt/Al>Os. The increased activity was attributed to the donation of electrons to Pt from Fe due to
the formation of bimetallic particles leading to enhanced olefin desorption. [10]

The increased olefin selectivities observed for the IMC catalysts are consistent with the
previously reported catalysts, however, no evidence of surface Fe oxide layers were observed in
this work. Under the high temperature and reducing reaction environment of propane
dehydrogenation the presence of oxide layers on the metallic Pt-Fe surface seems unlikely. The
increased propylene selectivity compared to the monometallic catalysts is believed to arise from
the geometric changes to Pt upon the formation of the intermetallic compound structures rather
than the coverage of active sites by an oxide layer. IMC catalysts containing either Pt or Pd and a
post-transition metal have been reported to be highly selective for alkane dehydrogenation. [6-9,

51] The increased olefin selectivity has been attributed to the elimination of large active-metal
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ensembles by incorporation of the noncatalytic promoter metals into the active surface.
Segregation of the active atoms reduces C-C bond cleavage which is thought to require ensemble
active sites. The local coordination geometries of Pt in PtsFe, PtFe, and PtFes are equivalent to
those in the highly selective post-transition metal IMC catalysts. Although Pt and Fe both perform
dehydrogenation and hydrogenolysis, Fe catalyzes the reactions at much lower rates than Pt. Due
to this large difference in the activity of the two metals Fe behaves as an inert diluent, similar to
the non-catalytic post-transition elements, resulting in the small Pt ensembles in the IMC structures
being highly selective for dehydrogenation. These results support the proposal that geometric,
rather than electronic, changes to active sites upon alloy formation are the dominant effect leading
to higher olefin selectivities in LAD reactions.

While geometric effects are believed to be the dominant factor dictating increased
selectivity, alloying also changes the electronic properties of metals, as seen by differences in the
apparent TOR. The observed changes with alloy composition indicates changes to the Pt 5d states
which are responsible for the activation of reactants and bonding with intermediates. The Pt Ly
edge XANES show changes to the unfilled valance states, however, to better understand the
electronic effects of alloying a complete description of all 5d-states is necessary. In situ RIXS
measurements of the Pt Ly edge were conducted to gain further insight into the changes to the
unfilled as well as the filled valance states. The results show there is an upward shift in the average
energy of the unfilled 5d states of Pt, consistent with the Ly edge XANES. This is accompanied
by a concomitant downward shift in the average energy of the filled valance states. As the Fe
content of the phase is increased (i.e. Pt-Pt bonds are lost and Pt-Fe bonds are formed), larger
changes in the valance states are observed. Upon formation of PtsFe there is a small shift in the
valance states, then a slightly larger shift in PtFe, and finally the largest change in PtFes. The DFT
RIXS planes calculated from the projected DOS of Pt show a similar trend to the experimental
results. Inspection of the DOS shows as the Fe content is increased there is a reduction in the
number of filled and unfilled states near the Fermi edge as well as increases in the number of lower
and higher energy states. Integration of the Pt d-DOS shows no large change in the number of Pt
d-electrons (Appendix C). It is believed that this change in the average energy of the 5d-state,
rather than the typically proposed transfer of electrons, is the dominant electronic effect on Pt of

alloying and are responsible for the changes in apparent TOR.



112

A PtZn 1:1 intermetallic compound catalyst with the same AuCu structure type as PtFe has
been reported to be highly selective for ethane dehydrogenation. [9] In situ RIXS measurements
revealed upward and downward shifts of approximately ~1 eV of the unfilled and filled 5d states
of Pt upon the formation of the PtZn alloy, much larger than those seen in the 1:1 PtFe phase. Also,
of note is that changing the promoter metal from Fe to Zn has a much larger effect on the valance
states than changing the stoichiometry of the alloy phase. These large differences in the electronic
structure of selective catalysts further supports the proposal of geometric changes being the
dominant factor in increasing dehydrogenation selectivity. Interestingly, although metallic Fe has
an unfilled d-shell the directionality of the shifts in the valance states measured by RIXS are the
same as those observed for Zn which has a full d-shell in the metallic state. Similar changes have
also been reported for bimetallic Pt-Sn catalysts, however, the exact structure was not determined.
[52] The results of the current study in combination with those reported for the Pt-Zn and Pt-Sn
catalysts suggest that the valance states of catalytic metals can be selectively tuned by alloying and
that the effect of changing the promoter is large while that of changing stoichiometry is subtler.

