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Abstract

Catalytic reactions play a large role in the production of energy and products used in our modern
society. In order to improve the efficiency of existing processes and make the conversion of new feedstocks,
such as biomass and natural gas, possible, there exists the need for improved catalytic materials. Many
active catalysts have complex active sites containing multiple components; therefore, fundamental
understanding of active sites and structure-performance relationships is needed to rationally design new
catalysts. The work in this dissertation is focused on catalytic synthesis of well-controlled bimetallic
catalysts in order to develop structure-activity and structure-selectivity relations for different chemical
transformations. A controlled surface reaction synthesis approach is used to deposit Pd onto Au, Ag, or Cu
parent catalysts. These Pd bimetallic catalysts are then studied for reactions where selectivity is a main
challenge, and the selective Pd structure is identified.

First, AuPd/TiO; catalysts are studied for the gas phase amination of 1-hexanol using ammonia. It
was determined via chemisorption, X-ray absorption spectroscopy (XAS), energy dispersive X-ray
spectroscopy (EDS), and CO infrared spectroscopy (FTIR) analysis that there are no monometallic Pd
structures on the catalysts. The Pd atoms are well diluted in the Au nanoparticles at low loadings and as the
Pd loading increases, more contiguous Pd sites are formed. From reactivity studies, it is determined that
both the Au and Pd contribute to the overall hexanol conversion, however the activity in enhanced for the
bimetallic catalysts compared to the monometallic catalysts. This rate improvement is attributed to a
geometric effect where surface intermediates are not stabilized by hydrogen bonding to adsorbed ammonia

in close proximity. Furthermore, the selectivity to primary amines is increased as the loading of Pd increases
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in the AuPd catalysts, while lower Pd loadings favor more substituted products. The selectivity trends are
hypothesized to be related to both geometric and electronic effects present in the AuPd catalyst system.

Next, AgPd catalysts were studied for the hydrodechlorination of 1,2-dichloroethane. The role of
the support in the formation of well-controlled bimetallic nanoparticles was investigated and it was
determined that well-mixed AgPd particles were formed on a TiO support, while some monometallic Pd
particles were also formed on C and SiO; supports. Again, using chemisorption, XAS, and CO-FTIR, it was
determined that isolated Pd atoms within the Ag nanoparticles are formed on the TiO, support at low
loadings. On the SiO, supported catalysts, contiguous Pd species are formed. The isolated Pd species are
highly selective to ethylene while the contiguous Pd species are selective to the undesired ethane. Thus, the
support was determined to play an important role in tuning the AgPd structure and the resulting selectivity
for hydrodechlorination. The rate of 1,2-dichloroethane conversion was determined to be related to the
selectivity, with the ethylene selective catalysts exhibiting the highest turnover frequencies. Thus,
controlled surface reactions on different supports were used to create catalysts with a range of surface
structures to investigate the desired structure for selective hydrodechlorination.

Finally, AgPd and CuPd catalysts were investigated for the selective hydrogenation of acetylene.
Both TiO; and SiO; supported catalysts were studied, and it was determined by EDS analysis that the CuPd
nanoparticle composition distribution was more uniform on the SiO, support than on the TiO» support.
Infrared spectroscopic studies were used to characterize the catalyst surfaces in the presence of different
adsorbates. From CO-FTIR, the bimetallic catalysts adsorb CO on atop sites which suggest Pd present in
isolated species, diluted by the Ag or Cu parent. However, in FTIR studies of adsorbed ethylene, the
presence of di-c-bonded ethylene is observed which requires neighboring Pd atoms. IR spectra of the
catalyst surface after being exposed to reaction conditions indicate the presence of numerous spectator
species and it is determined that there are less sites covered by spectators for the bimetallic catalysts
compared to a monometallic Pd catalyst. On the TiO- support, the bimetallic catalysts exhibit the highest
rates per gram of Pd and high ethylene selectivites above 99%. The monometallic catalysts are less than

95% selective to ethane, indicating that the alloy formation improves the ethylene selectivity; the enhanced
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selectivity is attributed to electronic effects in the bimetallic nanoparticles. Thus, the investigation of Pd
bimetallic catalysts with Au, Ag, or Cu, synthesized by a controlled surface reaction approach facilitated

the development of structure-activity and structure-selectivity relationships for different catalytic reactions.

This work enabled the development of detailed active site hypotheses for different Pd based
bimetallic catalysts and provided insights into the desired structures to inform rational catalyst design. The
controlled surface reaction synthesis approach and general characterization methodology can be applied to
a broad range of catalyst and reaction systems to improve chemical transformations for improved

production of chemicals and fuels for modern society.
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Chapter 1. Introduction

1.1 Motivation

Catalytic reactions play a vital role in the production of fuels and chemicals for our growing world,
enabling the transformation of both fossil and renewable resources into valuable goods and energy sources.
Around 90% of chemical processes use catalysts® and over 80% of all manufactured products involve
catalysis at some point in their processing.? Catalytic processes also play a major role in the world economy
with estimates predicting that catalysis contributes to more than 35% of global GDP.! The scale of the
chemical industry as a whole and, in particular, processes involving catalysts, indicate the importance of
developing effective catalytic materials for a range of transformations. As an example, the Haber-Bosch
process enabled the production of ammonia from hydrogen and nitrogen over an iron based catalyst and its
subsequent use in synthetic fertilizer led to the growth of the world population to its current levels.3
Additionally, both the selective catalytic reduction of NO, over Cu zeolite catalysts to remove hazardous
nitrogen oxides from automotive exhaust®’ and the catalytic cracking of petroleum to form gasoline and
other fuel products®® enable the ease of transportation in our modern society. These processes, among many
others, are used to meet the global demands for fuels and chemicals. As our population continues to grow
and the standard of living improves for the billions of people on the planet, the demands for these products
will continue to increase. Thus, there exists motivation to improve the efficiency and feasibility of the
conversion of a broad range of resources. One avenue through which the transformation of raw feedstocks
and platform molecules into valuable products can be enhanced is through catalyst improvement and new
catalyst development.

In particular, we aim to improve the activity, selectivity, and stability of catalytic materials for
various transformations. The development of new catalysts for chemical transformations, however, is

hindered by system complexity. Many state-of-the-art catalysts involve numerous components and



promoters and are often identified by trial and error approaches. In order to identify appropriate and
improved catalysts for various chemical conversions, we aim to develop detailed structure-activity
relationships. By elucidating the controlling factors of catalyst performance, we can work to design the best
catalyst structure for a particular transformation. The ability to rationally design catalysts for any given
reaction would facilitate important improvements to reactions for energy, chemical, and environmental
applications.

In order to understand the relationship between catalyst structure and performance, it is crucial to
understand what the active site of the catalyst is for a given reaction. With an understanding of the active
site, synthetic methods can then be developed to create a catalyst with the desired structures. The aim of
identifying the particular nature of active sites in heterogeneous catalysts has been a topic of discussion for
many decades.'® For transition metal catalysts, nanoparticles have a number of terrace surfaces, steps, and
edges that comprise the active surface and the total number of active sites can often be approximated as the
total number of binding sites for a probe molecule such as CO. This is not always the case, however, as has
been determined for Au catalysts for formic acid decomposition®! and Cu catalysts for methanol synthesis,?
as well as other systems that bind species weakly. Based on Sabatier’s principle, the best catalyst for a given
reaction will bind the reactive species neither too weakly nor too strongly. For metals such as Au, the active
sites for many reactions have been determined to be the most undercoordinated sites at the steps and edges
of nanoparticles. For metals such as Pt and Pd, however, actives sites often bind species too strongly,
leading to deactivation. By understanding what the ideal binding strength of key intermediates are, catalyst
changes can be applied such that the binding strength of intermediates on the metals is modulated. Changes
can be induced in a variety of ways, such adding a second metal, promoters, or support which interact with
the metal'® and as a result, catalyst activity can be modified.

These catalyst modifications, while they offer improved performance and are widely used in a range
of industrial processes, make the identification of the active site more complicated. Without a fundamental
understanding of the active site, iteratively improving the catalyst further remains challenging. In some

cases, the assumed catalytic active site may remain the same, but a particular step of the overall reaction



takes place on the promoting material. This is the case for the water gas shift reaction over PtMo catalysts,
where water and hydroxyl species are stabilized on the promoting Mo while CO binding occurs on Pt.2* In
Fisher-Tropsch synthesis, for example, Na,S promoted iron carbide catalysts have increased olefin
production and decreased methane production due to an increase in adsorption of reactive intermediates on
iron sites rather than carbon sites.'® In other catalyst systems, however, both the components may be active
and therefore the definition of the active site must include both species. For example, CuCo catalysts have
been studied for alcohol synthesis processes which combine a methanol synthesis copper catalyst with a
Fischer-Tropsch cobalt catalyst.'® Since both components are used as catalysts on their own, both should
be considered in the active site definition. It is also possible for interfaces between catalyst components to
act as active sites for 2" order reaction steps where intermediates adsorbed on the different components
react.” Thus, the range of mechanisms through which catalyst promoters modify the active sites involved
in these chemical transformations and enhance the reactivity are diverse. In this work, the focus will be on
the use of bimetallic catalysts to change interactions between reactive species and a catalyst surface in

advantageous ways.

1.2 Bimetallic Catalysts

Heterogeneous, bimetallic catalysts often provide improved activity, selectivity, and stability
compared to their monometallic counterparts.’® In order to understand these enhancements, two primary
effects are reported — ensemble effects and electronic effects.’® Ensemble, or geometric, effects refer to the
arrangement of atoms in a bimetallic structure. For example, the improved selectivity to hexenes in the
hydrogenation of hexyne over PdAu catalysts was attributed to the isolation of Pd atoms in a Au matrix.°
Additionally, it has been reported that contiguous Pd atoms may be required for CO oxidation over AuPd
catalysts but that the spillover of atomic oxygen from Pd to Au sites decreases the temperature required for
the reaction to take place.? Pt atoms, atomically dispersed in a Cu matrix have been shown to be active for

the water gas shift reaction and the activity is attributed to the ability for the interface between the copper



oxide support and Pt atoms to dissociate water.?? Thus, the specific geometric requirements for a catalyst
depend on the chemistry involved.

Electronic, or ligand, effects refer to the transfer of partial charge between two metals in a system
or rehybridization of orbitals of one or both metals, changing the electron density of the active sites.'®#2* As
an example, in layered PdCu catalysts, charge transfer between the metals is measured and determined to
increase as the Pd thickness is increased. This electronic effect increased the stability of the catalysts for
electrochemical formic acid oxidation.?* Electronic effects have also been discussed by comparing the
dissolution of hydrogen on Pd and PdsFe alloys.?>?" Although the environment of H on a Pdg site in the
alloy appears identical to a H atom on a monometallic Pd site, the enthalpy of dissolution on the alloy is
more than 30 kJ/mol higher, indicating that the density of states is changed such that interaction with H is
greatly weakened. Also, for hydrogenolysis chemistry, it is suggested that the neighboring atoms to the
active site are critical to the electronic properties of the active site itself. For ethane to bind to a Ni dimer
site, the neighboring atoms must also be Ni; if the near neighboring atoms are replaced by Cu, strong bonds
between the ethane C and Ni cannot be formed and the hydrogenolysis activity decreases.® Thus, the
catalytic activity is modulated by the change in electron density of the Ni site due to the bimetallic nature
of the surrounding catalyst.

It is also important to note that although either geometric or electronic effects may dominate over
one another for a given system, it is typically not possible to change either structure of the metals in a
bimetallic system without changing the other.? In a number of cases, improved catalytic performance for
bimetallic systems is attributed to both electronic and geometric effects,? including CO oxidation? and
direct synthesis of hydrogen peroxide®-** over AuPd catalysts. Additionally, density functional theory
calculations have been used to deconvolute the effects of electronic and ensemble effects by considering a
number of adsorption structures on several surface compositions.** On Au/Pd(111) surfaces, the adsorption
energy of CO on the top of Pd atoms was measured as the surrounding atoms were changed, thus
guantifying the electronic effect of the AuPd bimetallic system. Subsequently, the adsorption site was

changed, measuring CO adsorption energy on top, hollow, and bridge sites, and then the electronic effect



was subtracted to measure the influence of the geometric effect alone on CO adsorption energies. Using
this approach, it was concluded that CO adsorption is influenced by both electronic and geometric factors
on bimetallic AuPd surfaces. Thus, as bimetallic catalysts are studied more broadly, the relative roles of
both electronic and geometric modifications to the active sites must be considered in rational design of
catalytic structures.

Bimetallic catalysts can be synthesized in a variety of ways, resulting in a number of different
morphologies. Incipient wetness impregnation and wet impregnation are often used due to their simple
procedure but typically result in nanoparticles with a broad size and composition distribution.®" Strong
electrostatic adsorption offers improved control over the nanoparticle size and composition by using the
differences in surface potential between the support and metal oxides at a range of pH values.*® Colloidal
and sol gel techniques also offer more control over the nanoparticle size, and can even yield shape specific
nanocubes or nanooctahedra, however structure directing agents are necessary and can be challenging to
remove after synthesis.®**° Atomic layer deposition has been used for well controlled formation of
bimetallic catalysts and can form core shell as well as well mixed nanoparticles.**~* From the variety of
synthesis approaches, the resulting structure of a bimetallic nanoparticle depends on many factors, including
the surface energies of each of the elements, the relative atomic size of each component, and the strength
of binding to various surface species.** Figure 1.1 shows example cross section structures of nanoparticles

that can be formed for bimetallic systems, including core-shell and well mixed structures.



Figure 1.1. Schematic of possible bimetallic nanoparticle structures, including (a) core-shell, (b) segregated
clusters, (c) mixed, and (d) multiple shell. This figure was reproduced with permission from Reference 44.
Copyright 2008 American Chemical Society.

Among bimetallic catalysts, Pd-based catalysts are widely used for a variety of chemical
transformations. The broad scope of reactions that are catalyzed by Pd-containing systems originate from
the high activity of Pd as a transition metal, coupled with advantageous electronic and/or geometric effects
from the second metal. Alone, Pd is an active catalyst for hydrogenation,*“¢ carbon-carbon coupling,*’
and oxidation reactions.**> These reactions are often enhanced by the addition of a second metal, such as
the addition of silver, tin, or gold for hydrogenation chemistry5:2 and addition of gold for oxidation
reactions.>*-%¢ Both vinyl acetate synthesis®’-> and low temperature CO oxidation!821:6051 gre enhanced over
AuPd surfaces. Bimetallic Pd systems enhance the selectivity to desired products for aldehyde
hydrogenation®? and direct synthesis of hydrogen peroxide.5®% Thus it is well established that Pd catalysts,
promoted by another metal, have advantageous catalytic properties for a wide scope of chemical
transformations.

In order to inform the rational design of catalysts to improve different reactions, it is important to
understand what the active site on these bimetallic catalysts is. Thus, synthesizing catalysts with a uniform
distribution of structures can facilitate the elucidation of catalytic active sites for multi-component

materials. This is a key challenge in the field of catalysis that this work aims to address.



1.3 Dissertation Scope

The work reported in this dissertation aims to use Pd based bimetallic catalysts, synthesized in a
well-controlled manner, to develop fundamental structure-activity and structure-selectivity relationships.
The controlled surface reaction synthesis approach deposits Pd onto a parent metal catalyst to facilitate its
uniform deposition. A range of in situ and ex situ characterization techniques are applied in order to
understand the catalyst structure both as synthesized and under reaction conditions. These Pd-based
catalysts are studied for three reactions of industrial relevance and the origins of improved performance are
explored for each system, as compared to monometallic catalysts.

Chapter 2 will first outline the catalyst synthesis and characterization techniques used throughout
this work. The controlled surface reaction approach to synthesizing Pd-containing bimetallic catalysts is
discussed and the characterization techniques which allow us to confirm the bimetallic nature of the
catalysts and describe the surface structures are detailed.

In Chapter 3, the use of AuPd catalysts for the amination of 1-hexanol is discussed. In this example,
both the Au and Pd species are active for the catalytic conversion, however an enhanced rate is observed
over the bimetallic system and is attributed to primarily ensemble effects. STEM-EDS analysis is used to
confirm the uniform, bimetallic nature of the catalysts. FTIR studies of adsorbed CO on the catalysts
indicate that both electronic and geometric effects may be present in the AuPd system, where Pd is diluted
in the Au nanoparticle and the strength of CO binding to the Pd sites is altered. The changes in selectivity
to amine products as the Au:Pd ratio is altered are studied and it is determined that the formation of primary
amine products is enhanced at higher Pd ratios. At lower Au:Pd ratios, as Pd is increasingly diluted in Au,
the selectivity to 2° and 3° amines increases. This work also demonstrates the challenges in identifying the
proper active site for rate normalization when both components of a bimetallic catalyst system are
independently active.

In Chapter 4, AgPd catalyst systems are studied for the hydrodechlorination of 1,2-dichloroethane.

The role of the support in the synthesis of uniform bimetallic nanoparticles is investigated and determined



that AgPd structures can be most effectively formed on a TiO; support. The uptake of Pd onto the support
is measured using UV vis spectroscopy and determined to be dependent on the concentration used during
synthesis. X-ray absorption spectroscopy is used to qualitatively measure the degree to which the Ag and
Pd are well mixed in the nanoparticles. Using CO chemisorption and FTIR studies, it is determined that the
Pd in the AgPd/TiO; catalyst is primarily isolated from other Pd atoms and these structures are highly
selective to the desired ethylene. On the SiO, support, contiguous Pd species are formed and these structures
are selective to the undesired ethane. Thus, by synthesizing a range of Pd-containing bimetallic structures,
the selectivity to the desired product can be tuned.

Then, in Chapter 5, AgPd and CuPd catalysts are studied for the selective hydrogenation of
acetylene. Similarly, CO adsorption is used to characterize the Pd surface structure, and it is determined
that by alloying Pd with either Ag or Cu, the Pd species are isolated from each other. FTIR studies were
also expanded to investigate the adsorption of ethylene as well as the reaction mixture of ethylene,
acetylene, and hydrogen. It was determined that ethylene, ethylidyne, and vinylidene species are present as
spectator species under reaction conditions on the monometallic Pd catalysts and that the coverage of these
species is decreased on the bimetallic catalysts. Both AgPd and CuPd catalysts achieve nearly 100%
selectivity to ethylene at low conversion. The measured activity of the AgPd catalysts, however, is greater
than that of the CuPd catalysts. The differences in acetylene conversion rate are attributed to the differences
in Pd dispersion and the distribution of Pd between the surface and bulk of nanoparticles between the two
bimetallic systems. This work highlights the importance of understanding the catalyst surface under
reaction conditions, as the presence of adsorbates can change the surface structure and therefore the active
site structure.

Chapter 6 summarizes the main conclusions from this work and discusses implications of these
results, as well as future research directions in the area of well-controlled bimetallic catalysts. By
synthesizing catalysts in a well-controlled manner, relationships between the structure, both as synthesized
and under relevant reaction conditions can be determined. This fundamental understanding of catalyst

active sites can inform the improved design and synthesis of new catalytic materials.
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Chapter 2. Experimental Methods

2.1 Catalyst preparation and synthesis methods

2.1.1 Support pretreatment

Fumed silica (Cabosil EH5) was acid washed prior to use. Approximately 15 g were added to ~1L
0.1 M HNOgzand the slurry was mixed for 2 hours. The silica was then filtered and washed with 18 MQ
MilliQ water, then dried in air at 383 K overnight. Once dry, the silica was crushed and sieved to between

60 and 100 mesh.

Activated carbon (Darco MRX) was pretreated at high temperatures prior to use. The carbon was
treated under H, (Industrial Grade, Airgas) flow at 1173 K for 6 h (heating rate 20 K/min) and then cooled

to room temperature and purged with inert gas prior to storage in air.
Titania (Degussa P25) was used as received.

2.1.2 Impregnation

Monometallic Pd catalysts were synthesized using incipient wetness impregnation. An aqueous
solution of palladium nitrate hydrate (Pd(NOs)2, 40% Pd basis, Sigma Aldrich) was added dropwise to the
support (TiO., C, or SiO,) and continuously mixed until the incipient wetness point was reached. The
catalyst was then dried in air overnight at 383 K, reduced under flowing hydrogen at 533 K for 6 hours

(with heating rate of 1 K min?), and finally passivated with flowing 1% O; in He (Airgas).