The changes in the energy of the valance states measured by RIXS would lead to less
energetic overlap between the 5d states of Pt and the orbitals of adsorbates which would result in
weaker chemical bonds. It has been reported that CO, a common probe molecule, adsorbs weaker
on bimetallic Pt-Fe nanoparticles than monometallic Pt. [53-55] The Blyholder model suggests
that the dominant factor dictating the chemisorption of CO to metal surfaces is the back donation
of electrons from the valance d-states to the n* orbitals of CO. [56] It is hypothesized that lowering
the energy of the filled 5d states of Pt would reduce back donation, resulting in weaker heats of
adsorption. The heats of adsorption of CO on Pt and the three Pt-Fe alloy surfaces were calculated
from DFT to test this prediction. The results show decreasing Pt-C bond strengths with increasing
Fe content of the alloy, as would be expected from the RIXS results. Similar results have been
reported for ethylene adsorption on Pt-Zn catalysts where it was found that the binding energy
decreased with increasing Zn content of the alloy. [57] This weakening of metal-adsorbate bonds
likely effects surfaces coverages and reaction barriers resulting in differences in apparent TOR.
Although the changes seen between Pt and the three Pt-Fe IMC catalysts reported here are small,

these effects could potentially play a larger role in other catalytic reactions of interest.
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5.6 Conclusions

Nanoparticles of three different intermetallic compound phases were formed in bimetallic
Pt-Fe catalysts: as the nominal Fe:Pt atomic ratio was increased first the PtsFe phase was formed,
then the PtFe phase, and lastly the PtFes phase. Characterization results suggest that the surface
structures of the IMC nanoparticles are identical to the bulk. All three catalysts where IMC phases
were formed were found to be more selective for propane dehydrogenation than a monometallic
Pt catalyst. Under the same testing conditions, a monometallic Fe catalyst showed negligible
activity compared to the Pt containing catalysts. Geometric changes to the surface of the
nanoparticles are thought to be the dominant factor leading to increased olefin selectivity. Due to
the large difference in activity between Pt and Fe, the latter behaves as an inert diluent, and the
formation of the IMC surfaces eliminates large ensemble of active Pt atoms which suppresses C-
C bond cleavage. In addition to increased propylene selectivities the IMC catalysts showed higher
TOR, which also varied with phase, indicative of changes to the valance electronic structure of Pt
due to alloying. In situ RIXS measurement and DFT calculations reveal that when Pt is alloyed
with Fe there are upward and downward shifts in average energies of the unfilled and filled 5d
states, respectively, and that as the IMC phase becomes more Fe rich the magnitude of the shifts
increases. It is believed that these changes in energy, rather than the commonly proposed transfer
of electron density, are responsible for the observed changes in the catalytic properties of metals
upon alloying. Weakening of metal — adsorbate bonds arising from these energy changes are
proposed to lead to the increases in apparent TOR. From the electronic structure characterizations
reported here it appears possible to tune the catalytic properties of metals by changing the alloy

stoichiometry in addition to the promoter metal, as is commonly done.
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CHAPTER 6. SUMMARY

The works discussed in this dissertation support the proposal that geometric rather than
electronic changes to catalytic metals upon alloying are the dominant factor leading to higher
selectivity for light alkane dehydrogenation. The synthesis of intermetallic compounds results in
active sites with well-defined and uniform geometries. By forming structures with small ensembles
of, or completely isolated, active atoms selective alkane dehydrogenation catalysts can be made.
Although post-transition metals are most commonly used as promoters for dehydrogenation
reactions the proposal of geometric control of selectivity can be applied to other elements, as
evidenced by the results on Pt-Fe catalysts in Chapter 5. From the results discussed in Chapter 2
about the Pd-In IMCs it seems that structures which require minimal atomic rearrangement from
the crystal structure of the catalytic metal are preferentially formed. With this knowledge it is
possible to choose potential catalytic metal-promoter element combinations for light alkane
dehydrogenation catalysts from the information contained in bulk phase diagrams.