The parent Ag/C catalyst was synthesized by wet impregnation. The desired amount of AgNOs was
dissolved in excess ethanol (Fisher Chemical), added to the carbon, and stirred overnight at room
temperature. The catalyst was then dried in air at 383 K. The Ag catalyst was reduced at 623 K in H, for 6
h (heating rate 1.5 K/min). After cooling to room temperature, the catalysts were passivated in 1% O- in

He.
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2.1.3 lon exchange and deposition precipitation

A monometallic, Au/TiO; parent catalyst was synthesized using a deposition precipitation method,
as described by Li, et al. to achieve small Au particles.! Briefly, TiO, was added to deionized (to a resistivity
of 18.2 MQ cm) water and stirred for 30 minutes. The pH of this slurry was adjusted to pH 10 using 0.1 M
sodium hydroxide (NaOH, 97%, Sigma Aldrich) and then stirred for 90 minutes. A 0.2 M solution of gold
chloride hydrate (HAuUCI4, 99.995%, Sigma Aldrich) containing the desired quantity of gold was added to
15 mL of 0.01 M NaOH solution and let sit for 30 minutes. The Au solution and 0.1 M NaOH were then
added to the TiO; slurry simultaneously such that the pH remained constant at 10. The slurry was stirred
for 2 hours, then centrifuged and washed with water. The Au/TiO; catalyst was dried in a vacuum desiccator
overnight, and then reduced under flowing hydrogen at 623 K for 6 hours (with a heating rate of 1.5 K min)

and finally passivated with flowing 1 mol% O;in He.

Ag/SiO; and Ag/TiO, catalysts were synthesized by deposition precipitation. The desired amount
of silver nitrate (AgNOs) (99+%, Sigma-Aldrich) in DI water was added to a slurry of SiO or TiO; and
was heated to 353 K. 0.1 M NaOH was added to adjust the pH of the slurry to 9 then stirred for 2 h. The
catalyst was filtered and washed with excess water then dried at 383 K for 12 h. The Ag catalyst was then
reduced at 623 K in Ha for 6 h (heating rate 1.5 K/min). After cooling to room temperature, the catalysts

were passivated in 1% O- in He.

The parent Cu/TiO; and Cu/SiO; catalysts were synthesized using ion exchange. The desired
amount of tetraammine copper sulfate ([Cu(NH3)4]SO4xH,0, Strem) was added to 18 MQ water. A 5%
ammonium hydroxide (NHsOH, Sigma-Aldrich) solution was added to the copper solution to dissolve.
Separately, either the TiO- or the SiO; was added to 18 MQ water and then the copper solution was added
to the slurry. 2 M sulfuric acid (H2SO,, Sigma-Aldrich) was added to adjust the pH to 9. The slurry was
stirred overnight then filtered and washed with excess water. The final catalyst was dried in a 333 K vacuum
oven overnight. The dried Cu catalyst was treated first for 30 min at 573 K under Ar (Industrial Grade,

Airgas) flow (heating rate 5 K/min) then at 673 K for 3 h under H, flow (heating rate 5 K/min). The catalyst
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was held at 673 K for an additional hour under Ar flow before cooling to room temperature and passivating

in 1% O, in He.

2.1.4 Controlled surface reactions

Bimetallic AuPd/TiO; catalysts were synthesized using controlled surface reactions, a method

developed in previous work for other multimetallic systems.?® The general procedure is shown in Figure

2.1 below.

Monometallic Reduc'uon Evaporate  x = ligand from Re.duction M-Pd
parent inH, solvent precursor inH, bimetalli
Reduced and Transfer to I |mte la ItC
ivated i catalys
passivate nert Repeat for multiple cycles y
atmosphere

solvent

Figure 2.1. Schematic of controlled surface reaction approach to synthesizing supported bimetallic
catalysts. The parent metal is denoted as M. Pd is deposited using a cyclopentadienyl Pd allyl
organometallic precursor.

A portion of the parent catalyst, synthesized as described above, was reduced in H; then cooled to
room temperature and purged with inert gas. The catalyst was then sealed and transferred to an inert
atmosphere glove box (Vacuum Atmospheres) using Schlenk techniques. The desired amount of
cyclopentadienyl palladium allyl (Cp(Pd)allyl, 98%, Strem Chemicals) was dissolved in anhydrous n-
pentane (>99%, Sigma Aldrich) and then added to the Schlenk tube containing the parent catalyst. The
slurry was stirred for 1 hour, then the catalyst was allowed to settle and a small portion of the solution was
removed for UV vis analysis. The remaining pentane was evaporated using Schlenk techniques and then
the catalyst was reduced in flowing hydrogen without exposure to air. When multiple cycles were used,
catalysts were returned to the glove box after reduction and the synthesis repeated. Equal amounts of

Cp(Pd)allyl were used in each cycle to maintain a low concentration of precursor during synthesis, which,
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as discussed below in more detail, promotes selective bimetallic formation (as opposed to Pd deposition on
the support). After reduction, the final catalysts were passivated in 1% O; in He. The bimetallic catalysts
are designated MPd,/support where M is the parent metal and x is the atomic Pd/M ratio as measured by
inductively coupled plasma-optical emission spectroscopy.

For the AuPd system, the Au/TiO; catalyst was reduced prior to synthesis at 623 K under hydrogen
flow for 6 hours (heating at 1.5 K mint). After Pd deposition and solvent removal, the catalyst was reduced
under flowing hydrogen at 673 K for 6 hours (with a heating rate of 1.5 K min™) and passivated with
flowing 1% O in He.

For the AgPd system in the hydrodechlorination study, the selected Ag parent catalyst was re-
reduced in H, at 623 K for 6 h (heating rate 1.5 K/min) prior to synthesis. The final catalyst after addition
of Pd was reduced in flowing Hzat 673 K for 6 h (heating rate 1.5 K/min) and then passivated in 1% O- in
He.

For the AgPd and CuPd catalysts used in the acetylene hydrogenation study, a portion of the
selected Ag or Cu parent catalyst was re-reduced in H; for 4 h (heating rate 5 K/min) at 673 K for Ag and
573 K for Cu. The final catalyst after Pd addition was reduced in H;at 673 K for 4 h (heating rate 5 K/min)
and then passivated in 1% O; in He.

Control experiments were carried out where palladium was introduced to the support alone. The
TiOz, SiO;, or C support was treated hydrogen flow using the same conditions as the relevant bimetallic
synthesis then transferred to an inert atmosphere glovebox. Following the same procedure as described
above, Cp(Pd)allyl was introduced in a n-pentane solution and mixed with the support, then the remaining

pentane was evaporated, and the final material was treated in hydrogen at 673 K.
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2.2 Catalyst Characterization

2.2.1 CO chemisorption

The Pd dispersion was measured by CO (CP Grade, Airgas) chemisorption using a custom
volumetric and gas-handling apparatus. CO was purified by passing over copper turnings at 503 K to
remove metal carbonyls and 4 A molecular sieves to remove water prior to use. Catalyst samples were
reduced in flowing hydrogen (Industrial Grade, Airgas), typically between 473 and 533 K, prior to analysis.
After reduction, the samples were evacuated to 10° Torr and cooled to room temperature to collect the
isotherms. CO adsorption was carried out at 293 K and the catalyst sample was evacuated for 30 minutes
between collection of the first and second isotherms. The Pd site density is reported as the irreversible CO

uptake using a stoichiometry of 1 Pd:1 CO and is discussed further below.

2.2.2 N20 titration

Surface Ag sites were measured using N-O titration, following the methods of Seyedmonir et al.”
Catalysts were reduced at 473 K in H; for 6 h (heading rate 0.75 K/min) and then evacuated to 10° Torr.
N,O was introduced to the catalyst samples at 443 K and oxidized the Ag surface by the following
stoichiometry N,O + Ags — AgsO + N, where s represents a surface atom. Surface Cu sites were also
measured using NO titration, following the methods of Evans et al.® Catalysts were reduced at 473 K in
H. for 6 h (heating rate 0.75 K/min) and then N.O was introduced to the sample at 363 K. The Cu surface
was oxidized by the following stoichiometry N2O + 2Cus — (Cus)20 + N2. N,O (CP Grade, Matheson) was
purified by passing over Drierite prior to use. The pressure of N, was determined using a Baratron pressure

gauge after condensing the remaining N-O in a liquid nitrogen trap.

2.2.3 Fourier transform infrared spectroscopy
Infrared spectra of probe molecules adsorbed on catalyst samples were collected using a Nicolet
6700 spectrometer connected to a custom vacuum manifold. Catalyst samples were pressed into self-

supporting pellets and loaded into a transmission cell described elsewhere.®* Typically, samples were
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reduced in flowing hydrogen (Industrial Grade, Airgas) between 473-573 K then cooled to room
temperature and evacuated to 10° Torr or purged with argon (UHP, Airgas). A background scan was
collected with a resolution of 4 cm™ and typically averaging 256 scans. Details on the experimental

conditions used for each catalyst system are described in the following chapters.

2.2.4 Inductively coupled plasma-optical emission spectroscopy
The total metal content of catalysts was determined using a Varian Vista-MPX CCD Simultaneous
inductively coupled plasma-optical emission spectrometer (ICP-OES). Calibrations for ICP analysis were

obtained by analyzing dilutions of commercial ICP standards (Fluka, 1000 mg L™?).

2.2.5 UV-visible absorption spectroscopy

UV-visible absorption spectra of cyclopentadienyl Pd allyl in n-pentane were collected using a
Thermo Scientific Evolution 300 UV-visible spectrometer. Spectra were collected over wavelengths
ranging from 190 to 600 nm using a 1 cm path-length quartz cuvette to contain the samples. Solutions were
prepared inside an inert glove box and then transferred to the cuvette in air for analysis. A control
experiment using a sealed cuvette which was loaded in the glove box and then analyzed without exposing
the solution to air showed the same spectra as the same solution exposed to air to transfer to a cuvette

(Appendix Figure B.1), indicating negligible decomposition of the Cp(Pd)allyl precursor.

2.2.6 Scanning transmission electron microscopy — energy dispersive X-ray spectroscopy
Scanning transmission electron microscopy (STEM) imaging was performed using a FEI Titan
STEM with Cs aberration correction operated at 200 kV in high-angle annular dark field (HAADF) mode.
Energy dispersive X-ray spectroscopy (EDS) data was collected using the same microscope with an EDAX
SiLi detector. Particle composition distributions of each sample were determined by EDS analysis of at
least 30 particles. Samples were prepared by dropping the passivated catalyst, suspended in ethanol, on a
holey carbon coated Cu grid. For EDS analysis of Cu-containing samples, holey carbon coated Au grids

were used. The samples were plasma cleaned before loading in the microscope.
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2.2.7 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) measurements were taken at MRCAT facilities (beamlines
10-BM and 10-ID) at the Advanced Photon Source at Argonne National Laboratory. Measurements were
taken at the Pd-K edge (24350 eV), Ag-K edge (25514 eV), and Au-L3 edge (11919 eV). Samples were
pressed into wafers inside a stainless-steel sample holder, which was placed inside a quartz tube with
Kapton windows on each end and fittings to allow for gas flow through the cell. The pretreatment and
analysis conditions as well as fitting parameters for each system are described in the following chapters.

Spectra of Au, Ag, or Pd foils were collected with each sample to calibrate the energy.

2.3 Reactivity Studies

2.3.1 Gas phase amination of 1-hexanol using ammonia

Reactivity studies for the gas-phase amination of 1-hexanol using ammonia were conducted in a
0.7-inch OD fixed bed, borosilicate glass flow reactor operated in a down-flow configuration. Prior to each
reaction, catalysts were reduced under flowing H; (Industrial Grade, Airgas) at 533 K for 1 h with a heating
rate of 2 K mint. All reactions were conducted at 503 K and 1 atmosphere total pressure with a gas
composition of 0.07 kPa hexanol, 2.5 kPa NH3, 51 kPa H, and balance He. To trap all products, the reactor
effluent was fed to a borosilicate glass trap filled with 1-butanol (99.9% HPLC Grade, Sigma-Aldrich) and
immersed in an ice-water bath. To quantify product formation, the reactor was periodically (approximately
every 2 h) isolated, during which time the butanol-containing product trap was replaced with another
equivalent one. The butanol solution from the just-removed trap was then injected on a gas chromatograph
(Shimadzu GC-2010) equipped with a flame-ionization detector (GC-FID) and a Zebron ZB-s50 column
(30 m x 0.25 mm OD, Phenomenex). After each reaction, the reactor was cleaned by soaking in nitric acid

to be used again. Additional details are provided in Section 3.4.3.
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2.3.2 Hydrodechlorination of 1,2-dichloroethane

Reactivity studies for the hydrodechlorination of 1,2-dichloroethane over AgPd catalysts were
conducted in a fixed bed stainless steel reactor. Catalysts were pressed and sieved to 20/40 mesh and diluted
twice by weight with similarly sized alpha alumina. A cylindrical aluminum block, with imbedded cartridge
heaters, was clamped around the middle of the reactor and served as the heating source for the reactor. He,
N, and H; (Research Grade, Airgas), delivered by mass flow controller (Brooks 5890E), and liquid
dichloroethane (99%, Aldrich), delivered via syringe pump (ISCO), were used without further purification.
Reactant and product analysis was performed by Siemens Maxum GC with argon carrier gas using a TCD
detector for analysis of N., H,, ethane, ethylene, and methane and an FID detector for analysis of
dichloroethane and ethyl chloride. All measurements were carried out at a 1,2-DCA conversion of less than
2% and rate and selectivity values represent averages over 4 hours time on stream, during which time the

rate remained constant within 10%. Additional details are provided in Section 4.4.3.

2.3.3 Acetylene hydrogenation

For reactivity studies of acetylene hydrogenation, catalysts were diluted in silica gel then loaded
into a 1/2-inch outer diameter, stainless steel reactor between quartz wool (Ohio Valley Specialty) and silica
chips (Sigma-Aldrich). He (Industrial Grade, Airgas), H. (Industrial Grade, Airgas), CoH. (CP Grade,
Airgas), and CoH: (Industrial Grade, Airgas) were delivered by mass flow controller (Brooks SLA5800)
and used without further purification. Prior to reaction, the catalyst bed was calcined in air (Breathing Air,
Airgas) at 723 K for 90 minutes (heating rate 10 K/min) and then reduced in H; (Industrial Grade, Airgas)
at 473 K for 3 hours. The reactor was purged with inert gas at 473 K for 30 minutes then cooled to reaction
temperature (typically 313 K). Reactant and product analysis was performed by Shimadzu GC-2014 with
He carrier gas using an FID detector and an RT Alumina Bond column for analysis of ethane, ethylene, and

acetylene. Additional details are provided in Section 5.4.3.
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Chapter 3. Amination of 1-Hexanol on Bimetallic AuPd/TiO:
Catalysts

This chapter is adapted from: Ball, M. R.; Wesley, T. S.; Rivera-Dones, K. R.; Huber, G. W.; Dumesic, J.

A. Green Chem. 2018, 20, 4695-47009.

3.1 Introduction

Amines are widely used in the chemical industry in the production of a range of useful chemicals,
including pharmaceuticals, solvents, polymers, and dyes.® Typical amine syntheses are carried out using
nitrile, carboxylic acid, halide, or carbonyl compounds as feedstocks, and current processes typically
involve toxic species and create salt residues as a byproduct.®® Thus, there exists motivation for
development of more environmentally friendly processes for amine synthesis. One potentially attractive
process for amine synthesis is the direct amination of alcohols to amines using ammonia. Alcohols, which
are widely produced in environmentally friendly biorefinery processes, can thus be converted to amines
with water formed as the only byproduct.®® Thus, direct amination of alcohols offers a less toxic and more
sustainable route for production of amines. This work focuses on the gas-phase amination of an aliphatic

alcohol (i.e., 1-hexanol) with ammonia via “hydrogen borrowing” chemistry using AuPd/TiO- catalysts.

“Hydrogen borrowing” generally refers to atom-efficient reactions that navigate through
dehydrogenated intermediates. These intermediates are subsequently reduced using hydrogen temporarily
“pborrowed” by the catalyst from the reactants, such that no net hydrogen is consumed.5” In the case of
alcohol amination, it is generally viewed that the alcohol is oxidized to its corresponding ketone or
aldehyde, which undergoes nucleophilic attack by the reactant amine to form water (the only byproduct)
and an imine. The imine, in turn, is hydrogenated to the product amine. This chemistry has been widely

implemented in industry, with most commercial aliphatic amine syntheses relying on Co-, Ni-, Cu-, and Zr-
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based catalysts and ammonia as the aminating agent.®-10

Several studies have investigated heterogeneously-catalyzed amination of aliphatic alcohols using
ammonia.” Shimizu et al. demonstrated the use of Ni/Al,Os for the amination of various alcohols with NHs,
achieving more than 68% selectivity to the corresponding primary amine.® Recently, Dumon et al. studied
n-octanol amination using ammonia over Ni and Pd catalysts.* Density functional theory (DFT) calculations
for the amination of methanol were carried out on Ni and Pd surfaces, and they found adsorbed ammonia
to be key in predicting reactivity. The use of Ni catalysts for alcohol amination was further investigated by
Tomer et al., employing a mixed metal oxide support or cyclodextrin complexes to increase conversion and
selectivity to the primary amine by improving the reducibility and dispersion of nickel oxide species.?!
The role of Pd in amination reactivity is less well understood, and thus we have studied the impact of Pd
structure on catalytic activity. Bimetallic catalysts offer an important approach to tuning the reactivity of
metal catalysts, having exhibited improved or tunable reactivity, selectivity, or stability for a wide variety
of reactions ranging from chemistries such as hydrogenation,'>*> hydrogenolysis,’**® and hydrogen
production,?>? to more recent efforts targeting the production of renewable chemicals and fuels via

biomass upgrading®*-2° and electrochemical processes.>*-

The effects of bimetallic formation on amination reactions have been investigated in the literature
for selected cases. Recently, Takanashi et al. demonstrated synergy between rhodium and indium for the
amination of 1,2-propanediol.**** The rate promotion was attributed to an electronic perturbation of
rhodium sites by indium that weakens the binding of ammonia. However, they also observed reduced
activity at high indium loadings, and they attributed this behavior to an ensemble effect impeding the
adsorption of propanediol. Pt-Sn/y-Al,Os has also been shown to be effective for the conversion of alcohols
to secondary and tertiary amines, with Sn promoting both overall reactivity as well as selectivity to amines

over imines.36:37

Here, we use AuPd catalysts to modify the Pd structure with the goal of understanding bimetallic
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effects for amination chemistry. To develop robust design principles for optimizing multimetallic catalysts,
it is necessary to understand the implications of intermetallic bonding on the properties of catalytic surfaces
and, in turn, how these features dictate surface chemistry.®% Although supported Au-Pd catalysts have not
yet to our knowledge been applied to the direct amination of aliphatic alcohols using ammonia, they have
been applied to similar reactions. Ono and Ishida investigated the amination of phenols with ammonia using
Pd/Al,Os-based catalysts, and they observed that the addition of Au to Pd improved catalyst stability, with
a negligible effect on initial mass-specific rates.®® More recently, Sankar, et al. employed titania-supported
Au-Pd and Ru-Pd alloy catalysts for the one-pot synthesis of N-benzylideneaniline and N-benzylaniline
from nitrobenzene and benzyl alcohol via initial transfer hydrogenation to form aniline and benzaldehyde
intermediates.** Both alloys were shown to be more active than monometallic Pd for the conversion of the
limiting reagent, nitrobenzene. The increased activity of Au-Pd bimetallics was attributed to an electronic
effect whereby the rate of benzyl alcohol dehydrogenation, the suggested rate-limiting step, was increased.
The high activity of Ru-Pd catalysts was hypothesized to arise from a stabilization of Pd by the Ru in small

nanoparticles.

Here, we report reactivity and selectivity trends for a series of AuPd/TiO; catalysts for the gas-
phase amination of 1-hexanol using ammonia. The catalysts were synthesized using controlled surface
reactions to achieve bimetallic formation, and catalysts were characterized using CO chemisorption, Fourier
transform infrared (FTIR) spectroscopy of adsorbed CO, scanning transmission electron microscopy
(STEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray absorption spectroscopy (XAS)
techniques. We show that the addition of Pd to Au catalysts initially promotes the formation of primary
products, followed by a promotion of secondary amine formation. Based on reaction kinetics studies and

spectroscopic evidence, we suggest that ensemble effects likely predominate over electronic effects.
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3.2 Results and Discussion

3.2.1 Selective Deposition of Pd

The loadings of the Au, Pd, and AuPd catalysts are shown in Table 3.1. Up to a Pd/Au ratio of
about 0.5, the Pd/Au molar ratio as determined by ICP agrees with the ratio targeted during synthesis,
indicating that most of the Pd introduced during the synthesis procedure was taken up by the Au/TiO, parent

catalyst.

Table 3.1. Compositions of Au/TiO,, Pd/TiO, and AuPd/TiO, catalysts.

Catalvst Targeted Atomic Ratio ICP Atomic Ratio ICP Au ICP Pd
y Pd/Au Pd/Au (Wt%) (Wt%)
AU/TiO, - - 1.09% -
AUPdo 06/ TIO2 0.05 0.06 1.06% 0.03%
AuPdo 23/TiO; 0.2 0.23 1.25% 0.16%
AuPdoss/TiO2* 0.5 0.55 1.09% 0.31%
AUPde7/TIOS? 1 0.67 1.03% 0.37%
Pd/TiO, - - - 0.47%

aSynthesized in two cycles with equal amounts of Pd deposited during each cycle

This conclusion is corroborated by UV-vis spectra of the synthesis solutions, shown in Figure 3.1
and in the Appendix Figure A.2. The large decrease in peaks at 260 and 320 nm after mixing the Cp(Pd)allyl
solution with the reduced Au/TiO- parent catalyst indicates that essentially all of the Cp(Pd)allyl has been
taken up by the Au/TiO; (Figure 3.1a). During a control experiment, 81% of the Cp(Pd)allyl was taken up
by the TiO, support, shown by the spectra in Figure 3.1b. This result indicates that although some
Cp(Pd)allyl may be deposited on the support during AuPd catalyst synthesis, the increased Pd uptake in the
presence of Au suggests that Pd may preferentially go to the Au rather than the support. Additionally, the

Cp(Pd)allyl uptake onto the support increases with increasing concentration.*? Because the control
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experiment was performed with 1.5 mg Cp(Pd)allyl/g pentane, whereas all catalyst syntheses were carried
out with precursor concentrations of at most 1.0 mg Cp(Pd)allyl/g pentane, we conclude that the uptake of
Cp(Pd)allyl onto Au during synthesis is increased compared to uptake onto TiO,. Maintaining low
concentrations during synthesis is necessary to achieve selective deposition of Pd onto Au and additional

characterization is needed to confirm formation of AuPd species.
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Figure 3.1. UV-vis spectra of Cp(Pd)allyl in pentane before (—) and after (—) contact with (a) reduced
AU/TiO; catalyst during the synthesis of AuPdo23/TiO. and (b) TiO- as a control. Precursor concentrations
were 1.0 and 1.5 mg Cp(Pd)allyl/g pentane for the synthesis (a) and control (b), respectively.

The catalysts were also analyzed by STEM-EDS to determine particle-size distributions and
gualitative compositional distributions of the individual AuPd nanoparticles. The composition distributions
are shown in Figure 3.2. The average composition calculated from this EDS analysis indicates a lower Pd
content than that determined by ICP. This discrepancy can be attributed either to damage to the small

nanoparticles by the electron beam during analysis or to large Pd particles not present in the areas observed
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by STEM. The likelihood of large monometallic Pd particles will be discussed further below with respect
to the chemisorption and FTIR results. It is important to note, however, that on the sample areas analyzed
by STEM-EDS, monometallic Pd particles were not observed and few monometallic Au particles were

observed, indicating formation of AuPd bimetallic nanoparticles.

A 1.0 B 1.0
0.89 £ 0.92 at% Pd 3.35 £ 3.45 at% Pd
0.8 0.8
ICP 3.8 at% Pd ICP 18.7 at% Pd
S 06 g 06
5 k5
i i
L 04 w04
0.2 0.2
0.0 — T T T T T T T T T T T T T T T T 0.0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Atomic % Pd Atomic % Pd
C 1.0 D 1.0
16.52 + 11.90 at% Pd 19.18 + 11.42 at% Pd
0.8 0.8
ICP 35.5 at% Pd ICP 40.1 at% Pd
g 0.6 A g 0.6
g g
o i
W 0.4 w 0.4
0.2+ 0.2
0.0 e S B s s s ey 0.0+ lIHkII\II
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Atomic % Pd Atomic % Pd

Figure 3.2. Composition distribution for (a) AuPdo.0s/ TiO2, (b) AuPdo 23/ TiO2, (¢) AuPdoss/TiO2, and (d)
AuPdo67/TiO2 as measured by EDS analysis of individual nanoparticles. The average composition and
standard deviation is shown and the composition as determined by ICP is shown by the arrow.
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3.2.2 Bimetallic Catalyst Structure

Surface site densities, dispersions, and STEM-based particle sizes of the Au/TiO,, Pd/TiO,, and
AUPd/TiO; catalysts are shown in Table 3.2. The Au fractional dispersion, D, was estimated from the Au
nanoparticle sample-average diameter in nm, d, assuming hemispherical particles using D = 1.16/d as
described by Bergeret and Gallezot.*® Surface Pd was quantified using CO chemisorption assuming that the
number of exposed Pd atoms was equal to the irreversible CO uptake. This stoichiometry was chosen
because it has been previously reported that Pd:CO chemisorption stoichiometries are approximately 1:1
for gold-rich supported AuPd catalysts.** Furthermore, this stoichiometry reflects predominantly linear CO
adsorption atop surface Pd atoms, which is supported by our FTIR results (see below). On monometallic
Pd catalysts, however, Pd:CO stoichiometries are known to be higher (up to Pd:CO = 2 or higher)* due to
the presence of bridge-bonded CO.*“® For consistency with the bimetallic AuPd catalysts here however,
we have also elected to use Pd:CO = 1:1 for Pd/TiO; because this assumption provides a lower bound on
the monometallic Pd site density, and thus an upper bound on the monometallic Pd site-time yields and a

conservative estimate for the promotional effect of bimetallic formation.

Table 3.2. Catalyst site densities, dispersions, and particle sizes.

Catalyst Site Density (umol g1 Dispersion (%) Average Particle Size® (nm)

AU/TIO; 342 642 18+x14
AUPdo.06/TIO> 0.14° 4.9 34+17
AuUPd; 23/TiO; 1.0° 6.6° 29+15
AuPdoss/TiO; 2.0° 7.0° 42+51
AUPdo67/TIO 2.5° 7.3 36+24

Pd/TiO, 7.3 15° 1.1+04

& Au surface site density and dispersion, estimated from the average particle size using D = 1.16/d (Ref
43) as determined by STEM.

b Pd surface site density and dispersion, measured by CO chemisorption, using a Pd:CO stoichiometry of
1:1.

¢ Measured by STEM.
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Under the definition of a surface site as determined by CO uptake, it is clear from Table 3.2 that
the Pd in the bimetallic catalysts has a lower dispersion than the Pd in the monometallic Pd catalyst, and
that the Pd dispersion in the bimetallic catalysts modestly decreases as Pd is increasingly diluted in Au.
Because the bimetallic catalysts were reduced at a higher temperature (673 K) during synthesis than the
monometallic Pd catalyst (533 K) to ensure complete decomposition of the cyclopentadienyl ligands, it was
necessary to determine whether the reduction in Pd dispersion upon bimetallic formation was caused by

strong metal-support interactions (SMSI) between the Au or Pd and titania.

Strong metal-support interactions are reported to cause the migration of metal oxide species onto
metal particles, potentially blocking metal sites.*’ Indeed, the chemisorptive capacity of titania-supported
catalysts decreases upon reduction at temperatures as low as 573 K;*® however, these effects may be
reversed by calcining the catalyst at 673 K.*” To determine the impact of SMSI on the AuPd/TiO; catalysts,
we first calcined a portion of the AuPdoss/TiO, catalyst at 673 K to remove any TiOx species from the
surface of the metal nanoparticles, and we subsequently reduced the sample at 533 K, the reduction
temperature of the monometallic Pd/TiO,. If SMSI were responsible for the lower Pd dispersion in the
bimetallic catalysts, then we would expect the irreversible CO uptake on this new sample to exceed the
value reported in Table 3.2; however, calcination had the opposite effect: CO uptake decreased to 1.1 pmol
g?, likely due to sintering (Appendix Table A.1). To circumvent possible effects of sintering, in a second
experiment the monometallic Pd/TiO, catalyst was reduced at 673 K—the reduction temperature used
during bimetallic synthesis—prior to CO chemisorption, to determine if the higher-temperature reduction
would induce SMSI effects and thus decrease CO uptake on the monometallic catalyst. The CO uptake on
Pd/TiO- after reduction at 673 K was 5.7 umol g, 22% lower than the value reported in Table 3.2, which
could be due to mild SMSI and/or particle sintering. This reduced CO uptake is consistent with the uptake
reduction reported by Bracey and Burch in a similar comparison.*® However, this effect is not sufficient to
explain the factor-of-two discrepancy in dispersion between the monometallic Pd and bimetallic AuPd

catalysts. We also note that work by Gubo et al. determined that a Au rich shell formed in AuPd particles
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with a high Au concentration which was less susceptible to SMSI than Pd rich particles.*® Therefore, while
modest SMSI effects may occur in our bimetallic catalysts, they are not the primary cause of the low Pd
dispersion in the bimetallics. The low dispersion of the bimetallic catalysts could be attributed to the
presence of some large monometallic Pd particles, which may partially explain the difference between the
EDS and ICP compositions, as discussed above. We note, however, that the dispersion of the monometallic
Pd/TiO, catalyst (which has particles less than 2 nm in diameter) is higher than that of the bimetallic
catalysts. Thus, while some large Pd particles may be present on the bimetallic catalysts, we do not expect
this behavior to be the main explanation for the apparent low dispersion. We instead hypothesize that the

unaccounted-for Pd is subsurface within the AuPd nanoparticles.

The preferential segregation of Au to the surface of AuPd nanoparticles is well-established in the
literature, and can be the result of Au having a lower partial molar surface free energy than Pd.*65%%1 |n
general, however, the surface concentration of bimetallic Au-Pd nanoparticles is dependent on the synthesis
method and reaction conditions (e.g., temperature, gas composition) used.**! For example, there are
conditions under which Pd-rich particles have been observed to be surface-enriched in Pd.>2° Most notably,
the segregation of Pd to the surface of bimetallic nanoparticles in the presence of CO has been well
studied.>*° However, because of the low Pd content in the catalysts studied here, we expect that most Pd
is sufficiently subsurface as to encounter prohibitively high barriers for diffusion to the nanoparticle surface,
even in the presence of CO. Furthermore, work by Seemala, et al. found that the metal structure of bimetallic
catalysts was influenced by the TiO; support.5” In CuNi bimetallic particles, the TiO, support was found to
induce segregation such that Cu was preferentially found on the particle surface while Ni was found at the
interface with the support. This type of bimetallic segregation, induced by the differential interactions of
reducible TiO, with the two metals, could explain the low amount of surface Pd (which is more oxophilic
than Au) in the AuPd particles. Other modeling work by Xu, et al. showed that the structure of AuPd
particles was dependent on the redox properties of the support.>® They determined that for particles on a

TiO2 support under reducing conditions, Pd preferred to be at the interface of the metal particle and oxide
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support or in the core of the particle. Thus, the subsurface Pd observed in the AuPd/TiO, catalysts used in
this study can be explained based on the relative stabilities of Au and Pd in various particle configurations.
Because of the Pd being primarily sub-surface or at the support interface in the bimetallic catalysts, the Pd
which remains on the particle surface has a different structure than the structure found in monometallic Pd

catalysts, as indicated by the FTIR results discussed below.

Results from CO FTIR spectroscopy provide insight into the structure of the surface Pd species on
the bimetallic catalysts. Figure 3.3 shows spectra taken at (a) 283 K and (b) 153 K after exposing the
reduced catalysts to 300 Torr of 1 mol% CO in He. At low temperature, peaks corresponding to CO on Pd
are not visible in the bimetallic catalysts because the Pd loadings are low and because the extinction
coefficient of CO bound to Pd is much lower than that of CO bound to Au.>*® The peak observed at 2103
cm* for all catalysts at 153 K can be assigned to the stretching of CO bound linearly to the top of a Au atom
(Figure 3.3b).® When the temperature is increased to 283 K, this peak shifts to 2112 cm™*and decreases in
intensity as CO desorbs from Au (Figure 3.3a). This blue-shift with decreasing CO coverage has been
previously observed®®62 and has been primarily attributed to the fact that CO chemisorption induces
coverage dependent changes to the electronic band structure of Au.®2% This chemical effect of changing
CO coverage was further shown to dominate over dipolar coupling between co-adsorbed CO molecules,®3*

the latter of which increases CO vibrational frequency with increasing coverage.®

The changes in this CO-Au peak are not likely attributable to interaction with Pd, however, because
the Pd/Au ratio is low such that we do not expect Pd to greatly influence bulk Au electronically. Au atoms
that are locally coordinated with Pd are likely to be influenced by Pd to some extent; however, this
electronic interaction is expected to affect a low fraction of Au atoms and therefore not be represented in

the bulk FTIR measurement for Au.
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Figure 3.3. FTIR spectra of CO adsorbed on catalysts at (a) 283 K and (b) 153 K. The spectra were collected
after introducing 300 Torr of 1 mol% CO in He.
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For the monometallic Pd catalyst at room temperature (Figure 3.3a), we observe a peak at 2090
cm? corresponding to linear CO on Pd.52%¢% A |arge, broad peak at 1924 cm™ with a shoulder at 1986
cmt is also observed, corresponding to CO on three-fold Pd sites and bridge sites, respectively.%657-%° The
linear CO peak at 2090 cm™ for monometallic Pd/TiO: is red shifted to 2076 cm* for the AuPd bimetallic
catalysts. Likewise, as Pd is increasingly diluted with Au, the bridging CO peak at 1986 cm™ in the
monometallic Pd also shifts to a lower wavenumber. This shift is consistent with the findings of Kugler and
Boudart, who studied CO adsorption on AuPd/SiO, catalysts.” Using isotopically labelled CO to
distinguish electronic alloying effects from co-adsorbate interactions, they concluded that the shift in linear-
bound CO predominantly arises from electronic Au-Pd interactions, while the shift in bridge-bonded CO is
primarily due to co-adsorbate interactions. Increasing Pd content is expected to lead to larger ensembles of
contiguous Pd atoms and thus to more extensive CO interactions and dipolar coupling, which increases the

frequency of observed vibrational modes. %

Electronic effects may be rationalized by a combined transfer of s and p electron density from Pd
to Au and a concomitant, partially charge-compensating d electron transfer in the reverse direction, 38465171
Because metal-adsorbate interactions are mediated primarily by the metal d-states, as opposed to the sp-
states,’? the increased d-electron density in Pd atoms from Au coordination leads to increased occupancy
of molecular orbitals exhibiting antibonding character with respect to carbon and oxygen.”®" The C-O bond
is thus weakened, which we observe in the FTIR spectra as a red-shifted CO vibration. This observation is
well-established in the literature.*¢%7 Thus, the electronic effects induced by AuPd bimetallic formation

lead to changes in the adsorption of species onto the catalyst surface.

The relative intensity of the peaks for each of the CO binding modes on Pd provides information
about the surface structure of the AuPd catalysts. The monometallic Pd catalyst shows a large, broad peak
between 1800-2000 cm* corresponding to the adsorption of CO on bridge and 3-fold Pd sites. For all the
bimetallic catalysts, this peak corresponding to multifold CO adsorption has a much smaller area, and linear

CO adsorption dominates. At low Pd loadings (Pd/Au = 0.06 and 0.23) multifold adsorption of CO is
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negligible, while at higher loadings (Pd/Au = 0.55 and 0.67) a multifold CO peak is observed. The binding
energy of CO on bridge and 3-fold Pd sites is stronger than the binding energy of CO on top Pd sites and
thus CO adsorption is preferred on the multifold sites when available.”"® The low area of the multifold
adsorption peak then indicates that most of the surface Pd on the bimetallic catalysts is present in isolated
species surrounded by Au. The high ratio of the isolated Pd peak area to multifold Pd peak area on the

bimetallic catalysts indicates a different geometric surface structure than on the monometallic Pd catalyst.

It has been reported in the literature that the interaction between Pd surface atoms is low, and as a
result, Pd atoms are not likely to form clusters when no surface adsorbates are present.>*% When CO is
present, Pd clusters are likely to form as a result of the stronger binding energy of CO on bridge Pd sites
rather than top Pd sites.>® However, the catalysts with Pd/Au = 0.06 and 0.23 do not show a multifold CO
adsorption peak, which indicates that if the Pd concentration is sufficiently low, nearly all of the Pd can be
isolated from other Pd atoms. This isolation may be at least partially explained by the Coulombic Pd-Pd

repulsion induced by net charge transfer from Pd to Au.*

X-ray absorption spectroscopy on the reduced-and-passivated catalysts also provides evidence for
interactions between Pd and Au in the bimetallic catalysts. Au and Pd speciation in the reduced-and-
passivated catalysts was analyzed by X-ray absorption near edge spectroscopy (XANES) using a linear
combination analysis, and the results are shown in Table 3.3. We note that some of these composition values
are smaller than the corresponding error; however, this uncertainty does not affect the key conclusions from
these experiments. In all of the Au-containing catalysts, Au is present as primarily metallic Au. For the Pd
containing catalysts, however, Pd speciation shifts in favor of metallic Pd as the Pd/Au ratio decreases,
ranging from Pd%:PdO = 1:1 in the monometallic Pd/TiO, catalyst to Pd®:PdO = 9:1 for AuPdo.3/TiO..
(The low Pd loading in AuPdoos/TiO, precluded this analysis for that catalyst.) The PdO species is
characteristic of surface Pd in the passivating layer, which suggests that Pd increasingly favors migrating
subsurface as the Pd loading decreases. This behavior would corroborate the low dispersions measured by

CO chemisorption.
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Table 3.3. Fractional composition of Au and Pd oxidation states in Pd/TiO,, AuPd/TiO,, and Au/TiO;
catalysts, as determined by XANES analysis.

Au Ls-Edge Pd K-Edge

Catalyst Au,03 Au PdO Pd

AU/TiO; 0.04 0.96 N/A N/A
AUPdo 06/ TIO2 0.00 1.00 a a
AUPdo 23/TiO 0.03 0.97 0.10 0.90
AUPdos5/TiO, 0.03 0.97 0.27 0.73
AUPdo67/TiO 0.04 0.96 0.28 0.72

Pd/TIO; N/A N/A 0.54 0.46

@ The Pd loading in the AuPdo.06/Ti1O> catalyst was too low for reliable Pd speciation.
bErrors for the linear combination fit are + 2%

The EXAFS fits at both the Au and Pd edges are shown in Table 3.4. For all the bimetallic catalysts,
the Pd-Au coordination number is above 8 and the Pd-Pd coordination number is less than 1.6. These values
indicate that Pd is well diluted in Au, in agreement with the results from the CO FTIR spectra. This result
also suggests that monometallic Pd particles make up a negligible portion of the bimetallic catalysts. From
the Au Ls-edge EXAFS analysis, we observe an increase in the Au-Pd coordination number as the Pd
content of the catalysts increases. The monometallic Pd/TiO, catalyst has a Pd-Pd coordination number of
approximately 5, which is the coordination expected for a small particle and is in agreement with the

average particle size calculated from STEM images.’”"
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Table 3.4. Ex-situ EXAFS fits of the Pd K-edge and Au Ls-edge for Pd/TiO,, AuPd/TiO,, and Au/TiO,

catalysts.
Catalyst Edge  Scatter Path CN? R® (A) Ac? Eo (eV) R factor
Pd — Pd 5.4 2.73
Pd/TiO: Pd 0.008 -1.2 0.006
Pd-0O 2.3 1.92
Pd — Pd 1.6 2.86
Pd Pd - Au 11.0 2.80 0.008 133 0.015
Pd-0O 0.4 1.97
AuPdos/TiO;
Au— Au 9.1 2.85
Au Au — Pd 3.1 277 0.008 8.5 0.039
Au-0 0.2 1.97
Pd - Pd 1.0 2.75
Pd Pd — Au 8.6 2.82 0.008 13.4 0.002
) Pd-0O 1.0 2.01
AUPdo,ss/TIOz
Au - Au 10.0 2.85
Au Au-Pd 2.2 2.80 0.008 7.5 0.051
Au-0 0.6 1.98
Pd - Pd 1.0 2.63
Pd Pd - Au 10.8 2.81 0.008 12.8 0.057
) Pd-0O 0.6 2.04
AUPdo,zs/TIOz
Au - Au 9.9 2.84
Au Au - Pd 0.7 2.82 0.008 5.1 0.061
Au-0 0.5 1.90
Au - Au 10.0 2.82
AuPdoes/TIO*  Au Au-Pd 0.6 2.85 0.008 4.0 0.035
Au-0 0.4 1.91
Au - Au 8.8 2.85
AU/TiO2 Au 0.008 5.4 0.015
Au-0 0.2 2.06

@ Coordination number, estimated uncertainty + 20%

b Distance between the absorber and back-scatterer, estimated uncertainty + 0.02 A

¢ Data too noisy to obtain quality fits for the Pd edge
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3.2.3 Reactivity Trends

Scheme 3.1 shows a representation of the reaction network for the hydrogen borrowing-mediated
amination of 1-hexanol using ammonia.®” We were able to identify hexane, hexylamine, hexanenitrile, N-
hexylidene hexylamine (the secondary aldimine), dihexylamine, and trihexylamine as products by GC-FID
and GC-MS. The aldehyde (hexanal) and primary aldimine (hexylimine) intermediates were not observed
by GC-FID or GC-MS techniques. We attribute their absence to their high reactivity and the large molar
excess of ammonia (NHs/hexanol = 36) used: under these conditions, any hexanal formed would react with
ammonia on the catalyst surface to form the 1° aldimine since aldehyde-aldimine interconversion is
typically equilibrated. The reactive 1° aldimine would then be converted to more stable products. Gaussian-
based thermochemical calculations of the two-carbon analogs show that both hexanenitrile and hexylamine

are favored at equilibrium (see Appendix Table A.2).