The above principles can be used when choosing possible promoters, however, other
factors also influence whether the selected bimetallic system has the potential for use in an
industrial process. One such consideration is the over-reduction of the promoter metal as observed
in Chapters 2 and 5. In the Pd-In system over-reduction of In caused the partial coverage of the
active surface by an inactive species which resulted in less efficient catalysts on a mass basis. As
seen in the Pt-Fe catalysts, over-reduction of the promoter led to the formation of a second phase.
Although no adverse effects were seen in this case, if two catalytic metals of comparable activity
were used the presence of the second phase could result in lower selectivity. These results suggest
that an ideal promoter would be a non-catalytic element which is difficult to fully reduce.

Forming intermetallic compounds was found to change the average energy of the valance
states of Pt. Although this was found to have minimal effect on dehydrogenation selectivity, small
changes in turnover rates were observed. In Chapters 2, 3, and 4 the intermetallic compound
catalysts were found to have higher apparent activation energies than their monometallic analogues.
In Chapter 5, Pt-Fe IMCs were found to have weaker metal-adsorbate bonds than Pt which likely
results in differences in surface coverages during reaction. Both changes in reaction barriers and
coverages can cause changes in rates. While the electronic structure measurements and

calculations reported here were only performed on Pt, recent L edge XANES results from our



119

group on Pd-containing IMC catalysts are consistent with the changes observed for the materials
discussed in the work. These new results suggests that IMC formation has the potential to be used
as a route to selectivity tune the electronic structure of different catalytic metals and is not unique
to Pt. Studying IMC materials as catalysts in systems where the rates of competing reactions are
dependent upon the electronic structure presents an exciting new research direction and provides
an opportunity to further couple experiments and theory. From well-designed collaborative studies
a more detailed understanding of the effects of alloying and electronic structure changes on the
catalytic properties of metals can be gained and could significantly assist in the rational design of

improved materials.
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APPENDIX A. CHAPTER 2 SUPPORTING INFORMATION
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Figure A.1: Arrhenius plot for ethane dehydrogenation over Pd-In 0.2 (red), Pd-In 0.8 (blue) and
Pd-In 2.0 (magenta) catalysts. Activation energy measurements were conducted between 570 and
600 °C under 5 % C2Hs, 2 % Ho, 0.5 % C2Ha, 43.2 % He, and balance N2 at 1 atm with a total flow
rate of 150 cm®/min. The conversion in all tests are below 10 % and far from equilibrium as
confirmed by approach to equilibrium index B. The TORs have been corrected with the approach
to equilibrium index p.
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Figure A.2: a) XANES and b) magnitude of the Fourier Transform of the EXAFS at Pd edge of
Pd (black), Pd-In 0.2 (red) and Pd-In 0.8 (blue) catalysts. The catalysts were reduced at 600 °C in
a 4 % Ha/He mixture at 50 cm®min. After reduction, the samples were purged with He at 100
cm?/min and cooled to room temperature before the XAS spectra were obtained.
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Figure A.3: a) XANES at the In edge of Pd-In 0.2 (red) and Pd-In 0.8 (blue) catalysts compared
with Indium oxide (black) and b) magnitude of the Fourier Transform of the EXAFS at the In edge
of Pd-In 0.2 (red) and Pd-In 0.8 (blue) catalysts. The catalysts were reduced at 600 °C ina 4 %
Ha/He mixture at 50 cm®/min. After reduction, the samples were purged with He at 100 cm®/min
and cooled to room temperature before the XAS spectra were obtained.
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Figure A.4: Fitting results of the R-space EXAFS spectrum at Pd edge of pre-reduced Pd-In 2.0 as
an example for Pd-In catalysts. The solid black line represents the FT magnitude, the dashed black
line the imaginary part of the FT while the magenta solid and dashed lines are the fits of the
magnitude and the imaginary part respectively. (3.0 A1 <k <120A* 1.6 A<R<29A).
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Figure A.5: Fitting results of the R-space EXAFS spectrum at In edge of pre-reduced Pd-In 2.0 as
an example for Pd-In catalysts. The solid black line represents the FT magnitude, the dashed black
line the imaginary part of the FT while the magenta solid and dashed lines are the fits of the
magnitude and the imaginary part respectively. (3.0 At <k<120A* 1.8 A<R<28A).
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Figure A.6: Background subtracted in situ XRD pattern of Pd-In-0.2 (red), Pd-In-0.8 (blue), and
Pd-In-2.0 catalyst (magenta, 1/2 the original peak intensity) compared with the simulated XRD
pattern (with major peaks indexed) of bulk FCC Pd (grey, dotted), and bulk PdIn intermetallic
compound phase (black, dotted) at 600 °C after the catalysts were reduced under 50 cm®/min 3 %
Ha/Ar flow at 600 °C for 20 min. The grey vertical line marks the diffraction features in the samples
from FCC Pd phase, while the black vertical line marks those from PdIn IMC phase. Except for
peak displacement caused by thermal induced lattice expansion, the patterns show the same
features as those taken at RT, indicating unchanged crystal structure of the catalysts in the two