Hexanenitrile
Hexane

I

H, H,
NH; H0 Hexylamlne

Hexanol Hexanal Hexyllmlne
NH;  H,0 AN
NN Hzo
/\/\/\N /\/\/\
/\/\/\o N-hexylidene hexylamine
2H,
Trihexylamine H,

e

Dihexylamine

Scheme 3.1 Reaction network for the amination of 1-hexanol using ammonia. Boxed species were
identifiable (by GC-FID and GC-MS) and quantified in this work.
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Hexanol conversion rates based on product formation at 16-25% hexanol conversion are shown
versus time-on-stream for the various catalysts in Appendix Figure A.3. From the time-on-stream data, it
is apparent that most of the catalysts are stable over the time periods studied, typically about 8 hours. We
compare catalysts using measurements after about two hours on-stream, after which point catalyst
deactivation was minimal. Although ammonia and hydrogen bind more strongly to Pd than hexanol and
could poison those sites, the stability of the catalyst over at least 8 hours indicates that sufficient vacant

sites are available at steady state for hexanol binding.

Comparisons of the hexanol conversion rates and site-time yields (based on product formation)
over the various catalysts are shown in Table 3.5. The rate of hexanol conversion increases from 8.7 umol
ks (umol total Pd)™on Pd/TiO; to between 12 and 42 umol ks (umol total Pd) on the bimetallic catalysts.
The highest rate (per total Pd) is observed on the AuPdo.0s/TiO; catalyst, which exhibits a rate nearly 5 times

higher than that over Pd/TiO..

To determine the reactivity of Au in the conversion of hexanol over the bimetallic catalysts, we
also calculate rates with respect to the Au metal content. The introduction of Pd to the Au parent increases
the rate of hexanol conversion slightly from 3.0 umol ks (umol total Au)* on Au/TiO; to 5.3 umol ks
(umol Au)™on AuPdo2s/TiO.. A further rate enhancement to 11 umol ks (umol Au)?is observed as the
Pd loading increases to Pd/Au = 0.55. The rate decreases slightly to 7.9 umol ks (umol Au)? as the Pd/Au
ratio is further increased to 0.67 and this trend is attributed to the higher fraction of contiguous Pd
ensembles, discussed in more detail below. Thus, independently of whether the rate is normalized by total
Au or Pd content, we observe an increase in activity for bimetallic catalysts over monometallic catalysts.
Since the Au parent catalyst is identical for all the bimetallic catalysts, the differences in reactivity as the
Pd loading changes must be attributed to changes in either the intrinsic activity of Pd or to changes in Au
activity because of interaction with Pd. We note that when the rate is normalized by the total metal content,

rather than surface metal, the highest rate is observed for the Pd/TiO, catalyst. This result can be attributed
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to the higher dispersion for this catalyst — a higher fraction of the active species is accessible.

Table 3.5. Rate of hexanol conversion and site-time yields (STY) for hexanol amination. The hexanol
conversion rate is calculated as the sum of product formation rates, weighted by the number of moles of
hexanol needed to form one mole of product. Conditions: 503 K, 1 atm (6.9 x 10* atm hexanol, 0.25 atm
NHa, 0.5 atm H>, and balance He), 16-25% hexanol conversion.

Rate / Rate / Rate / STY/ STY/
Catalyst umol ks umol ks* umol ks* ksl kst
(umol total (umol total (umol total
Pd)? Au)? metal)? [Pd sites]? [total surface metal] °
AU/TiO; N/A 3.0 3.0 N/A 5.6
AUPdo06/TiO2 42 2.2 2.1 1200 9
AUPdo23/TiO; 22 53 4.3 340 13
AUPdoss/TiO; 21 11 7.3 340 45
AUPdo67/TiO2 12 7.9 4.7 300 45
Pd/TiO; 8.7 N/A 8.7 77 12

aSTY for AuPd and Pd catalysts calculated from surface Pd sites determined by CO chemisorption.

b Total surface metal site density to calculate STY was calculated using the average particle size as
determined by STEM. For the Au and AuPd catalysts dispersion was calculated using D=1.16/d and for
the Pd catalyst, D=1.11/d was used. (Ref. 43)

The above results suggest that AuPd bimetallic formation creates new catalytic sites that are more
active for hexanol amination than either monometallic Au or Pd sites. We note that bimetallic moieties
exhibiting favorable electronic interactions and/or ensemble effects comprise the active sites regardless of
whether, mechanistically, Au promotes Pd catalysis, Pd promotes Au catalysis, or both metals directly

participate in the chemistry.

The coordination numbers as determined by EXAFS indicate that Pd is highly coordinated to Au,

while the Au coordination to Pd is much lower. This stems from the low Pd/Au ratio, and thus each surface
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Pd likely exists in a bimetallic ensemble, while only a fraction of the surface Au is part of a bimetallic site.
Thus, we expect that the number of surface bimetallic active sites will be proportional to the number of
surface Pd sites. To calculate site-time yields (for Pd-containing catalysts), we may normalize the rates by
the number of Pd surface species as measured by CO chemisorption (Table 3.5). Based on Pd sites, the
hexanol conversion STY over AuPdo.s/TiO> exceeds that of Pd/TiO- by two orders-of-magnitude, from 77
kst to 1200 ks. At intermediate Pd/Au ratios ranging from 0.23 to 0.67, the STY promotion is more

modest.

Site-time yields can also be calculated using site densities of total surface metal, as determined
from the STEM average particle size, shown in Figure 3.4. For all Au containing catalysts, the total number
of surface metal sites can be approximated using sites calculated by the catalyst particle size determined
from STEM using D = 1.16/d. Similarly, the total number of surface metal sites for the Pd/TiO, catalyst
was calculated from the Pd/TiO, particle size using D=1.11/d.** By this normalization, the hexanol
conversion STY increases as the Pd loading in the bimetallic catalysts increases. The highest STY of 45
ks? is observed over the AuPdoss/TiO2 and AuPdoe7/TiO, catalysts, with total-surface STYs that are 5.6
and 3.8 times higher than that of Au/TiO; and Pd/TiO,, respectively. We note that the standard deviation
for the average particle size is higher on the AuPd catalysts than the monometallic Au catalyst, and thus the

error in the calculated STY is also increased for the bimetallic catalysts.
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Figure 3.4. Total-surface site-time yield (STY) of hexanol conversion as a function of Pd and Au mol
fraction. The STY values were calculated using total surface metal as estimated by the average particle size
of each catalyst determined by STEM. Errors bars represent the STY calculated using sites from the average
particle size + standard deviation. Conditions: 503 K, 1 atm (6.9 x 10 atm hexanol, 0.25 atm NHs, 0.5 atm
H,, and balance He), 16-25% hexanol conversion.

Based on chemisorption and FTIR results, we know that the number of accessible Pd sites, which
we assume to be bimetallic sites, increases with increasing Pd loading. Thus, the increase in STY when a
higher fraction of the total surface sites are bimetallic sites, rather than Au sites, corroborates our conclusion
that the bimetallic AuPd sites are responsible for enhanced activity. This result is in agreement with
previously reported Au-Pd synergy for the AuPd/TiO,-catalyzed hydrogen-borrowing amination of

alcohols using nitrobenzene.**

Figure 3.5a shows the site-time yields for the formation of each product observed for the various

Au-Pd catalysts, based on total surface metal to allow for comparison of Au activity to Pd-containing
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catalysts. Particularly noteworthy is the presence of trihexylamine, because it cannot be formed via the
previously described amination pathway: dihexylamine lacks a second nitrogen-bonded H atom, which is
necessary to eliminate water from the hemiaminal adduct of hexanal and an amine to form the
corresponding imine. Instead, a dehydration-hydrogenation sequence and/or a direct hydrogenolysis

pathway must be kinetically accessible, and probably contributes to the formation of all three amines.

A comparison of product selectivity over AuPdo.os/ TiO2 at 7 and 17% conversion provides insight
into the formation of trihexylamine, as seen in Figure 3.6. At lower conversion, the selectivity to
hexanenitrile increases, indicating that the reaction of hexylimine to hexanenitrile is equilibrated with
equilibrium favoring hexanenitrile. This result is substantiated by our Gaussian calculations, from which
the equilibrium constant for hexylimine dehydrogenation to hexanenitrile is estimated to be 1.7x103
(Appendix Table A.2). The production of dihexylamine decreases to essentially zero at low conversion,
while the trihexylamine selectivity increases at low conversion. This behavior indicates that trihexylamine
cannot be formed via dihexylamine, but instead must pass through the 2° imine species (Scheme 3.1). At
7% conversion, we observe no hexylamine while at 16% conversion, the hexylamine production over the
AuPdo s/ TiO; catalyst is low. It is well established that the formation of imines takes place via the reaction
of an aldehyde and amine*®™ and thus hexylamine is necessary for the formation of N-hexylidene
hexylamine. In this case, we can rationalize the small amount of hexylamine by its rapid conversion to
further products and its low sensitivity for detection in the GC analysis. Based on these experiments, we
hypothesize that hexylamine is converted to N-hexylidene hexylamine and that the formation of

trihexylamine occurs via reaction of hexanal and the 2° imine.
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Figure 3.5. (a) Site-time yield of product formation based on the total surface metal of each catalyst. The
total surface metal was determined using the particle size for each catalyst, and D = 1.16/d for the Au
containing catalysts and D = 1.11/d for the Pd catalyst. (b) The rate enhancement of each product formation,
as calculated by the ratio of the product site-time yield of each catalyst to the product site-time yield over
AU/TiO,. Conditions: 503 K, 1 atm (6.9 x 10 atm hexanol, 0.25 atm NHs, 0.5 atm H,, and balance He), 16-
25% hexanol conversion.
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Figure 3.6. Effect of hexanol conversion on product selectivity on hexanol amination product distribution
for AuPdo0s/TiOs.

We now consider the change in product distribution which arises from the addition of Pd to the Au
parent catalyst. As Pd is added in increasing amounts to the Au parent catalyst, the rate of formation of the
products increases, but not uniformly. The ratio of the STY of each product on the AuPd catalyst to the
STY on the Au catalyst, i.e. the rate enhancement of product formation upon the addition of Pd, is shown
in Figure 3.5b. As the Pd/Au ratio increases from 0.06 to 0.55, the largest enhancement in rate among the
amination products is observed for the production of hexylamine and hexanenitrile. The production of
dihexylamine is also enhanced as Pd content increases, but to a lesser extent. We note that as the Pd content
is further increased to a ratio of Pd/Au = 0.67, the rate enhancement of hexanenitrile and dihexylamine

decreases.

Additionally, the monometallic Pd/TiO, catalyst exhibits a higher STY for the production of
hexylamine and hexanenitrile than Au/TiO2; however, the extent of rate enhancement is lower than that of
the bimetallic catalysts. Moreover, the undesirable rate of hexane production over the Pd/TiO; catalyst is

the highest of all catalysts studied. Thus, the presence of Au reduces this undesirable hydrogenolysis
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activity and increases the rate of hexanol dehydrogenation to hexanal.

The product distribution may be further analyzed by considering the selectivity trend. As shown
in Figure 3.7, primary amination products are generally favored (and substituted products disfavored) with
increasing Pd fraction. This behavior is of practical interest since primary amines are more useful than
substituted amines as feedstocks for other reactions.®8 Furthermore, although the hexane production rate

increases with Pd content, hexane selectivity is maintained at <1.1% for all Au-containing catalysts.
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Figure 3.7. Effect of bimetallic composition on the hexanol amination product distribution over titania-
supported AuPd catalysts. Here, the selectivity of species j, S;, is defined as S; = v;R;/ ¥ Vi Ry; Where
v; is defined as the number of hexanol molecules required to form species j (i.e., 1, 2, or 3 for primary,
secondary, and tertiary products, respectively), and R; gives the production rate of species j. Primary,
secondary, and tertiary products are color-coded as gray/black, blue, and red, respectively. Conditions: 503
K, 1 atm (6.9 x 10 atm hexanol, 0.25 atm NHs, 0.5 atm H,, and balance He), 16-25% hexanol conversion.
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Both electronic and ensemble effects have been previously reported to enhance reactivity over
AuPd catalyst systems. In our catalyst system, the position of the FTIR band for CO adsorbed on Pd
suggests an electronic interaction between Au and Pd, while the change in the dominant binding mode for
CO adsorbed on Pd also suggests a change in the geometric structure of accessible Pd. Accordingly, both
ensemble and electronic effects could induce the observed reactivity trends. We now discuss possible
explanations for these ensemble and electronic effects in AuPd-catalyzed hexanol amination and analyze

the extent to which various reaction kinetics principles can rationalize the bimetallic synergy.

The enhancement observed in the rate of hexanol conversion over the bimetallic catalysts may be
attributed to geometric changes in Pd structure upon dilution in Au. From FTIR spectra of adsorbed CO,
the dominant CO binding mode on the bimetallic catalysts suggests that isolated Pd species surrounded by
Au are primarily present. Density functional theory calculations of methanol amination using ammonia on
a Pd surface have shown that the binding energy and adsorbed structure change upon inclusion of co-
adsorbed NHs.* When NHs is present, the adsorbed intermediates form a hydrogen bond with ammonia and
are thus stabilized. As a result, the activation energy for several steps increases, and the overall rate is
predicted to decrease compared to a clean surface. Ammonia binds more weakly to Au than Pd. Thus, for
the AuPd bimetallic catalysts with primarily isolated Pd sites, we do not expect NHs to bind sufficiently
close to other intermediates on Pd sites to allow for formation of hydrogen bonds. As a result, the rate of
hexanol conversion over AuPd catalysts is higher than the rate over a monometallic Pd catalyst, where
stabilization of intermediates by co-adsorbed NH; is expected to occur. This behavior suggests that the
geometric structure of the bimetallic AuPd catalysts is in part responsible for the enhanced rate of hexanol

conversion.

The observed selectivity trend can be explained as the result of increased catalyst turnover
frequency. According to transition state theory, the thermodynamic activities of reactive intermediates,
rather than idealized concentrations, govern reaction rates.®28 It follows that for changes in catalyst

composition to affect product distributions, those changes must modulate the relative activities of surface



46

intermediates and transition states within the amination network. In the case of ammonia, if we make the
assumption that adsorption is quasi-equilibrated, then the activity of adsorbed ammonia is pinned to be
equal to that of gas-phase ammonia, which is independent of catalyst composition and is fixed by the
reaction conditions (temperature, pressure, and gas composition); the same principle applies to hexanol. In
this respect, we can consider the rather complex amination network to consist of two phases: (1) initial
hexanol dehydrogenation and ammonia adsorption, followed by (2) a pool of reactive intermediates
mutually interconverting via not-necessarily-equilibrated reactions. Because surface-bound hexanal and
ammonia are the only species to enter the pool, and species may only exit as one of the stable products
shown in Scheme 3.1, the prevailing product distribution will be governed by the activities of adsorbed
hexanal and ammonia (as well as relevant kinetic and thermodynamic parameters). In particular, increasing
the ratio of hexanal activity to ammonia activity would increase the substitution of resultant amination
products. We have already discussed that the activity of ammonia is likely to be fixed by that of the gas
phase. Under steady-state operation, surface-bound hexanal is produced by hexanol dehydrogenation, and
is consumed at an equal rate by the combined reactions within the reactive intermediate pool. It follows that
increasing the intrinsic dehydrogenation rate (and thus the overall rate) will increase the number of steady-
state surface-bound hexanal molecules. As a condition for thermodynamic stability,® this in turn raises the
chemical potential (or, equivalently, activity) of adsorbed hexanal. Accompanied by an unchanged
ammonia activity, the increased hexanal activity naturally leads to the formation of higher-substituted

products within the reactive pool.

By comparing the Pd-based STY trend to the selectivity trend, we observe that, for the Pd-
containing catalysts, increasing hexanol conversion STYs are accompanied by increasing selectivities
towards secondary and tertiary products. Thus, the idea of a kinetically determined activity of surface-
bound hexanal can rationalize the observed relationship between site-time yield (our proxy for intrinsic

reactivity) and product substitution.

We note that the monometallic Au/TiO, catalyst does not align with the trend predicted by the
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kinetically determined hexanal activity framework, since its Au-based conversion site-time yield is the
lowest among all catalysts despite it producing the greatest fraction of highly substituted products. This
discrepancy could be a reflection of inaccurate site-normalization on the Au/TiO; catalyst. While we have
approximately normalized to the total number of surface Au atoms, Au catalysis is often mediated by just
the defect sites, and smaller particles have been observed to be more active than larger ones for hydrogen
borrowing amination over Au/TiO; catalysts using urea as the nitrogen source.® Thus, it cannot be ruled
out that only a small subset of the Au defects is catalytically active, such as those vicinal to the titania

support or within a particular multi-atom moiety, which could reconcile the Au/TiO- discrepancy.

Based on the overall discussion above, we suggest that geometric effects primarily govern the

reactivity trend, and that the reactivity and selectivity trends may be intrinsically coupled.

3.3 Conclusions

AuPd/TIO; catalysts have been synthesized using controlled surface reactions across a range of
Pd/Au ratios. It was determined that by using low concentrations of Cp(Pd)allyl during synthesis, Pd species
were deposited onto Au nanoparticles, forming intimate bimetallic particles. EDS analysis indicates the
absence of monometallic Pd nanoparticles on the catalysts with Pd/Au ratios between 0.06 and 0.67. CO
chemisorption studies indicate that the AuPd nanoparticles contain Pd both on the surface and in the bulk
of the particle and infrared spectra of adsorbed CO suggest that Au influences the Pd electronically.
Furthermore, compared to a monometallic Pd catalyst, CO adsorbs on the Pd in the bimetallic catalysts in
a predominantly linear configuration, indicating that Pd is well dispersed in the Au. Evidence from XAS

experiments also supports this conclusion.

The comparison of product distributions over AuPdoos/TiO; at different conversions indicates that
trihexylamine, which cannot be formed via the condensation of hexanal and dihexylamine, is instead

formed via the secondary aldimine intermediate, N-hexylidene hexylamine. Additionally, the AuPd
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catalysts exhibit higher hexanol conversion site-time yields than the monometallic catalysts for gas-phase
hexanol amination. The formation of primary species (i.e., hexylamine and hexanenitrile) is also
preferentially enhanced as Pd is increasingly added to Au. Given that CO FTIR experiments demonstrate
that both electronic and ensemble effects are possible, reaction kinetics principles were used to augment
our understanding of potential Au-Pd alloying effects. On this basis, we suggest that hexanol conversion
rates are primarily influenced by ensemble effects, whereas selectivity may be susceptible to both electronic

and ensemble effects.
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3.4 Materials and Methods

3.4.1 Catalyst Synthesis
A monometallic, 1 wt% Au/TiO; parent catalyst was synthesized using a deposition precipitation
method, as described in Section 2.1.3. A monometallic Pd/TiO; catalyst was synthesized by incipient

wetness impregnation, described in Section 2.1.2.

Bimetallic AuPd/TiO, catalysts were synthesized using controlled surface reactions, a method
developed in previous work for other multimetallic systems?435-8° and described in detail in Section 2.1.4.
The AuPdoee/TiO, and AuPdo2s/TiO, catalysts were synthesized in one cycle of controlled surface

reactions, while the AuPdoss/TiO2 and AuPdos7/TiO; catalysts were synthesized in two cycles.

3.4.2 Characterization

CO Chemisorption

The Pd dispersion was measured by CO (CP Grade, Airgas) chemisorption. Catalyst samples were
reduced in flowing hydrogen (Industrial Grade, Airgas) at 533 K for 1 h (with a heating rate of 2 K min?)
prior to analysis. CO adsorption was carried out at 293 K and the number of surface Pd atoms was taken to

be equal to the irreversible CO uptake (1 mol CO: 1 mol Pd).