different temperature.
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Figure A.7: XRD pattern raw data of Pd-In 2.0/SiO> catalysts (magenta) compared with empty cell
(grey) and the cell loaded with only SiO> (black). The data was recorded in situ at RT in 3 % Ha/Ar
flow after the samples were reduced under 50 cm®/min 3 % Ha/Ar flow at 600 °C for 20 min. The

data of Pd-In 2.0/SiO2 and SiO- are slightly shifted up in vertical axis for better visualization.
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APPENDIX B. CHAPTER 4 SUPPORTING INFORMATION
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Figure B.1: Arrhenius plots for Pt/SiO, and PtZn/SiO,. TOR for EDH were measured between
570 °C and 600 °C with 2.5% C,Hs, 1% H>, 0.5% C,H4 at 150 ml min™* total flow and normalized

per surface Pt by Hz chemisorption.
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Pt/SiO; after EDH at 600 °C. (d — f) TEM images of 9.70 wt.% Pt/SiO. after EDH at 600 °C.
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Figure B.3: PtZn nanoparticles on amorphous SiO:. (a — ¢) HAADF-STEM images of 9.53 wt.%
Pt — 9.28 wt.% Zn/SiO; after EDH at 600 °C. (d — f) TEM images of 9.53 wt.% Pt — 9.28 wt.%
Zn/SiO; after EDH at 600 °C.
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Figure B.4: Metal cluster size distributions. (a) Determined for 9.70 wt.% Pt/SiO. by HAADF-
STEM and TEM. (b) Determined for 9.53 wt.% Pt — 9.28 wt.% Zn/SiO> by HAADF-STEM and
TEM. Cluster size distributions were determined by counting between 150 — 225 particles per
sample.
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Figure B.5: Pt L3 XANES spectra. Shown from 11.54 to 11.60 keV for Pt foil, 9.70 wt.% Pt/SiO2,
and 9.53 wt.% Pt — 9.28 wt.% Zn/SiO; and obtained in H2 at room temperature after Hz reduction
at 600 °C.
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Figure B.6: In situ XRD patterns at 600 °C in hydrogen. Obtained for 9.70 wt.% Pt/SiO2 and 9.53
wt.% Pt — 9.28 wt.% Zn/SiO; in 3% Hy, balance Ar (50 ml min total flow) and compared to

simulated patterns for Pt and Pti1Zny, respectively.
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Figure B.7: In situ XRD patterns at room temperature in air. Obtained for 9.70 wt.% Pt/SiO, and
9.53 wt.% Pt — 9.28 wt.% Zn/SiO> and compared to simulated patterns for Pt and PtiZny,

respectively.
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Figure B.8: RIXS energy maps for the: (a) Pt1Zn;(110) surface termination, and (b) Pt1Zn;(101)
surface termination.
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Figure B.9: PtZn d-DOS and rectangular fitting for the simplified RIXS analysis. The center of
each rectangle is the band center of the occupied and unoccupied states. The width of each
rectangle is twice the band center. The height of the rectangle is fixed by the constraint that the
total number of electrons in the band is constant.
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Figure B.10: Simulated PtZn RIXS spectra for simplified rectangular DOS analysis. The small-
width of unoccupied states in (a) shows a localized peak with no tail. The long, uniform width of
unoccupied states in (b) shows a hypothetical long tail distribution with constant high intensity
along the tail. In (c), an additional rectangle of lesser height is appended to the unoccupied DOS,

leading to the formation of a tail of decaying intensity.
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Figure B.11: Adjusted PtZn RIXS spectra for the simplified rectangular DOS analysis. In (a), the
unoccupied DOS is split into a second rectangular identical to Fig. B. 10(c). In (b), the width of
the band is adjusted to be 2 eV longer than (a) by adding additional states at the edge below the
Fermi energy (E). In (c), the width of the band is decreased such that the DOS is 2 eV narrower

than (a) by removing states at the edge below Et.
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Table B.1: Hydrogen uptake on Pt/SiO. and PtZn/SiO- catalysts

H> uptake

/ (umol Hz) (geat™)
9.70 wt.% Pt/SiO; 67.1
9.53 wt.% Pt — 9.28 wt.% Zn/SiO, 107.8

Catalyst

Measured at 35 °C after reduction in H» at 600 °C on fresh 9.70 wt.% Pt/SiO, and 9.53 wt.% Pt —
9.28 wt.% Zn/SiO».