Fourier Transform Infrared Spectroscopy

Infrared spectra of CO adsorbed on catalyst samples were collected using a Nicolet 6700
spectrometer connected to a custom vacuum manifold. Catalyst samples were pressed into self-supporting
pellets and loaded into a transmission cell described elsewhere.®*! Samples were reduced in flowing
hydrogen (Industrial Grade, Airgas) at 573 K then cooled to room temperature and evacuated to 10° Torr.
After a background scan was collected, the cell was cooled to 223 K using flowing liquid nitrogen. Then,
300 Torr of 1 mol% CO in He (Airgas) was introduced to the sample and the sample was further cooled to
103 K. Spectra of adsorbed CO were collected in the temperature range of 103 to 293 K with a resolution

of 4 cm™.
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X-ray Absorption Spectroscopy

Ex-situ X-ray absorption spectroscopy (XAS) measurements were taken at beamline 10-1D at the
Advanced Photon Source at Argonne National Laboratory. Measurements were taken at the Pd-K edge
(24350 eV) and the Au-Ls edge (11919 eV). Samples were pressed into wafers inside a stainless-steel
sample holder, which was placed inside a quartz tube with Kapton windows on each end. The tube was
flushed with helium prior to analysis and spectra were collected in transmission mode. For the catalyst with
the lowest Pd loading (Pd/Au = 0.06), a poor signal-to-noise ratio at the Pd edge in transmission mode
prohibited quantitative analysis of the Pd species. Spectra of Au and Pd foils were collected with each
sample to calibrate the energy. Fitting of spectra was performed using the Demeter software package over
an R range of 1.4-3.4 A and a k-range of 3-10 A, The amplitude reduction factor was determined to be S¢?

= 0.82 for Au and S¢? = 0.86 for Pd by fitting the spectra of the reference foils.

3.4.3 Reactivity Studies

Reactivity studies for the gas-phase amination of 1-hexanol using ammonia were conducted in a
0.7-inch OD fixed bed, borosilicate glass flow reactor operated in a down-flow configuration. In each run,
the catalyst (typically between 5 and 25 mg) was diluted in 1.5 g of silica chips (Silicon Dioxide, fused
(granular), 4-20 mesh, 99.9% trace metals, Sigma-Aldrich), which had been crushed and sieved to between
106 and 212 pm to mitigate channeling artifacts. Prior to each reaction, catalysts were reduced under
flowing H. (Industrial Grade, Airgas) at 533 K for 1 h with a heating rate of 2 K min. All reactions were
conducted at 503 K and 1 atmosphere total pressure with a gas composition of 6.9 x 10 atm hexanol, 0.25
atm NHs, 0.5 atm H,, and balance He. The high H, pressure was required to achieve sufficiently high
hexanol conversion. The reactor temperature was read using a K-type thermocouple seated in a well (which
extended into the catalyst bed) in the wall of the reactor. Temperature control was achieved using a
resistively heated furnace connected to a variable autotransformer supplied by a self-tuning PID process
controller (Series 16A, Love Controls). To prepare the gas mixture, a flow of 20 cm*(STP) min hydrogen

was sparged through a 1-hexanol (>99%, Sigma-Aldrich) saturator maintained at 303 K using a heated
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circulating bath. A flow of 20 cm3(STP) min of 5 mol% NHs in He (Airgas) was mixed with the hexanol-
saturated hydrogen stream in a tee union (heated to avoid hexanol condensation) directly upstream of the
reactor. To trap all products, the reactor effluent was fed to a borosilicate glass trap filled with 1-butanol
(99.9% HPLC Grade, Sigma-Aldrich) and immersed in an ice-water bath. Using a simplified variant of the
method of Jou and Freeman,® the butanol was purified by refluxing with NaBH, (>98%, Sigma-Aldrich)
(1.3 g NaBH. per L of butanol) at 323 K under bubbling Ar, followed by distillation; the middle fraction
was taken for use. To quantify product formation, the reactor was periodically (approximately every 2 h)
isolated, during which time the butanol-containing product trap was replaced with another equivalent one.
The butanol solution from the just-removed trap was then injected on a gas chromatograph (Shimadzu GC-
2010) equipped with a flame-ionization detector (hereafter referred to as GC-FID) and a Zebron ZB-50
column (30 m x 0.25 mm OD, Phenomenex). All product identification was substantiated by comparison
to analytical standards and mass spectrometry using a Shimadzu GCMS-QP2010 S. Only data reflecting
steady-state catalytic reactivity are reported. All reactions were carried out at fractional hexanol conversions
ranging from 16-25%; however, due to the high sensitivity of hexanol conversion to fraction-of-a-degree
uncertainty in the saturator temperature, total hexanol conversion rates were computed based on the
appropriate linear combination of production rates of all products observable by GC-FID and GC-MS
techniques. Additionally, due to the complexity of the reaction network, reactivity is reported in terms of
site-time yields (STY), which are the rates at which products are formed per defined catalyst site (where
different methods are used to count sites). After each reaction, the reactor was cleaned by soaking in nitric

acid to be used again.
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Chapter 4. Hydrodechlorination of 1,2-dichloroethane on Supported
AgPd Catalysts

This chapter is adapted from: Ball, M. R.; Rivera-Dones, K. R.; Stangland, E.; Mavrikakis, M.; Dumesic,

J. A.J. Catal. 2019, 370, 241-250.

4.1 Introduction

Hydrodechlorination is an attractive process for the treatment of toxic chlorinated waste to produce
valuable hydrocarbon products.™? This process offers a more environmentally friendly alternative to the
typical incineration used to treat and remove halogenated waste.? The hydrodechlorination of many species,
including  4-chlorophenol,*  dichlorodifluoromethane,®  1,2-dichloroethane,>*® 1,2- and 1,3-
dichloropropane,®’ and trichloroethene,®® has been previously studied using a range of catalysts. As one
example, 1,2-dichloroethane (1,2-DCA) is used in the industrial production of vinyl chloride® and its gas
phase hydrodechlorination can produce primarily non-chlorinated hydrocarbons. Group VIII metals, such
as Pt, Pd, and Rh, have been previously shown to be active for this reaction.5%1* The dechlorination
typically occurs via dissociative adsorption of the alkane to break the first C-Cl bond, followed by scission
of the second C-Cl bond.’® The dechlorinated alkene can then either be hydrogenated or desorb to form
ethane or ethylene, respectively. The selective production of ethylene is preferred as it is a more valuable
feedstock for further use. In the hydrodechlorination of 1,2-dichloroethane, Pt and Pd monometallic
catalysts typically achieve high ethane selectivity, and therefore there is interest in the development of
catalysts which achieve high ethylene selectivities. It has been demonstrated that the addition of Group IB
metals, such as Cu, Au, or Ag, to Pt or Pd catalysts can improve the selectivity of ethylene over ethane.%
18 Luebke et al. demonstrated 95% selectivity to ethylene using PdCus/C catalysts'® and nearly 100%

selectivity to ethylene was achieved using AgPd/ZrO, and AgPd/SiO- catalysts with low Pd content.!1¢



58

The loadings of the two metals in bimetallic catalysts and the resulting surface structures have been
shown to be important in achieving high ethylene selectivity. For AgPd/ZrO, catalysts, Han et al.
demonstrated that catalysts with low Pd loadings achieved high ethylene selectivity.’® This result was
attributed to an isolation of Pd species in the Ag and the resulting absence of contiguous Pd species.
Vadlamannati et al. found that up to 90% selectivity to ethylene was achievable with PtCu catalysts with
Pt/Cu ratios less than 1/3.22 When the Pt/Cu ratio was greater than 1, however, primarily ethane and
chloroethane were formed. FTIR experiments with adsorbed *2CO and *CO indicated that Cu had both a
geometric and electronic effect on Pt. Similarly, Rhodes et al. reported a change in product selectivity for
hydrodechlorination of 1,2-dichloroethane over PtSn catalysts.?! When the ratio of Pt/Sn was greater than
1, ethane was the primary product formed, while at Pt/Sn ratios less than 1, the primary product was
ethylene. They concluded that Sn rich structures are ethylene selective due to a decrease in the olefin heat
of adsorption. These results suggest that selective production of ethylene from 1,2-dichloroethane occurs
on bimetallic active sites with intimate contact between the two metals; however, the specific nature of

these active sites is unclear.

Although numerous studies in the literature have examined hydrodechlorination reactions over
AgPd catalysts,**101115-18 traditional catalyst synthesis methods produce bimetallic catalysts with a wide
range of structures, making it challenging to elucidate structure-activity relationships. Sol-gel
techniques, %1118 liquid phase surface reduction,'® and co-impregnation®® have been used to synthesize
AgPd bimetallic catalysts, but it is challenging to create uniform catalysts with these techniques. The
structure of the catalyst surface and resulting product selectivity trends can change with synthesis
technique.’® Furthermore, although some work has investigated the effect of the support for dechlorination
of CF,Cl, over Pd catalysts,?? we note that to our knowledge, the effect of catalyst support on bimetallic

nanoparticle formation for use in hydrodechlorination of 1,2-dichloroethane has not yet been investigated.

In this work, AgPd catalysts have been synthesized on TiO,, C, and SiO; supports using controlled

surface reactions. This synthesis approach allows us to form well controlled bimetallic surface structures,



59

as has previously been shown for a variety of metal systems.?*-3° The range of surface structures formed on
these supports at various Pd loadings has allowed us to develop structure-selectivity relationships for the
hydrodechlorination of 1,2-dichloroethane, observing high ethylene selectivity when Pd is well isolated
because of intimate contact with Ag. Here we measure the interactions between Pd precursor and catalyst
support during synthesis and determine that selective deposition of Pd onto Ag during the catalyst synthesis
process is most favorable on a TiO, support. We characterize the structure of TiO,, C, and SiO, supported
catalysts using chemisorption and FTIR techniques. The resulting catalysts are investigated for
hydrodechlorination of 1,2-dichloroethane, and we determine that the desirable high selectivity to ethylene
can be achieved on catalysts which display AgPd bimetallic sites. We also show that increased turnover

frequency of 1,2-dichloroethane consumption is correlated with increased ethylene selectivity.

4.2 Results and Discussion

4.2.1 Catalyst Synthesis

Bimetallic AgPd catalysts were synthesized by depositing Pd onto a Ag parent catalyst. Control
experiments were carried out to measure the selective deposition of Pd onto the Ag, rather than the support.
A solution of cyclopentadienyl Pd allyl in n-pentane was mixed with each support and UV vis spectra of
the diluted solutions were measured. The support was allowed to settle and the solution was pulled from
the top of the mixture so that no support was present in the solution for UV vis analysis. As shown in Figure
4.1, the extent of interaction between Cp(Pd)allyl and support is dependent on concentration. Figure 4.1a
shows a decrease in the peak at 260 nm in the UV vis spectra after 1 h of mixing Cp(Pd)allyl with a TiO.
support, indicating that Cp(Pd)allyl was deposited on the TiO, support. Similar control experiments were
carried out on carbon and silica supports and the percentages of Cp(Pd)allyl taken up by the supports are
shown in Table 4.1. The calibration curve and corresponding spectra are shown in Appendix Figures B.1

and B.2. In Figure 4.1b, the uptake of the Cp(Pd)allyl precursor in grams is shown as a function of the
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synthesis concentration. We observe a decrease in the uptake as the synthesis concentration is lowered. This
result indicates the importance of maintaining low concentrations of Cp(Pd)allyl during synthesis for all
supports. On the TiO; support, 95% of the Cp(Pd)allyl was taken up when concentrations of more than 3
mg Cp(Pd)allyl/g pentane were used, but the uptake decreased to 81% when the concentration was lowered
to 1.8 mg/g pentane. It was determined that more than 94% of the Cp(Pd)allyl was deposited onto the silica
and untreated carbon supports, indicating that selective deposition of Pd onto Ag is unlikely for these
supports. When the carbon support was treated at high temperatures prior to use, however, a decrease in the
Cp(Pd)allyl uptake was observed, indicating that not all of the precursor was deposited onto the support
and thus some deposition of Pd onto Ag would be likely to occur. Therefore, only the carbon treated at high
temperatures under H: prior to use was used for subsequent catalyst synthesis and will be discussed below.
Based on UV vis spectra of the control experiments, Pd is likely to be deposited on the SiO, support and
may be deposited to some extent on the TiO;, and treated carbon supports. Therefore, the formation of
monometallic Pd species is likely on SiO,. On the carbon and TiO; supports at low concentrations, Pd
deposited may be deposited onto the support and/or onto the Ag. To determine whether the formation of

monometallic Pd species occurs, additional characterization of the resulting catalysts is necessary.
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Figure 4.1. (a) UV vis spectra of cyclopentadienyl palladium allyl in n-pentane before and after mixing
with TiO2 at a concentration of 1.8 mg/g n-pentane, diluted 67x, (b) the Cp(Pd)allyl taken up by the
supports at varied concentrations
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Table 4.1. Results of control experiments mixing Cp(Pd)allyl in n-pentane with support materials at room
temperature. The Pd adsorbed onto the support is calculated by the change in intensity of the UV vis peak
at 260 nm.

Support Concentration Pd adsorbed onto support?
(mg Cp(Pd)allyl/g pentane) (%)
. 1.8 81
TIo, 3.8 95
High temperature treated carbon 1.5 69
Untreated carbon 1.0 98
SiO; 1.0 94

0/ adsorbed is based on intensity of peak at 260 nm

The uptake of Cp(Pd)allyl was also measured during the synthesis process, when Pd is deposited
onto the Ag parent catalysts. The concentration of Cp(Pd)allyl using during synthesis and the percentage
of precursor taken up by the parent catalyst is shown in Table 4.2, and the corresponding spectra are shown
in Appendix Figure B.3. For the TiO. supported catalysts, nearly all of the Cp(Pd)allyl is taken up by the
Ag parent catalyst, although we note that this uptake could be either onto Ag nanoparticles or the catalyst
support. The AgPdos/C and AgPd13/SIO, catalysts, however, had some Cp(Pd)allyl remaining in the
pentane solution after mixing for 1h. Upon evaporation of the remaining pentane, it is expected that this Pd
will be unselectively deposited onto the catalyst support. Additionally, because the control experiments
suggest that some Cp(Pd)allyl will be deposited onto the carbon and TiO- supports, we expect a portion of

the Cp(Pd)allyl to form monometallic Pd species on those supports.

Table 4.2. Concentration of cyclopentadienyl Pd allyl using during synthesis of AgPd catalysts on several
supports. The percentage of the Cp(Pd)allyl taken up by the Ag parent catalyst during synthesis was
measured by the change in height of the UV vis peak at 260 nm.

Concentration Pd adsorbed onto Ag parent

1 a

Catalyst synthesized (mg Cp(Pd)allyl/g pentane) caEzg/Io);st
AgPd1o/TiO; 4.8 96
AgPdos/TiO; 3.0 99
Agpdo,sslTiOZ 1.3 80
AgPd; 3/SiO; 3.0 72
AgPdo.s/C 1.8 65

0/ adsorbed is based on the change in the intensity of peak at 260 nm in UV vis spectra
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For the most likely formation of bimetallic particles to occur, Cp(Pd)allyl should remain in solution
and not be deposited onto the support during control experiments yet be fully deposited onto the Ag parent
catalyst during synthesis. Based on evidence from both control and synthesis UV vis spectra, we expect
that the formation of bimetallic AgPd particles is most likely to occur on the TiO, support when low
concentrations are used during synthesis and on the carbon support. When SiO; and high concentrations of
Cp(Pd)allyl are used with TiO,, monometallic Pd structures are expected to form. We note that although
the control experiments indicated some uptake onto the support for all cases, in the presence of Ag
nanoparticles, the Cp(Pd)allyl may preferentially deposit on the Ag rather than the support. Characterization
of the resulting bimetallic catalysts is necessary to elucidate the final structure and determine to what extent

monometallic Pd nanoparticles were formed.

4.2.2 Catalyst Characterization

The loadings of the bimetallic catalysts, as measured by ICP-AES, are shown in Table 4.3. All Ag
parent catalysts have a loading less than 1 wt%, and the molar ratio of Pd/Ag is shown. The average particle
size for each catalyst, measured by STEM, is shown and indicates that the addition of Pd to the Ag parent
catalyst does not change the particle size significantly. Representative images and the particle size
distributions are shown for AgPd catalysts in Figure 4.2. Adsorption experiments were used to measure the
accessible surface sites of the Ag parent catalysts, AgPd bimetallic catalysts, and monometallic Pd catalysts

for comparison.
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Table 4.3. The loading of Ag, Pd, and AgPd catalysts as measured by ICP and the average particle size
measured by STEM, averaging at least 800 particles.

Ag loading Pd loading Pd/Ag Particle size (nm)

Catalyst (Wi%%)? (Wi%)? (mol/mol)

Pd/TiO: - 0.59 - 1.44 +1.47
AgPd; o/TIO; 0.78 1.45 1.90 2.37+£1.46
AgPdos/TiO; 0.64 0.31 0.49 1.97+0.92
AgPdoss/TiO, 0.52 0.18 0.35 1.62+0.78

Ag/TiO 0.55 - - 2.04£0.95

Pd/SiO; - 0.43 - 3.61+1.73
AgPd; 5/SiO; 0.61 0.78 1.31 1.53+0.48

Ag/SiO, 0.50 - - 1.99+1.17

Pd/C - 0.36 - 3.78+3.79
AgPdo6/C 0.47 0.29 0.63 3.28+2.15
Ag/C 0.26 - - 1.07 £0.57

aError in measurement + 0.3 wt%

e 9o
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1.62+0.78 nm

10

Average particle size =
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Average particle size =
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Figure 4.2. Representative STEM images of (a) AgPdoss/TiO2, (b) AgPdi3/SiO,, (c) AgPdos/C and
corresponding particle size distributions.

Ag surface sites were measured by NO titration, as shown in Table 4.4. After the addition of Pd to

the Ag parent catalysts, the Pd site densities were measured by CO chemisorption, as CO will bind to Pd

but not to Ag at room temperature.®* Appendix Figure B.4 shows the CO-FTIR spectra for CO adsorbed on

a Ag/TiO; parent catalyst, indicating no uptake of CO by the Ag. A stoichiometric ratio of 1 CO:1 Pd is

used since Pd is generally present in isolated species when alloyed. The presence of isolated Pd species in
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these catalysts is shown by CO-FTIR and discussed further below. We note that Ag and Pd are expected to
form alloy structures, not core shell structures, based on consideration of the system phase diagram and

similar reduction potential of the two metals.3?3

Table 4.4. Adsorption results for Ag, Pd, and AgPd catalysts

CO uptake (umol/g)® Dispersion (%)°
N-O titration? Reversible CO Irreversible
Catalyst (umol/g) uptake CO uptake
Pd/TiO, - 1.55 5.05 9.1
AgPd1o/TiO; - 3.05 11.2 8.2
AgPdos/TiO; - 1.61 3.37 12
AgPdoss/TiO, - 0.373 0.123 0.72
Ag/TiO, 50 - - 98
Pd/SiO; - 0.51 3.11 7.7
AgPd13/SiO; - 3.49 13.4 18
Ag/SiO; 16 - - 35
Pd/C - 0.45 1.02 3.0
AgPdos/C - 0.492 1.68 6.2
Ag/C 15 - - 85

2N,0 titration carried out at 443 K using stoichiometry NoO + Ags — AgsO + N>

bCO uptake at 293 K, a stoichiometry of 1 CO:1 Pd is used

¢ Dispersion is calculated from irreversible CO uptake for Pd containing catalysts and sites determined by
NO titration for Ag catalysts

On the AgPd/TiO; catalysts, the Pd site density decreases as the loading decreases. The dispersions
for the catalysts with Pd/Ag ratios of 0.5 and 2 are similar to that of the monometallic Pd catalyst (around
10%), while a large decrease in dispersion is observed for the Pd/Ag = 0.35 catalyst (to <1%). We
hypothesize that more monometallic Pd species are present for the higher Pd loading catalysts. Higher
concentrations of Cp(Pd)allyl were used during synthesis to achieve these loadings, and thus Pd is likely to
have been deposited on the TiO; support rather than only on Ag nanoparticles. At lower loadings and Pd/Ag
ratios, nearly all the Pd is expected to be selectively deposited on the Ag nanoparticles. The resulting alloy
nanoparticles likely have some surface and mostly subsurface Pd, leading to the lower dispersion.
Interestingly, the AgPdoss/TiO: catalyst also had a reversible CO uptake higher than the irreversible CO

uptake, which suggests that the Pd structures on this catalyst bind CO weaker than the Pd structures on the
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catalysts with higher Pd loadings. The silica and carbon supported AgPd catalysts have a higher dispersion
than that of the monometallic Pd catalysts on those supports. This behavior suggests that Pd may be
dispersed on the surface of bimetallic particles, achieving higher dispersion than the monometallic particles.
Monometallic Pd particles may also be present in these samples, which we expect based on the UV vis

results described above.