Table B.2: Pt Ls EXAFS fittings for first scattering shell

Sample Npt-pt Rpt.pt / A Npt-zn Rpt-zn / A AO’Z dp /NM @
Pt foil 12 2.77+0.01 N/A N/A 0.0001 N/A
Pt/SiO2 8.9+0.9 2.76+0.01 N/A N/A 0.001 4.2+1.1
PtZn/SiO2 3.6£0.3 2.81+0.02 7.1+0.6 2.63+0.01 0.005 N/A

Obtained on 9.70 wt.% Pt/SiO; and 9.53 wt.% Pt — 9.28 wt.% Zn/SiO2 samples measured in H> at
room temperature after H. reduction at 600 °C. # Pt metal cluster size for 9.70 wt.% Pt/SiO-
estimated by using correlation developed by Miller et al. [33]

Table B.3: Pt and Pt:Zn; unit cell parameters

9.70 wt.% Pt/SiO; 9.53 wt.% Pt — 9.28 wt.% Zn/SiO,
Condition Pt Pt1Zn;
a:b:c/A Rpt-pt/A a:b/A C/A Rpt-Zn/A

RT in 3% H>, balance Ar  3.93+0.01 2.78+0.01 2.84+0.01 3.51+0.01 2.66+0.01

Determined from the diffraction peaks below 6° within the in situ XRD patterns for 9.70 wt.%
Pt/SiO2 and 9.53 wt.% Pt — 9.28 wt.% Zn/SiO2 samples.
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Kinetic Measurements

In the limit of low conversion (X < 0.1), the temperature and concentrations of reactants
are assumed to be constant throughout the length of the catalyst bed, thereby allowing the plug
flow reactor (PFR) to be treated as a differential reactor and modeled as a continuous stirred-tank
reactor (CSTR). To satisfy these criteria and eliminate complications due to product inhibition,
C2H4 was added to the reactor feed in an amount that only results in a differential change (< 10%)
across the catalyst bed due to the chemical reaction. Thus, the reaction rate is approximately

constant throughout the reactor and can be modeled as:

q([C3He]o — [C2Hs])
w

T =

where r is the observed rate of reaction ((mole C2Hs) (geat) * s); g is the volumetric flow rate (ml
mint); [C2He]o is the initial concentration of ethane ((mole C2Hg) mI™); [C2He] is the concentration
of ethane ((mole C2Hg) mI™); and W is the catalyst mass (g).

Since EDH is an equilibrium-limited reaction, the forward reaction rate is related to the

observed reaction rate, r, by [60]:

_ r
TTa-n

—E

g = s (~Eom)
Ji exp RT

_[GH,IH,]
Keq [CZH6]

where 1 is the forward rate ((mole C2Hs) (gear) ™ s7); ki is the forward rate constant; # is the
approach to equilibrium; A is the pre-exponential factor; Eapp is the apparent activation energy (kJ

mole™); R is the universal gas constant (kJ mole™ K); and T is the reaction temperature (K).
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The conversion is ethane, X, is determined by dividing the rate of ethane consumption by
the inlet flow rate of ethane:

r

X=—
q[C;Hslo

The ethylene selectivity, S, , is given by:

S _ Ve,H,TeoH,
CHy — VN
i=1(Viri)

where vy, is the stoichiometric coefficient of ethylene; 7, is the rate of ethylene formation

((mole C2Ha) (gear)™ s1); and vi and r;i are the stoichiometric coefficient and rate of formation of

species i, respectively.

DFT Calculations

PtZn surface terminations

For the tetragonal PtZn unit cell, the (110) and (101) terminations are more closely packed
than the (111) termination. The (110) and (101) terminations have different surface lattice
distances, and both were considered in Figure 4.13. The RIXS planes were similar for both surface

terminations although the high intensity peak was slightly broader for the (110) surface.