FTIR spectra of CO adsorbed on the AgPd/TiO; catalysts are shown in Figure 4.3a. The peak at
2052 cm? is assigned to CO adsorbed in a linear configuration to atop Pd sites.®* The peak at 1975 cm™
corresponds to CO adsorbed in a bridging configuration.®*3 CO is adsorbed on atop Pd sites for all TiO;
supported bimetallic catalysts, with Pd/Ag ratios between 0.35 and 2. The bridge-bonded CO peak,
however, is not present for the AgPdoss/TiO- catalyst and is weak for the AgPdos/TiO; catalyst. A larger
peak appears when the ratio of Pd/Ag is increased to 2. We note that the adsorption of CO onto Ag is weak
and thus is not observed at room temperature.® Furthermore, when the FTIR spectra are compared with the
spectra of adsorbed CO on monometallic Pd/TiO- there are several changes. The monometallic Pd catalyst
adsorbs CO in a third binding mode, shown by the broad peak at 1917 cm™. This peak corresponds to CO
adsorbed on three-fold Pd sites and indicates larger ensembles of Pd.*® The absence of this three-fold peak
on the bimetallic AgPdos/TiO2 and AgPdo3s/TiO, catalysts indicates that large contiguous Pd ensembles
are not present. On the AgPd.o/TiO; catalyst, a small amount of CO is adsorbed in this three-fold

configuration, indicating larger Pd ensembles on the surface as the Pd content increases.
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Figure 4.3. FTIR spectra of CO adsorbed on (a) TiO, supported and (b) SiO; supported Pd and AgPd
catalysts. Catalysts were reduced in H; at 473 K prior to introduction of 1% CO until the catalyst surface
was saturated with CO. Spectra were collected under vacuum to remove gas phase and weakly adsorbed
CO species. Spectra are normalized by the pellet density and Pd site density as determined by CO

chemisorption.
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The aforementioned changes in the dominant binding mode for CO indicate a change in the Pd
surface structure as the Pd loading changes for AgPd/TiO, catalysts and compared to monometallic Pd.
When both top and bridging sites are available, CO binds more strongly to bridge sites.*” Therefore, the
presence of almost entirely linear CO binding for AgPdoss/TiO2 and AgPdos/TiO- indicates that Pd atoms
are primarily isolated from each other and surrounded by Ag atoms such that bridging adsorption sites are
not available. These isolated Pd species are not single atom species on the support, but instead are Pd atoms
that have been diluted in the Ag nanoparticles. For these AgPd bimetallic catalysts, isolated Pd species are
Pd atoms which have primarily Ag neighboring atoms and few to no Pd neighboring atoms. The decrease
in the linear peak area and increase in the bridge and three-fold peak areas when comparing AgPd1.o/TiO;
to monometallic Pd/TiO; indicate a change in Pd structure when alloyed with Ag. In the bimetallic catalysts,
less Pd is present in contiguous ensembles and more Pd is isolated from other Pd atoms. These trends agree
with those reported by Han et al. for AgPd/ZrO, catalysts®® and these isolated Pd structures are hypothesized

to be selective to ethylene in the hydrodechlorination of 1,2-dichloroethane.

Additionally, a shift in the peak corresponding to bridge bound CO is observed from 1982 cm™ on
monometallic Pd to 1975 cm™ on bimetallic AgPd:+/TiO.. This shift indicates an electronic interaction
between the Ag and Pd in the bimetallic system where both species gain d electron charge and lose non-d
charge. Because of the higher electronegativity of Pd, however, the charge loss in Ag is only partially
compensated by d-charge gain and overall charge is transferred from Ag to Pd. When the metal adsorbing
the CO receives electrons, increased m back-donation shifts the CO vibrational frequency to lower
wavenumbers.® This peak shift caused by electron transfer between the two metals suggests close
proximity of the Ag and Pd species and intimate bimetallic structure formation.® Similarly, a red shift in
the linearly adsorbed CO peak is observed as the Pd content decreases. A shift from 2052 cm™ on Pd/TiO;

and AgPd:1.o/TiO2 to 2048 cm™ on AgPdo3s/TiO: is observed.

FTIR spectra for the SiO, supported catalysts are shown in Figure 4.3b. A peak at 2075 cm™,

corresponding to CO linearly adsorbed on Pd, and a broad peak at 1930 cm, corresponding to CO adsorbed
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on bridge and multifold Pd sites, are observed on the bimetallic catalyst with a Pd/Ag ratio of 1.3.34%
Although the area of the linear peak increases from the Pd/SiO, catalyst to the AgPd. 5/SiO- catalyst, a large
multifold peak is still present for the bimetallic catalyst. This result suggests that by adding Pd to Ag on a

SiO; support, some isolated Pd sites are formed, but contiguous sites remain.

The above FTIR evidence shows that the fraction of CO adsorbed in a linear configuration changes
between catalyst supports. The fraction of the total FTIR peak area that corresponds to linearly adsorbed
CO, indicating isolated Pd species, is shown as a function of the Pd mol fraction in Figure 4.4. Across a
range of Pd compositions, the TiO, supported AgPd catalysts have a larger fraction of CO linearly adsorbed
than the SiO. supported AgPd catalysts. Additionally, both SiO; and TiO. supported AgPd catalysts have
more linearly adsorbed CO than the monometallic Pd catalysts. We note that we use the peak area without
taking into account the extinction coefficients for the different adsorption geometries. Although the
extinction coefficients for CO adsorbed on Pd vary with support, the bridge bonded CO has a higher
extinction coefficient than linearly bonded CO, and therefore we expect the fraction of Pd sites with linearly

bonded CO to be even larger than that estimated using peak areas.*°

Based on the UV vis results discussed above, the deposition of Pd onto Ag/SiO; is not expected to
be selective. If we consider linearly adsorbed CO on Pd to be indicative of selective Pd deposition and
formation of intimate bimetallic structures, then these FTIR results indicate that bimetallic formation is
more effective on the TiO, support than on the SiO,support. Furthermore, for both TiO; and SiO- supported
catalysts, there is an increase in the number of isolated Pd sites on the bimetallic catalysts compared to
monometallic catalysts. We note that carbon supported catalysts do not allow transmittance and therefore

transmission FTIR spectra cannot be collected on those samples.
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Figure 4.4. The percentage of peak area of CO linearly adsorbed on Pd sites on monometallic Pd and
bimetallic AgPd catalysts as a function of the mol fraction of Pd in the catalyst.

We also note that the peak for linearly adsorbed CO on the bimetallic catalysts shifts from 2075
cm® on the SiO; support to 2053 cm™ on the TiO, support. This shift may suggest that the Pd sites on the
TiO2 supported bimetallic catalyst are more electronegative than the Pd sites on the SiO, supported catalyst.
Increased d-electron density, which may be due to charge transfer from either the Ag or the TiO; to the Pd,

leads to a weakened C-O bond and the resulting red shift to lower wavenumbers.®

EXAFS analyses were carried out on the Ag, AgPd, and Pd catalysts after in situ reduction at 473
K and the resulting fits are shown in Table 4.5. Spectra were collected from both the Pd-K edge and the
Ag-K edge, however we note that the close proximity of these edge energies limits the data fitting. The
close edge energies results in similar scattering for Ag and Pd, and therefore the Ag-Ag and Ag-Pd
scattering cannot be distinguished from one another. As a result, we report Ag-M and Pd-M scatter paths

which include both neighboring Ag and Pd atoms. The radius of the nearest neighbor then provides
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information about the bimetallic nanoparticle composition; in bulk Ag, Rag-aq = 2.89 A and in bulk Pd, Rpq.
pa = 2.75 A. R values in between these limits indicate a mixture of Pd and Ag.*~** We note that the formation
of hydride species can complicate this analysis, however the low H> concentrations used for the reduction
of samples prior to XAS analysis are expected to avoid the formation of hydride species.** For the TiO;
supported AgPd catalysts, we observe a decrease in R as the Pd content is increased; this result is consistent
with the smaller R for bulk Pd. Shown in Figure 4.5, we also note that the AgPdos/TiO2 and AgPdo3s/TiO-
bimetallic catalysts have similar R values resulting from the EXAFS fits at the Ag edge and the Pd edge.
This behavior indicates that the Ag and Pd are well mixed in the bimetallic nanoparticle structure. However,
the R values at the Ag and Pd edges deviate somewhat for the AgPd:o/TiO, and AgPd.3/SiO; catalysts,
indicating that the Ag and Pd are segregated to some extent. For the bimetallic carbon supported catalyst
however, there is a larger discrepancy of 0.09 A between the R values obtained from the Pd — M and Ag —
M scatter paths at the respective edges. This difference indicates that the local structures around Pd atoms
and around Ag atoms differ — Pd is found in areas with high Pd content, indicated by the R of 2.76 A. The
value of R calculated from the Ag-M scatter path from the Ag edge for carbon is 2.85 A which is more
representative of bulk Ag. Thus, the EXAFS fits from the Ag and Pd edges indicate that Ag and Pd are well
mixed in the low Pd loading TiO,-supported catalysts but are more segregated in the SiO.—supported and
particularly the carbon-supported catalysts. Additionally, the intensities of the white line in the XANES
spectra are in agreement with peak shifts observed in the FTIR spectra. The Fourier transforms of the

EXAFS spectra and the XANES spectra are given in the Appendix Figures B.5-B.8.
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Table 4.5. EXAFS fits for Pd, AgPd, and Ag catalysts pretreated under H, at 473 K at the Pd-K edge (24350
eV) and Ag-K edge (25514 eV)

Catalyst Edge  Scatter CN?2 R°(A)  AEo(eV) o2(A?) R factor
Path

Pd/TiO; Pd Pd-M 8.3 2.74 3.79 0.0059 0.031
Pd Pd-M 10.1 2.79 1.89 0.0095 0.017

AgPdl,g/Ti02
Ag Ag-M 10.5 2.83 3.10 0.0095 0.007
Pd Pd-M 111 2.82 2.96 0.0095 0.011

AgPdo,s/Ti02
Ag Ag-M 9.1 2.84 2.35 0.0095 0.021
Pd Pd-M 9.9 2.84 4.99 0.0095 0.046

AgPdo,35/Ti02°
Ag Ag-M 9.4 2.85 1.87 0.0095 0.021
Ag/TiO; Ag Ag-M 9.6 2.86 2.03 0.0095 0.021
Pd/HTT-C Pd Pd-M 10.9 2.74 2.97 0.0059 0.004
Pd Pd-M 10.6 2.76 4.36 0.0095 0.008

AgPdoe/HTT-C

Ag Ag-M 10.0 2.85 2.72 0.0095 0.009
Ag/HTT-C Ag Ag-M 9.4 2.87 1.19 0.0095 0.010
Pd/SiO, Pd Pd-M 9.4 2.74 2.98 0.0059 0.009
Pd Pd-M 6.0 2.73 -5.58 0.0095 0.017

AgPd13/SiO;
Ag Ag-M 4.5 2.77 0.41 0.0095 0.046
Ag/SiO; Ag Ag-M 3.4 2.79 -1.24 0.0095 0.079

aCoordination number, estimated uncertainty + 20%
b Distance between the absorber and back-scatterer, estimated uncertainty + 0.02 A
¢ Spectra for AgPdo.3s/TiO2 were collected without pretreatment under inert flow
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Figure 4.5. Radius of nearest neighbor, R, in A for the Ag, AgPd, and Pd catalysts on TiO2 (blue), carbon
(red), and SiO2 (green) supports as a function of the Pd mol fraction. The R values from the EXAFS fits
from the Ag edge, indicating the Ag-M distance, are shown by A and from the Pd edge, indicating the Pd-
M distance, are shown by 0.

The results from UV vis, chemisorption, EXAFS, and CO-FTIR indicate that the Pd structure and
extent of bimetallic formation varies on the supports used in this work. At low Pd loadings, TiO; supported
AgPd catalysts are expected to have minimal extent of monometallic Pd species and close interaction

between Ag and Pd.

4.2.3 Catalyst Reactivity Measurements

As shown in Figure 4.6, the hydrodechlorination of 1,2-dichloroethane over the AgPdoss/TiO2

catalyst achieves 97% selectivity to ethylene. As the Pd loading is increased, 89% selectivity to ethylene is
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achieved over the AgPdos/TiO- catalyst. The AgPd1o/TiO- catalyst, however, exhibits only 1% selectivity
to ethylene and 98% selectivity to ethane. Similarly, monometallic Pd/TiO, gives 2.5% selectivity to
ethylene, 66% selectivity to ethane, and the remainder chloroethane. The selectivity and corresponding
conversion values are given in Appendix Table B.1. These changes in selectivity on the TiO; supported
catalysts can be attributed to changes in the Pd structure. As seen in the FTIR spectra discussed above,
AgPdoss and AgPdos showed primarily isolated surface Pd species, while AgPdis and Pd/TiO; have
multifold Pd sites. Thus, we suggest that contiguous Pd species favor the hydrogenation of ethylene to
ethane, while the desorption of ethylene is favored on isolated Pd species. Work by others supports this
structure sensitivity where aggregated Pd leads to the formation of ethane.’>* Additionally, the weak
adsorption of CO observed from chemisorption on the AgPdo.3s/TiO> catalyst suggests that ethylene may
also be bound more weakly to the Pd species on this catalyst, leading to the observed desorption and
resulting high ethylene selectivity. In addition to the effect of Pd geometry on selectivity, the TiO, support
may also influence the selectivity and favor ethylene production. There have been reports on monometallic
Pd/TiO- catalysts suggesting that electron transfer from Pd to TiO, can occur, resulting in Pd®* species and
weakening the adsorption of chlorine and ethylene.*#” This weakened adsorption then favors the desorption
of ethylene as a product, increasing the ethylene selectivity. We note that although this electron transfer
may contribute to the selectivity trends to some extent, the high ethane selectivity over the AgPd1s/TiO>
catalyst suggests that geometric effects dominate on the bimetallic catalysts. The TiO; is not expected to
contribute to the activity alone, as Ag/TiO, catalysts have been reported to be inactive for

hydrodechlorination reactions.®
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Figure 4.6. Selectivity for monometallic Pd and bimetallic AgPd catalysts for hydrodechlorination of 1,2-
dichloroethane at 443 K. Conditions: 443 K, 15 psig, 0.2 Bar H, 0.18 Bar 1,2-DCA, total flow rate 36
sccm. All selectivity measurements were carried out at a 1,2-DCA conversion of <2%, a H, conversion of
<10%, and are averaged over 4 hours time on stream. Selectivity was calculated as the moles of product
formed over the total moles of all products, corrected by the stoichiometric numbers.

From FTIR spectra of CO adsorbed on the Pd/SiO, and AgPd1 3/SiO, catalysts, we determined that
contiguous Pd sites are available. Accordingly, both monometallic Pd and bimetallic AgPd SiO-supported
catalysts have low ethylene selectivity and form primarily ethane and some chloroethane. Additionally, the
AgPdos/C catalyst, which is expected to have some selective deposition of Pd onto Ag and some
monometallic Pd species based on UV vis results discussed above, has an ethylene selectivity of 82% and

an ethane selectivity of 18%. Thus, the greater is the interaction between the support and Cp(Pd)allyl, the
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less effective is the formation of bimetallic structures and the larger is the ethane selectivity. The catalysts
with more initial intimate bimetallic particle formation, with close interaction between Ag and Pd species,
have more isolated Pd species which favors ethylene formation. This behavior is supported by the findings
of Han et al., who concluded that the aggregation of Pd species aids in hydrogenation.®® Work by Nutt et
al. on the hydrodechlorination of trichloroethene in water over AuPd catalysts similarly found that at Pd
loadings which resulted in more than one monolayer coverage of Pd on Au, primarily ethane was formed.
When catalysts contained less than one monolayer of Pd, however, the ethylene selectivity was greater,
indicating that Pd species diluted in Au were selective to ethylene.®2 The EXAFS results, which suggest
intimate bimetallic formation on the TiO, support and segregation of the Ag and Pd on the C and SiO;
supports, also support this selectivity trend. The size of the accessible Pd species is hypothesized to
modulate the binding strength of ethylene which in turn influences whether desorption or hydrogenation is
favored. As a result, the ethylene selectivity is influenced by the size of the Pd species in the AgPd

nanoparticles.

Theoretical calculations have suggested that the high ethylene selectivity is due to the relative
barriers of ethylene desorption and hydrogenation.*® Xu et al. reported that isolated Pt and Pd species,
modeled on (Pd or Pt);(Cu, Au, or Ag)s (111) surfaces, bind ethylene in a n-bonded configuration. This
configuration is less stable than the di-o configuration which is preferred when neighboring Pd or Pt atoms
are accessible. The weakened ethylene binding energy then favors the desorption of ethylene as a product
instead of hydrogenation to form ethane. As a result of this change in ethylene adsorption structure from
di-o-bonding to the less stable m-bonding when only isolated Pd species are accessible, the ethylene
selectivity increases when the fraction of the Group IB metal is increased. This behavior is observed for
PdsAg:, PdiAg: and PdiAgs surfaces, where the calculated Gibbs free energy barriers for ethylene
desorption are 0.77, 0.40, and 0.02 eV, respectively. The PdiAgs surface, which has Pd atoms isolated from
one another, is representative of the AgPdo3s/TiO- catalyst. Thus, the increase in ethylene selectivity we

observe on AgPd catalysts with isolated Pd moieties results from weakened ethylene adsorption and
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decreased desorption energy barriers. A similar explanation has been previously reported for PtCu

catalysts.®48

The electronegativity of Pd sites may also influence the ethylene selectivity. As noted from the
redshift in the peak for linearly adsorbed CO in the FTIR spectra from the SiO-supported to the TiO--
supported bimetallic catalysts, the Pd sites on the TiO, support are more electronegative than the Pd sites
on the SiO; support. As a result, we suggest that the increased electronegativity may also explain the
increased ethylene selectivity. We note that this electronic structure change and the geometric change
discussed above both result in weakened adsorption of intermediates which favors the formation of ethylene

rather than overhydrogenation to ethane.

In addition to the change from primarily ethane selectivity to primarily ethylene selectivity as the
degree of bimetallic formation improves, we note a change in the chloroethane selectivity. Over the
monometallic Pd catalysts on carbon, SiO,, and TiO; supports, between 10% and 31% selectivity to
chloroethane is observed. The AgPd:.3/SiO; catalyst also gives around 9% selectivity to chloroethane. In
contrast, the remaining bimetallic catalysts are less than 1% selective to chloroethane. Therefore, we
suggest that the decrease in chloroethane selectivity over the bimetallic catalysts is based on the role of Ag

in hydrodechlorination.

Work by Heinrichs et al. suggested that both Ag and Pd sites play a role in hydrodechlorination of
1,2-dichloroethane.”® They suggested that dissociative adsorption of 1,2-dichloroethane occurs on Ag
sites and hydrogen dissociation occurs on Pd sites. The adsorbed Cl on Ag sites induces a slight positive
charge, thus making ethylene adsorption on Ag®" feasible. Other work has suggested Ag®" species form
because of electronic interactions with the more electronegative Pd.* Thus, C-Cl bond cleavage is more
favorable on Ag sites and can justify the absence of chloroethane over the TiO, and carbon supported
bimetallic AgPd catalysts. Although the Ag sites are active in the bimetallic catalysts, it is important to note

that monometallic Ag catalysts have been reported to be inactive for hydrodechlorination of 1,2-
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dichloroethane.>*® The hydrogen dissociation required for hydrodechlorination is highly activated on Ag
surfaces.? Furthermore, adsorbed Cl species bind strongly to Ag* and therefore may lead to rapid
deactivation of Ag catalysts. In AgPd bimetallic catalysts, however, adsorbed H on Pd sites can be
transferred to Ag sites and remove Cl as HCI, thus maintaining catalyst activity.'® As a result, the Pd acts
to maintain the Ag activity in bimetallic catalysts for hydrodechlorination of 1,2-dichloroethane and thus
ethylene or ethane will be formed preferentially over chloroethane on catalysts with bimetallic structures.
Based on the characterization results discussed above, the AgPd. 3/SiO; catalyst has monometallic Ag and
Pd species. Therefore, we suggest the formation of chloroethane over this catalyst is due to the C-Cl bond
cleavage on Ag sites that is not followed by Cl removal as HCI since Pd is not in intimate contact with the
Ag. Additionally, we expect the formation of chloroethane to occur on the monometallic Pd catalysts, since
it has previously been shown that the rate of 1,2-dichloroethane hydrodechlorination is slower on Pd than
on Ag.% Since C-Cl bond cleavage is the reported rate determining step, it follows that a lower overall
rate implies a lower rate of C-Cl bond cleavage and therefore the formation of chloroethane as a product is

favored over subsequent cleavage of the second C-CI bond.

The rates and turnover frequencies of 1,2-dichloroethane conversion over the TiO,, carbon, and
SiO- supported catalysts are shown in Table 4.6 and Appendix Table B.2. The rates are reported as the
average over four hours time on stream at 443 K and were collected after an initial deactivation period of

several hours after which the TOF measured across 48 hours time on stream remained constant within 10%.

For the TiO2-supported catalysts, the turnover frequency, based on Pd sites measured by CO uptake,
increases from the monometallic Pd catalyst to the bimetallic AgPd catalysts. The turnover frequency (TOF)
increases as the Pd/Ag ratio decreases, with a factor of 17 increase in the TOF over AgPdo 35/ TiO> compared
to Pd/TiO.. This trend indicates that the isolated Pd species present on the low Pd loading catalysts have
higher intrinsic activity than the larger Pd ensembles present on the monometallic Pd and higher Pd loading
bimetallic catalysts. This result is supported by the chemisorption results on the AgPdo 35/ TiO; catalyst that

show a high amount of reversible CO uptake indicating a weakened binding of species compared to catalysts
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with higher Pd loadings. The weakened binding of reactive intermediates on this catalyst then results in an
increased rate of 1,2-dichloroethane conversion. This increased activity is correlated with the increased

ethylene selectivity with decreasing Pd loading.

Table 4.6. Turnover frequency, rate of 1,2-dichloroethane conversion, and ethylene selectivity for Pd and
AgPd catalysts. The TOFs are calculated using Pd sites determined by CO chemisorption, using a
stoichiometry of 1 CO:1 Pd. The rate is reported as the rate of 1,2-DCA reacted per mol of total Pd or total
metal as determined by ICP. Conditions: 443 K, 15 psig, 0.2 Bar Hy, 0.18 Bar 1,2-DCA, total flow rate 36
sccm

TOF Rate Rate C,H4 Selectivity

(ks?) (umol molpgts?) (umol Molmetart s2) (%)
Pd/TiO; 15.9 1710 1710 2.47
AgPd1o/TiO; 17.8 2190 1430 1.06
AgPdos/TiO; 35.0 6050 1990 89.6
AgPdo3s/TiO; 276 3010 782 97.3
Pd/C 19.0 618 618 3.81
AgPdos/C 19.4 1790 688 82.0
Pd/SiO; 20.9 1380 1380 0.70
AgPd.13/SIO; 14.0 3810 2150 0.02

On the SiO; support, a small decrease in turnover frequency is observed for the AgPd catalyst,
compared to the monometallic Pd catalyst. However, a 2.8- and 1.6-fold increase is observed in the rate
normalized by total moles of Pd and total moles of metal, respectively, for the AgPd catalyst compared to
the Pd/SiO; catalyst (Table 4.6). For these catalysts, the bimetallic catalyst has a higher ethane selectivity
than the monometallic Pd catalyst, at the expense of chloroethane (Figure 4.6). We also note the turnover
frequency on the SiO.—supported catalysts is approximately the same as the ethane selective TiO supported

catalysts.

The Pd and AgPd high temperature treated carbon supported catalysts have similar turnover
frequencies even though the ethylene selectivity differs by almost 80%. We observe that as the ethylene

selectivity increases past the value of 82% obtained over AgPdo.s/C, the TOF then begins to increase. This
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trend, observing increasing TOF as ethylene selectivity increases, may be attributed to the behavior that
upon desorption of ethylene, surface sites become accessible for adsorption of 1,2-dichloroethane. This
behavior agrees with the reaction orders determined in reaction Kinetics studies by Heinrichs et al. They
determined that hydrodechlorination of 1,2-dichloroethane over AgPd catalysts is first order in DCA and
negative order in ethylene.’® As ethylene desorbs and decreases its coverage, the rate increases while

increasing the coverage of DCA increases the rate of conversion.

The rate normalized by the total moles of Pd in the catalyst (Table 4.6) is higher for the bimetallic
catalysts compared to monometallic catalysts. For the TiO, supported samples, we note that in contrast to
the TOF trends, the rate per mol of Pd does not continuously increase as the Pd loading decreases, since the
dispersion of Pd decreases as the loading decreases and thus less Pd species are accessible at the catalyst
surface. Because this normalization assumes that the Ag metal is inactive, the increased activity for
bimetallic catalysts may be attributed to the activity of Ag sites when alloyed with Pd, as discussed above.
Work by Heinrichs et al. has suggested that the rate determining step, the dissociative adsorption of 1,2-
dichloroethane, likely occurs on Ag sites. We note that the active site for this reaction may also be at the

interface of Pd and Ag such that reactive intermediates can be exchanged between Pd and Ag sites.

The rate per mole of total metal is also calculated to account for both metals taking part in the
surface chemistry. Using this normalization for the TiO, supported catalysts, the highest rate is observed
over the AgPdos/TiO; catalyst, while the lowest rate is observed over the AgPdo 3s/TiO- catalyst. This result
supports the hypothesis that the isolated Pd surface structure is responsible for increased ethylene selectivity
and 1,2-DCA conversion activity. The AgPdo.ss/T102 has the lowest fraction of surface metal being Pd sites
and thus the rate based on total surface metal will be lower if the Pd sites are the primary sites leading to

formation of ethylene.
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4.3 Conclusions

We have demonstrated the synthesis of AgPd catalysts supported on TiO2, SiO, and carbon using
controlled surface reactions. We determined that TiO; is an effective support for the deposition of Pd onto
Ag nanoparticles to form effective bimetallic structures. Chemisorption and CO FTIR experiments showed
that the Pd surface structure changed across supports and across Pd loadings. AgPd catalysts on TiO; at low
Pd loadings have Pd primarily present in isolated moieties, diluted from other Pd species by Ag. AgPd

catalysts based on SiO; and C supports, however, have Pd present in both isolated and contiguous species.

For the gas phase hydrodechlorination of 1,2-dichloroethane, AgPd/TiO; catalysts with isolated Pd
species were found to be up to 97% selective to ethylene, while the AgPd/SiO; catalyst was found to have
an ethane selectivity of 91%. Thus, a high ethylene selectivity is correlated with the presence of isolated Pd
species surrounded by Ag in the bimetallic catalysts. Additionally, the catalysts with high ethylene
selectivity exhibited an increase in the TOF of 1,2-dichloroethane conversion over the catalysts with high
ethane selectivity. Thus, isolated Pd species which are selective to ethylene are also more active than the
contiguous Pd species which are selective to ethane. On monometallic Pd catalysts, up to 31% selectivity
to chloroethane was observed, and the formation of AgPd species reduced this selectivity to less than 10%
for all bimetallic catalysts. The formation of AgPd bimetallic sites enhanced the activity of both Ag and Pd
species to facilitate C-Cl bond breaking and desorption of the resulting ethylene. Accordingly, for
hydrodechlorination of 1,2-dichloroethane, the most ethylene selective structures are formed on TiO; and

the most ethane selective structures are formed on SiO,.
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4.4 Materials and Methods

4.4.1 Catalyst Synthesis

Parent Ag/SiO, and Ag/TiO; catalysts were synthesized using deposition precipitation, and the
parent Ag/C catalyst was synthesized using wet impregnation as described in Sections 2.1.3 and 2.1.2.
Monometallic Pd catalysts on all supports were synthesized by incipient wetness impregnation, as described
in Section 2.1.2. The bimetallic AgPd catalysts were synthesized by controlled surface reactions, described

in Section 2.1.4.

4.4.2 Characterization

Adsorption measurements

Surface Ag sites were measured using NO titration, following the methods of Seyedmonir et al.*
and surface Pd sites were measured using CO chemisorption. Prior to CO adsorption, the catalyst samples
were reduced at 473 K in Hz for 6 h (heating rate 0.75 K/min). Experimental details are provided in Sections

2.2.1and 2.2.2.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy of adsorbed CO on the catalyst samples was carried out
using a Nicolet 6700 spectrometer. Catalyst samples were pressed into self-supporting pellets
(approximately 20 mg) and loaded into a sample cell described elsewhere.*? The sample was reduced in H
for 6h at 473 K (heating rate 0.75 K/min) and then evacuated to 10° Torr. A background spectrum was
collected and 1% CO (Airgas) was then introduced to the cell. Spectra were collected by averaging 256
scans with a resolution of 4 cm™. After the catalyst surface was saturated with CO, the cell was evacuated
to remove weakly adsorbed CO. Spectra were normalized by the pellet area density (pellet area/pellet mass)

and Pd site density.
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X-ray absorption spectroscopy

X-ray absorption spectroscopy was carried out at MRCAT facilities (10-BM/ID) at the Advanced
Photon Source at Argonne National Laboratory. Measurements were taken at the Pd-K edge (24350 eV)
and the Ag-K edge (25514 eV). Catalyst samples were pressed into pellets supported inside a stainless-steel
sample holder. The sample holder was placed inside a quartz tube with Kapton windows on either side and
fittings to allow for gas flow through the tube. Samples were treated in 3% H. in He (Airgas) for 30 min at
473 K, purged with He, and then cooled to room temperature under inert flow for analysis. For each sample,
the energy was calibrated by collecting spectra of Pd and Ag foils. The Demeter software package was used
to fit spectra over an R range of 1.6 — 3.2 A and a k-range of 2.8 — 13.5 AL, The amplitude reduction factor
was calculated by fitting spectra of the reference foils and determined to be S¢? = 0.88 for Ag and S¢? = 0.86

for Pd.

4.4.3 Reaction Kinetics Measurements

Catalysts were pressed and sieved to 20/40 mesh and diluted twice by weight with similarly sized
alpha alumina (Alamatis T64) then loaded into a 6.35 mm ID x 305 mm, 316 stainless steel reactor for
activity testing. A cylindrical aluminum block, with imbedded cartridge heaters (Tempco, ¥4”X 10”, 250W),
was clamped, with minimal air gap, around the middle 203 mm of this reactor and served as the heating
source for the reactor. A K-type thermocouple was placed inside a well bored into the aluminum block and
used for temperature control of the cartridge heaters in a PID loop, giving a uniform temperature profile
over the middle 152 mm of the alumina block. The catalyst and diluent were loaded in this 152 mm section.
He, N, and H;, (Research Grade, Airgas), delivered by mass flow controller (Brooks 5890E), and liquid
dichloroethane (99%, Aldrich), delivered via syringe pump (ISCO), were used for reactor testing without
further purification. The molar ratio of Hz:dichloroethane was 1:1 for all reactions. To compare catalysts,
the catalyst mass was adjusted to maintain a constant residence time. The N, was fed to the reactor and used
as an internal standard to correct for volume changes due to stoichiometric changes in the numbers of moles,

however at the low conversions of these tests this dilution effect was minimal. Reactant and product
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analysis was performed by Siemens Maxum GC with argon carrier gas using a TCD detector for analysis
of Ny, Hy, ethane, ethylene, and methane while an FID detector was used to monitor dichloroethane and
ethyl chloride. No methane or ethyl chloride were detected at any conditions for the catalysts studied in this
work. All measurements were carried out at a 1,2-DCA conversion of less than 2% and rate and selectivity
values represent averages over 4 hours time on stream, during which time the rate remained constant within
10%. H; conversion was typically kept below 10% based on H., and the absence of heat and external mass
transfer effects were assumed after verifying effectiveness factor and Mears’ axial dispersion and radial
interparticle temperature correlations using GradientCheck.> Details on these calculations are given in
Appendix B. For all reactions, the carbon balance was closed to >97%. No conversion was observed for a

blank reaction with diluent only.
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Chapter 5. AgPd and CuPd catalysts for selective hydrogenation of
acetylene

5.1 Introduction

The selective hydrogenation of acetylene in ethylene-rich streams is used to purify ethylene prior
to polymerization reactions.! Acetylene levels are usually around 1% in ethylene streams and must be
reduced to less than 5 ppm to reduce deactivation of the polymerization catalysts.2® This process can be
operated in either a front-end or tail-end process, referring to the placement of the hydrogenation unit either
before the de-methanizer unit or after the de-ethanizer unit, respectively.* The tail-end process is operated
at lower partial pressures of hydrogen and involves feeds that contain less light hydrocarbons compared to
the front-end process. This hydrogenation reaction is typically carried out using Ni- or Pd-based catalysts,
due to their high activity while achieving selectivity to the desired ethylene.* Studies have shown that
metals such as Cu or Au are also active and selective, while metals such as Pt or Ir give lower selectivities.*
To identify a desirable catalyst for acetylene hydrogenation in the presence of ethylene, it is important to
achieve high activity while also maintaining high selectivity and avoiding over-hydrogenation to ethane.®
Acetylene hydrogenation proceeds via a Horiuti-Polanyi mechanism where acetylene is first hydrogenated
to a vinyl intermediate, which is subsequently hydrogenated to the desired ethylene.” Unselective
production of ethane can occur via hydrogenation of ethylene directly, or by hydrogenation of the vinyl
intermediate to ethylidene followed by hydrogenation to ethane. Studies on acetylene hydrogenation over

Pd catalysts over the past decades have been summarized in several review papers.*&10

Importantly, it has been reported that the selectivity of Pd-based catalysts can be improved by
forming bimetallic catalysts with Pd and a group 1B metal such as Ag, Au, or Cu, with AgPd catalysts often
used in industrial processes.>!! It is suggested that by forming these Pd alloys, the d-band center of the Pd
is shifted and therefore favors the desorption rather than hydrogenation of ethylene.'? As a result, extensive

research has been carried out on various aspects of acetylene hydrogenation over bimetallic catalysts. Many
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studies have investigated the role of the Pd site structure on ethylene selectivity. Work by Tsapina et al.
used X-ray absorption spectroscopy to study Pd-Ga, Pd-Zn, and Pd-Ag catalysts and found that the distance
between neighboring Pd atoms was increased from 2.75 A to between 2.82-2.99 A for the bimetallic
catalysts.® They hypothesized that this dilution of Pd atoms can prevent acetylene from adsorbing in a
strong multisite mode and improve ethylene selectivity. Investigation of CuPd/Al,Os catalysts by Leviness
et al. determined that the addition of Cu to Pd increased the catalyst stability and ethylene selectivity while
decreasing the catalyst activity.! This effect was attributed to Cu breaking up Pd-hydride phases and
decreasing the contiguous Pd sites which can dissociatively adsorb acetylene and lead to the formation of

Cs+ species.

Computational work has also investigated acetylene hydrogenation to identify the origin of high
ethylene selectivity over bimetallic catalysts”'2> and to identify potential new catalytic materials.'® For
PdIn alloy surfaces, the ethylene selectivity was predicted to be higher on surfaces with single atom Pd sites
than on surfaces with Pd trimer sites, suggesting that when ethylene is adsorbed more weakly on single
atom Pd sites it readily desorbs as a product rather than being further hydrogenated.'® These calculations
were supported by experimental studies over well controlled PdIn single crystal surfaces, showing that over
PdIn crystals with single atom Pd sites 92% ethylene selectivity was achieved, while PdsIn crystals with Pd
trimer sites achieved only 21% ethylene selectivity. Other work has developed a descriptor to determine
the relative rates of hydrogenation and C-C coupling reactions with the aim of identifying metals that reduce
oligomerization reactions.*? It was determined that over Pt and Ir catalysts, the selectivity to 1,3-butadiene,
the presumed precursor to further oligomers, is lowest, and the selectivity increases for Rh, Pd, and Cu,
respectively. This desired low selectivity to 1,3-butadiene needs to be balanced, however, with the acetylene
hydrogenation activity and selectivity to ethylene. Weak adsorption of acetylene on the catalyst surface will
decrease the barriers for both the desired selective hydrogenation of acetylene and the undesired coupling

reactions.!?
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Other computational studies have focused on the mechanism of acetylene hydrogenation on both
monometallic Pd and alloy catalysts. Work by Mei et al. determined, by DFT and kinetic Monte Carlo
simulations, that the selective formation of ethylene proceeds through a surface vinyl species, while the
unselective formation of ethane can occur from overhydrogenation of ethylene to ethane directly or
hydrogenation of vinyl to form ethylidene.” The vinyl intermediate is suggested to be a key intermediate,
since, depending on the other surface species, it can be converted into a range of different surface
intermediates. Studies of the effects of coverage on Pd surfaces determined that adsorption energies
decrease on a covered surface because of repulsive interactions.'” Additionally, increasing the surface
coverage is determined to decrease the barrier for acetylene hydrogenation to the vinyl intermediate, from
66 kJ/mol at 0.25 ML coverage to 50 kJ/mol at 0.33 ML coverage.” The presence of Ag on the surface is
concluded to improve the catalyst performance by weakening adsorption energies of all intermediates which
increases the rates for both desorption and hydrogenation. Furthermore, Ag reduces the presence of large
Pd ensembles which are expected to be active for C-C bond breaking.” Although catalyst performance is
suggested to be highly dependent on the reaction conditions, these first principles calculations provide

important insights into the mechanism of acetylene hydrogenation over both Pd and AgPd catalysts.

Acetylene hydrogenation chemistry has also been widely studied in the surface science community,
with spectroscopic studies of both adsorption and reactions informing understanding of the catalyst surface.
It is important to note that many of these studies have been carried out on single crystal surfaces under
UHYV conditions, and therefore although they provide invaluable information about surface species, the
dependence on pressure and temperature may not be the same as for an industrially relevant catalyst. Work
by Gates and Kesmodel investigated the adsorption of acetylene’®?° and ethylene!®? on Pd(111) and
Pd(100) surfaces through high resolution electron energy loss spectroscopy. These studies determined that
at low temperatures (< 250 K) acetylene chemisorbs on the Pd surface, while upon heating, acetylene is
converted to ethylidyne. Ethylene binds more weakly than acetylene to the surface and is also converted to

ethylidyne around 300K. Later studies by Tysoe and coworkers identified the formation of a vinylidene
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surface species formed after adsorption of acetylene on Pd(111) at room temperature and determined that
the vinylidene species was stable up to 480 K.?2 Additional studies determined that the rate limiting step of
acetylene hydrogenation is the addition of the first hydrogen to form the vinyl intermediate. It was also
found that vinyl species can be converted to ethylidyne and that any surface vinylidene species can be
hydrogenated to ethylidyne at high hydrogen pressures through a vinyl intermediate.?®> Computational
studies have also informed the structure of surface species derived from acetylene and ethylene. Studies of
adsorbed vinylidene on Pd(111) predict that acetylene can isomerize to vinylidene with a low barrier and
that vinylidene is more stable than the starting acetylene.?* Other calculations of vibrational spectra of
adsorbed acetylene on Cu(111) and Pd(111) determined that the spectra are not sensitive to the particular
adsorption site (bridge or hollow) but are sensitive to the metal.?® These studies indicate that a variety of
surface species are present under acetylene hydrogenation conditions. As more direct evidence, recent work
by Krooskwyk et al. investigated both surface and gas phase species during acetylene hydrogenation over
a Pt(111) surface using polarization-dependent infrared spectroscopy. This work determined that, on a
platinum surface, ethylidyne, ethylidene, and di-o-bonded ethylene are all spectator species during

acetylene hydrogenation.?

In this work, we have investigated AgPd and CuPd catalysts, synthesized by controlled surface
reactions, for the selective hydrogenation of acetylene. By synthesizing catalysts with a measurable
distribution of nanoparticle size and composition, we can develop structure-activity relationships for this
system. The catalysts were characterized using STEM-EDS, CO chemisorption, and FTIR of adsorbed CO
and adsorbed C,H.. In-situ FTIR studies of the catalysts under reaction conditions were used to identify
surface spectator species. This work aims to bridge the gap between adsorption on ideal surfaces and
adsorption under reaction conditions on supported nanoparticle catalysts to understand the controlling

factors for achieving high ethylene selectivity on AgPd and CuPd bimetallic catalysts.
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5.2 Results and Discussion

5.2.1 Catalyst Synthesis

Ag/TiO; and Cu/TiO; catalysts were first prepared using deposition precipitation and ion exchange,
respectively. The metal loading, determined by ICP, and the site densities, determined by NO titration, are
shown in Table 5.1. Additionally, the average particle size, determined by STEM, is given for the parent
catalysts. We note that although the Ag and Cu catalysts have different metal loadings, the metal particle
sizes are similar for these catalysts. The TiO, support was chosen since it was found in previous work,
detailed in Chapter 4, to facilitate the most effective formation of AgPd bimetallic structures. A Cu/SiO;
parent catalyst was also synthesized to facilitate comparison to literature for infrared spectroscopy
characterization and the SiO; supported catalysts are advantageous in some aspects, discussed in more detail

below.