Theoretical RIXS distributions

To provide additional insight into the relationship between the d-band DOS and the shape of
the RIXS planes, a simplified DOS model was developed. The occupied and unoccupied electronic
states were approximated as rectangular distributions subject to the following constraints applied
independently to the occupied and unoccupied states: (i) the DOS must be non-zero at the Fermi
energy (Er) to maintain metallic character of the band, (ii) the band centers of the occupied and
unoccupied states of the rectangular DOS must reflect the corresponding d-band centers of the true

DQOS, and (iii) the integral of the complete rectangular and true d-band DOSs must be equivalent



135

to accurately reflect the total number of electrons in the band. As each rectangle was individually
fitted by this procedure, the band filling of Pt was also preserved. A schematic representation is
shown in Fig. B.9 for the PtZn alloy.

By varying the width of the unoccupied DOS and maintaining a constant height, the RIXS
tail became more prominent, but at a constant intensity. The unoccupied DOS were decomposed
further into two rectangles, where the second rectangle had a lower height. This lower height
approximated a DOS distribution where the density of unoccupied states decreased at higher
energies relative to Er. The high intensity peak remained throughout this distribution; however, it
decreased similarly to the experimental spectra at increasing energies. We note that the d-DOS in
a DFT calculation can only be carried out to a finite number of states, and high energies are less
accurate to the true band structure where additional scattering processes become more likely. Thus,
the longer and higher intensity tails in the experimental spectra were likely due to a combination
of higher energy d states and potentially scattering across other unoccupied orbitals above the d
states. The structure of the high intensity peak also changed, although it appeared to be less

sensitive to the continuum of unoccupied states.

To probe the influence of the width of the occupied states on simulated RIXS spectra, the
width of the occupied states for the rectangular DOS developed in Fig. B.10(c) was increased by
manually adjusting the lower bound of the rectangle at constant height. While this adjustment
changed the number of electrons in the band, it allowed for a simplified analysis which showed
that the location of the energy transfer peak (y-axis in Fig. B.10) was modulated by the occupied
state energies. Decreasing the width of the rectangle shifted the energy transfer to a lower value,
while increasing the width shifted the energy transfer to a higher value. Thus, the energy separation
at which bond formation is favorable is modulated by the occupied states, while the tails of the

distribution appear to be more strongly correlated to the density of unoccupied states (Fig. B.11).
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APPENDIX C. CHAPTER 5 SUPPORTING INFORMATION

mag, FT[k¥*(Kk)]|

Figure C.1: The magnitude (solid) and imaginary part (dashed) of the Fourier transformed k?-
weighted EXAFS of the monometallic Fe catalyst. (Black — experimental data and Red — fit)

The Fe K edge EXAFS spectrum of the Fe catalyst was fit using two Fe-Fe scattering paths. Due
to the bce structure of Fe the scattering from the nearest and second-nearest neighbors results in
overlapping peaks, making single-scatter fits unreliable. A-Fe having a bcc structure (8 Fe-Fe
bonds at 2.48 A and 6 Fe-Fe bonds at 2.87 A) was used as a model for FEFF calculations. Se? and
o2 values (Table C.1) were determined from an Fe foil. From XRD it was seen that the metallic
phase was large a-Fe. Therefore, the ratios of the coordination numbers and bond distances of the
two paths were held constant during fits while the absolute values were varied. The o2 values of
the two paths were fixed at the bulk values. Once the fractional coordination numbers were
obtained the amount of metallic Fe was estimated by dividing the fitted value and the actual value

from the bulk.

Table C.1: EXAFS fitting parameters of Fe foil and the monometallic Fe catalyst

Sample 52 Sca;;‘:[]'”g CN R(A)  o2(x10%  Eo(eV)
. (Fe-Fe)snon 8 245 2.0 34
Fe Foil e (FeFeiog 4 2.84 25 3.8
. : (Fe-Fe)sot 4.7 244 4.0 2.0

(Fe-F&)iong 35 2.84 2.5 12
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Figure C.2: Pt Lin XANES of Pt nanoparticles after reduction (black) and surface oxidation (red)
and AXANES (dashed black).
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Figure C.3: Dispersion versus AXANES intensity of Pt nanoparticles of different sizes

Table C.2: Monometallic Pt catalysts used for calibration of Dispersion versus AXANES
Intensity Correlation

Catalyst! Synthesis Calcination H> Reduction CODlspersmn
Method? Temperature  Temperature ) . EXAFS
Chemisorption
Pt #1 IMP 225°C 550 °C 36 % 34 %
Pt #2 SEA 300 °C 600 °C 29 % 31 %
Pt #3 IMP 400 °C 550 °C --- 28 %

L All catalyst are nominal 2 wt % Pt on SiO; support and Pt(NH3)4(N03)z was used as the metal
precursor for each catalyst.

2MP — Incipient Wetness Impregnation, SEA — Strong Electrostatic Adsorption
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Figure C.4: Magnitude of the Fourier transform of the k?-weighted AEXAFS spectra of Pt (black),

Pt-Fe(0.7) (red), Pt-Fe(2.9) (green), and Pt-Fe(4.4). The peak at ~1.5 A (phase uncorrected distance)
is due to Pt - oxygen scattering. The peaks from ~2 — 3 A (phase uncorrected distances) are due to

Pt — metal scattering.

Table C.3: Fitting parameters of Ly Edge AEXAFS spectra of Pt and Pt-Fe catalysts

Scattering

Catalyst Path CN R (A) Ac? (x10°%) Eo (eV)

bt Pt-O 1.1 2.05 2 -0.9
Pt-Pt 2.6 2.74 2 0.7

Pt-O 1.0 2.07 2 -0.7

Pt-Fe(0.7) Pt-Pt 2.5 2.76 2 0.4
Pt-Fe 1.1 2.69 5 0.2

Pt-O 0.5 2.05 2 -4.4

Pt-Fe(2.9) Pt-Pt 1.9 2.78 2 -1.7
Pt-Fe 1.8 2.66 5 1.7

Pt-Fe(4.4)* Pt-Fe 2.7 2.68 5 1.1

“ Due to the low intensity of the peak in Pt-Fe(4.4) a reliable fit of the Pt-O scattering path could
not be obtained.
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Figure C.5: Background subtracted XRD pattern of Pt-Fe(0.7) after reduction at 550 °C. The
patterns were collected at 550 °C (solid red) and 35 °C (dashed black).
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20

Figure C.6: Background subtracted XRD pattern of Pt-Fe(2.9) after reduction at 550 °C. The
patterns were collected at 550 °C (solid red) and 35 °C (dashed black).
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Figure C.7: Background subtracted XRD pattern of Pt-Fe(4.4) after reduction at 550 °C. The
patterns were collected at 550 °C (solid red) and 35 °C (dashed black).



Table C.4: Surface free energies of PtFe terminations

Sample Slab area (m?) Surface free energy (J/m?)?
PtFe(110) 2.91E-19
PtFe(101) 2.54E-19
PtFe(011) 2.54E-19

lsymmetric slab construction without constraints
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Figure C.8: DFT calculated RIXS maps of Pt (top left), PtsFe (top right), PtFe (bottom left), and
PtFes (bottom right). The x-axis of each plot is the incident energy with respect to the Fermi edge
of Pt in eV. The y-axis of each plot is the energy loss in eV
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Table C.5: DFT calculated CO binding configurations

Sample  Adsorption site Binding energy

[eV]
Fe top -1.25
Fe-Pt bridge unstable
Pt-Pt bridge -1.51
PtaFe fcc unstable
hcp -1.46
Pt top -1.58
Pt top -1.54
Pt-Pt bridge -1.49
PtFe pi-Fe bridge -1.31
Fe-Fe bridge unstable
Fe top -1.69
Fe-Fe bridge -1.65
Fe-Pt bridge -1.58
PtFes fcc unstable
hcp -1.67
Pt top -1.48!

!Note strong binding on Fe atoms in the PtFes alloy. Adsorption onto Fe sites resulted in a lower
magnetic moment than adsorption to a Pt top site, indicating adsorption to Fe site activity may be
related to spurious magnetic interactions at OK. We report the Pt top site binding energy in the
main text as it represents an adsorption site choice similar to that for other PtFe alloys and PtZn
alloys reported, in addition to its magnetic moment being similar to that of other PtFe alloys.

Table C.6: Integrated d-electron counts of Pt and the three Pt-Fe IMC Structures

Sample % difference in integrated d electron density*
Pt 0.00
PtsFe 0.91
PtFe 0.93
PtFes 0.51

ICalculated relative to pure Pt integrated electron DOS
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