Table 5.1. Metal loading as determined by ICP, CO uptake, and dispersion of bimetallic AgPd and CuPd
catalysts and monometallic Pd catalysts

Ag Cu Pd (Ag/Cu):Pd co . NZO. Dispersion Av_eragt_a
Catalyst uptake titration particle size
wt% wt% wt% (mol:mol) (%)
(umol/g) (umol/g) (nm)
Ag/TiO, 0.49 - - - - 18.1 40 3.04 £1.67
Cu/TiO2 - 3.91 - - - 109 18 2.67+1.29
Cu/SiO; - 4.15 - - - 131 20 4.34+1.93
AgPdoss/TIO2 0.28 - 0.17 0.64 1.6 - 10 2.04 £0.85
CuPdoos/TIO2 - 412 0.56 0.08 16.6 - 32 1.90£0.51
CuPdo2/TIO2 - 446 0.15 0.02 5.5 - 39 1.63+£0.43
CuPdo.0s/SiO2 - 493 0.75 0.09 22.2 - 31 2.81+1.98
Pd/TiO, - - 0.52 - 7.8 - 16 1.07 £0.30
Pd/SiO» - - 0.50 - 4.3 - 9.2 1.72 £0.90

To synthesize the bimetallic catalysts, Pd was deposited by controlled surface reactions using
cyclopentadienyl Pd allyl, as described in Section 2.1.4. The uptake of this precursor was monitored using
UV vis spectroscopy of the solution. UV vis spectra shown in Figure 5.1 indicate that the Pd precursor was
taken up completely by the parent catalysts. Although Cp(Pd)allyl is partially deposited onto the TiO,

support alone during control experiments, additional uptake upon deposition onto the Ag and Cu catalysts
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indicates the formation of bimetallic particles. Furthermore, the uptake of Cp(Pd)allyl onto the support is

linearly related to the concentration used,?” and therefore using concentrations below 1 - 102 g Cp(Pd)allyl/g

pentane in solution during synthesis reduces the uptake onto the support.
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Figure 5.1 UV vis spectra showing the concentration of cyclopentadienyl Pd allyl in pentane, before (—)
and after () mixing with the Ag/TiO. or Cu/TiO; parent catalyst in the synthesis of (A) AgPdo.so/TiO2, (B)

CUPdo,oz/TiOz, (C) CUPdo,og/TiOz, and (D) CUPdo_og/SiOz.

The bimetallic catalysts were characterized using CO chemisorption to measure Pd dispersion. The

metal loading of each catalyst, as determined by ICP, and the Pd dispersion calculated from CO uptake are

shown in Table 5.1. The dispersions of all the CuPd catalysts, with molar ratios of Cu:Pd between 0.02 and

0.09, are above 30%. The AgPd catalyst has a lower dispersion of 10%. We note that for each metal system,

the dispersions are similar across the range of metal loadings used for the catalysts. This difference in

dispersion between the Cu and Ag systems may be attributed to the differences in the relative surface and

segregation energies for these two metal systems. For a CuPd alloy, the segregation energy suggests that
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Pd has a slight preference to be on the surface of Cu, while for a AgPd alloy, Pd slightly prefers to be
subsurface of the Ag.?® We also note that adsorbate induced surface reconstruction has been widely reported
to occur, particularly for CO adsorbed on bimetallic Pd.**-3! As a result, the measured CO uptake may

overestimate the surface Pd in the bimetallic catalysts as-synthesized due to diffusion of Pd to the surface.

The composition distribution for the CuPd bimetallic catalysts was measured using STEM-EDS
analysis. The electron beam was placed on individual nanoparticles and EDS spectra quantified to measure
the relative amount of each metal. The composition distributions, along with representative TEM images,
are shown in Figure 5.2. For both the CuPdos/TiO, and CuPdoo2/TiO> catalysts, the distribution is broad
(average compositions of 55.7 + 33.5 at% Pd and 37.6 + 35.4 at% Pd, respectively), with monometallic Cu
as well as bimetallic CuPd particles of varied ratios. Some monometallic Pd nanoparticles are also present.
This broad distribution of nanoparticle compositions suggests that there is also likely a broad distribution
of surface composition and structures. In contrast, the CuPdo.0co/SiO; catalyst has a narrower distribution of
particle compositions, with an average composition of 13.8 + 10.9 at% Pd and most particles containing
less than 15 atomic% Pd. In particular, no monometallic Pd particles were detected for this catalyst. This
narrow distribution indicates that the Pd surface structures on the SiO, supported CuPd catalyst are uniform
across the catalyst. We note that the close X-ray edge energies between Ag and Pd prevent a similar analysis

on those catalysts.
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Figure 5.2. Representative STEM images (top) and nanoparticle composition distributions as determined
by EDS analysis (bottom) for (A) CuPdo2/TiO2, (B) CuPdoos/TiOz, and (C) CuPdoos/SiO2. For each
composition distribution a minimum of 30 nanoparticles from multiple areas of the sample were analyzed.

5.2.2 Infrared spectroscopy

CO Adsorption

FTIR spectra of adsorbed CO were used to determine the structure of the surface Pd on the
monometallic Pd and bimetallic CuPd catalysts. As shown in Figure 5.3, CO binds to CuPd catalysts in
three configurations at room temperature. The peak at 2109 cm? is assigned to adsorption of CO on Cu
sites®, and the intensity of this peak decreases upon addition of Pd to the Cu parent catalyst, indicating a
decrease in the available surface Cu species. This peak is observed in spectra reported by Goodman and
coworkers for CO adsorbed on copper films.® Other work has reported a similar decrease in peak intensity
upon addition of a promoting metal to a copper catalyst, indicating a decrease in the accessible copper
surface.®? In the spectra for CO adsorbed on CuPdo0s/TiO2, we observe a peak at 2058 cm™ which can be
assigned to CO linearly adsorbed to the top of Pd atoms3* and a smaller broad peak at 1979 cm*which be

attributed to a combination of CO adsorbed on bridge and 3-fold Pd sites.®>% On the AgPdo64/TiO; catalyst,



95

a peak at 2070 cm is observed, corresponding to CO on atop Pd sites. For comparison, the spectrum for
CO adsorbed on monometallic Pd/TiOis also shown. Although peaks for all three binding configurations
for CO on Pd are present, the peak for CO adsorbed on atop sites is much smaller than the peaks for bridge
and 3-fold adsorption. CO adsorption is more stable on bridge and 3-fold sites on Pd, and prefers these sites
when they are accessible.3”*® Therefore, the increase in the linear adsorption on the bimetallic catalysts
indicates that Pd is present in primarily isolated species, diluted in the Cu or Ag nanoparticles. Additionally,
the shift to lower wavenumbers for the peak for CO adsorbed on atop Pd sites on AgPd and CuPd compared
to monometallic Pd/TiO; indicates greater electronic interaction between the Pd and parent metal, with the
Pd gaining d electrons because of its higher electronegativity.® Similar to the CO chemisorption results
discussed above, we note that these IR spectra may reflect some degree of a reconstructed catalyst, with Pd
pulled to the surface by CO. This possible adsorbate-induced reconstruction is a result of the stronger

binding energy of CO on Pd than on the Cu or Ag.?34041
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Figure 5.3. FTIR spectra of CO adsorbed on Cu/TiO- (red), CuPdo.s/TiO (green), AgPdo.os/TiO: (blue),
and Pd/TiO; (black) catalysts. Catalysts were pretreated under H; at 473 K for 2 hours prior to adsorption
of 300 Torr of 1% CO and spectra were collected at room temperature. Spectra were normalized by the
pellet areal density and Pd containing catalysts were also normalized by site density as measured by CO
chemisorption.
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Ethylene adsorption

We also investigated the adsorption of ethylene using infrared spectroscopy, since the nature of
ethylene adsorption on the catalyst surface is hypothesized to be important in determining the selectivity
during acetylene hydrogenation. For example, stronger adsorption of ethylene on the catalyst surface favors
hydrogenation to ethane, while weaker adsorption of ethylene favors its desorption as a product.> The
spectra in Figure 5.4 show the surface species formed after ethylene adsorption on each of the catalysts
after gas phase ethylene was removed from the cell. Pd/SiO- is shown for comparison to literature, where
three primary species have been reported: ~1327 cm™ for ethylidyne species, 1412 cm™ for di-c-bonded
ethylene, and 1524 cm for n-bonded ethylene.*® The spectrum for Pd/SiO, shown below has a peak at
1415 cm™ and a small peak at 1348 cm™ which are assigned to di-c-bonded ethylene and ethylidyne,
respectively and a small amount of n-bonded ethylene is observed (peak at 1524 cm). Comparing the
spectrum for Pd/SiO, to the spectrum for Pd/TiO,, we assign the peak at 1442 cm™ to di-c-bonded ethylene
on Pd on a TiO; support. This blue shift of ~30 cm* indicates a weaker adsorption of ethylene on the TiO-
supported catalysts. This peak is shifted to slightly higher wavenumbers (~1444 cm?) for the bimetallic
CuPd and AgPd catalysts. These spectra indicate that after introducing ethylene to the catalysts and then
removing gas phase ethylene, the remaining surface ethylene is adsorbed primarily in a di-c configuration
on the bimetallic catalysts. There is a small peak at 1524 cm? on Pd/TiO, and AgPdoss/TiO2, which
corresponds to m-bonded ethylene. The adsorption of ethylene in both n-bonded and di-c-bonded
configurations on these catalysts is hypothesized to be due to the larger fraction of the surface as Pd. We
also observe a m-bonded ethylene species bound to Cu at 1564 cm™.* The monometallic Pd catalysts and
the AgPd catalysts form a small amount of ethylidyne on the surface (1351 cm), while ethylidyne is not
present on the CuPd bimetallic catalysts. It is important to note that removing the gas phase ethylene from
the IR cell also allows weakly adsorbed surface species to desorb. Therefore, it is possible that other
configurations of adsorbed ethylene are present under ethylene flow or reaction conditions but are removed

upon purging the cell with inert gas.
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Figure 5.4. FTIR spectra of adsorbed ethylene on Cu, CuPd, AgPd, and Pd catalysts. All catalysts were
reduced at 473 K under Hz and cooled to 308 K for analysis. Monometallic Pd catalysts were purged with
He at 473 K for 1 hour before cooling to avoid the formation of Pd hydride. The catalysts were exposed to
flowing C,Ha for 30 minutes, then purged with He. The spectra shown represent the catalysts after He flow

for 200 minutes.
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In situ infrared spectroscopy

It is hypothesized that the absence of m-bonded ethylene in the above ethylene adsorption
experiments on the CuPdo.02/TiO2 and CuPdoes/TiO: catalysts may be due to the weak adsorption of this
species and subsequent desorption upon purging the IR cell with inert gas. Therefore, infrared spectroscopic
studies of the catalysts under reaction flow can provide more insight into the surface species present under
catalyst operating conditions. To reduce the contribution of the gas phase spectra which may dominate over
peaks of adsorbed species, the concentrations of ethylene, acetylene, and hydrogen were reduced while
maintaining the same ratio of these species as the flow reactor studies. First, the full reaction mixture was
fed through the IR cell for 2+ hours to allow the catalyst to reach steady state. It can be observed in Figure
5.5, trace (i) that as the CuPdoo/TiO- catalyst was exposed to acetylene and ethylene, a negative peak
around 3750 cm™ appeared, indicating adsorption of species onto -OH functional groups on the support.*
A broad peak from 3700-3500 cm* is also attributed to adsorption onto -OH functional groups which are
involved in hydrogen bonding to various degrees.**’ Similar features were observed on the Cu/TiO; and
Pd/TiO, catalysts (Figure 5.5B and C, trace (i)), as well as SiO, supported catalysts (Figure 5.6). These
results indicate that some adsorption of the acetylene and ethylene occurs on both the TiO, and SiO;
supports. It is hypothesized that the irreversibility of these peaks upon removal of acetylene and ethylene
(Figure 5.5, traces (ii) and (iii)) indicates a change to the support structure such as -OH condensation. These
same peaks are observed when only ethylene is introduced into the cell, therefore the changes are not due
to the presence of hydrogen in the feed. The peaks from gas phase ethylene around 3000 cm™ and 1400 cm’
! mask any C-C or C-H stretches of surface hydrocarbon species, therefore, we incrementally remove the

acetylene and ethylene to monitor changes due to desorption of these species and their derivatives.
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Figure 5.5. FTIR spectra of CuPdoo2/TiOz (A), Cu/TiOz (B), and Pd/TiO; (C) at 313 K and 1 atm under (i)
the dilute reaction mixture (0.083 bar C,H4, 0.003 bar C;H,, 0.083 bar H, balance Ar) (ii) after the removal
of C;H, from the reaction mixture, and (iii) after removal of C,H; and C,H. from the reaction mixture. The
catalysts were reduced for 2 h at 473 K under H prior to exposure to reaction gases. Spectra have been
normalized by the catalyst pellet areal density.
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Figure 5.6. FTIR spectra of CuPdo.0e/SiO2 (A), Cu/SiO2 (B), and Pd/SiO; (C) at 313 K under (i) the dilute
reaction mixture (0.083 bar C;H4, 0.003 bar C;H,, 0.083 bar Hy, balance Ar) (ii) after the removal of C;H;
from the reaction mixture, and (iii) after removal of C;H; and C,Ha4 from the reaction mixture. The catalysts
were reduced for 2 h at 473 K under H> prior to exposure to reaction gases. Spectra have been normalized

by the catalyst pellet areal density.
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After the catalyst was exposed to reaction flow at 313 K, the acetylene flow was stopped. On both
the Pd/TiO, and CuPdo 2/ TiO; catalysts, minimal changes to the spectra were observed in Figure 5.5A and
B, trace (ii) which indicates that either (1) the surface is covered with strongly binding acetylene and
acetylene-derived species or (2) the reactive species are present in such low quantities that the IR
measurement is not sensitive to the magnitude of the change in the spectra. Theoretical calculations have
determined the adsorption energy of acetylene to be -1.78 eV on a Pd(111) surface and between -1.30 and
-1.71 eV on AgPd/Pd(111) surfaces of varied compositions.* Acetylene is expected to be hydrogenated to
a vinyl intermediate which binds more strongly to these surfaces with binding energies of between -2.84
and -2.22 eV on those same surfaces.! Therefore, it is possible that these species would not readily desorb
after gas phase acetylene was removed. Additionally, the large peaks from gas phase ethylene may overlap
the peaks for acetylene adsorbed on the surface. Small peaks at 3309 and 3260 cm™ disappear due to the
removal of gas phase acetylene. On the SiO; supported catalysts as well as SiO, support alone (Figure 5.6
and Appendix Figure C.1, trace (ii)), the peak at 1373 cm™ decreases in intensity. This peak is assigned to

an ethylidyne-type species on the SiO; support.

Then, the ethylene flow was stopped, and the catalyst was monitored under 9% hydrogen in argon
flow. This change is expected to remove both gas phase ethylene from the cell and reactive surface species
derived from ethylene. The remaining species on the catalyst surface are strongly bound and therefore are
expected to be spectator species under reaction conditions. It is known that the selective hydrogenation of
acetylene on Pd catalysts runs on a highly covered surface and that the coverage influences the binding
strength of intermediates.!**® In the C-H stretching region, shown in Figure 5.5A, trace (iii), peaks at 3123
and 3075 cm! from gas phase ethylene disappear. Additionally, the intensity of the peaks between 3000
and 2800 cm™ decreases. This region contains peaks attributed to CH stretches of both the gas phase
ethylene and surface species, and peaks for surface species at 2972 cm, 2937 cm?, and 2871 cm™ remain
after all ethylene has been purged from the IR cell. These peaks are assigned to surface vinylidene and

ethylidyne.'®24 1t has been reported that acetylene can isomerize to vinylidene and that vinylidene is more
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stable on Pd.?* Additionally, on Pt surfaces, ethylidyne and di-c-bonded ethylene were observed as spectator
species during acetylene hydrognation.? These peaks have the largest intensity on the Pd/TiO- catalyst and
the intensity decreases slightly on the CuPdoo/TiO; catalyst, as shown in Figure 5.7. The intensity of
analogous peaks on Pd/SiO; at 2982 cm™, 2951 cm?, 2924 cm?, and 2892 cmis lower and then decreases
further for peaks on the CuPdo 0e/SiO; catalyst at 2964 and 2932 cm™ with a shoulder at 2858 cm™. These
changes in peak intensity suggest that the bimetallic catalysts are less covered by ethylidyne and vinylidene
spectator species than the monometallic Pd catalysts. Additionally, the similarity in peaks for these surface
spectator species on CuPdo.2/TiO2 and Pd/TiO; suggests that this CuPd catalyst has structures similar to a
monometallic Pd catalyst under these conditions. The differences between the SiO; and TiO, supported
bimetallic catalysts are hypothesized to be due to the differences in the uniformity of the bimetallic
nanoparticles, as shown by STEM-EDS analysis above. On the Cu/TiO. and Cu/SiO; catalysts, there are
small peaks in this same region suggesting that minimal amounts of ethylidyne and vinylidene species are

formed on Cu sites (Figure 5.5B and Figure 5.6B, trace (iii)).

There are also changes observed in the C-C stretching region between 1200-1500 cm™ shown in
Figure 5.5 and Figure 5.6. The peaks below 1400 cm are attributed to solely surface species while peaks
from gas phase ethylene as well as surface species are observed above 1400 cm. On the CuPdoo2/TiO2,
Cu/TiO,, and Pd/TiO, catalysts, the peaks below 1400 cm? do not change upon removal of gas phase
acetylene or ethylene (Figure 5.5, traces (ii) and (iii)), which indicates these are strongly bound surface
spectator species. Some peaks are also observed when the reaction mixture is introduced to the SiO, and
TiO, supports alone (Appendix Figure C.1). The peaks at 1366 cm™ and 1374 cm™ are assigned to
ethylidyne-type species on the support and the peak at 1333 cm™ is assigned to ethylidyne on Pd.'*“® Peaks
at wavenumbers higher than 1400 cm™ are convoluted by species adsorbed on TiO, and SiO; and therefore
further deconvolution of the peaks to assign particular intermediates was not carried out. The range of 1400-
1600 cm includes adsorbed ethylene and acetylene, as well as vinylidene. Although the adsorption energy

of acetylene is much greater than the adsorption energy of ethylene,'-2 the difference in concentration of
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these species in the feed likely leads to the presence of both species on the catalyst surface. The overall
intensity of the peaks can be used to qualitatively measure the coverage of strongly adsorbed spectator

species on the surface, shown in Figure 5.7.
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Figure 5.7. FTIR spectra of the Pd, CuPd, and Cu catalysts at 313 K after being exposed to reaction flow
(0.083 bar C»Ha4, 0.003 bar C;H>, 0.083 bar Hy, balance Ar) for 2+ hours, under flow of C,H. and H, for 2+
hours, then under flow of H; in Ar for 2+ hours. Spectra are normalized by the areal density of the catalyst
pellet and the Pd sites measured by CO chemisorption. The intensity of the spectra for CuPdo.0e/SiO- has
been multiplied by a factor of 10 for ease in observing the low intensity peaks.

The peak intensities, both in the 2800-3100 cm™ range and 1200-1600 cm™ range, are slightly lower
for the CuPdo02/TiO- catalyst than for the Pd/TiO, catalyst. This difference indicates that the bimetallic
nature of the CuPd surface slightly decreases the presence of spectator species on the Pd surface. The SiO;
supported catalysts, however, both have decreased peak intensity, particularly at the higher wavenumber
range. Additionally, the peaks for the bimetallic CuPdo0s/SiO, catalyst are much smaller than the
monometallic Pd/SiOz. This result suggests that the influence of the support is key in determining both the

structure of the metal nanoparticle surface and, as a result, the coverage of the metal surface under reaction
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conditions. The large differences between the TiO, and SiO. supported catalysts may stem from the
difference in nanoparticle composition and uniformity that we measured using STEM-EDS analysis,
discussed above in Figure 5.2. We note that all spectra shown in Figure 5.6 have been normalized by pellet
areal density and Pd site density as measured by CO chemisorption, therefore the decrease in peak intensity

for the bimetallic catalysts is separate from any decrease in intensity due to lower Pd site densities.

Additionally, for all catalysts, no changes were observed to the spectra upon removal of hydrogen

to purge the IR cell with inert gas only.

5.2.3 Reaction Kinetics Studies

Activity and selectivity trends

Acetylene hydrogenation reactions were carried out over these AgPd, CuPd, and Pd catalysts at 313
Kand 1 atm. A molar ratio of 1:25:25 C,H,:C,Ha4:H2 was used for all reactions. We define the ethylene

selectivity as:

G 1 C2He
C2Hy — Cszfeed - C,H, :

Because the selectivity is calculated based on acetylene consumed and it is possible for the ethylene in the
feed to also be converted to ethane, a negative selectivity is possible and indicates hydrogenation of both

acetylene and ethylene to ethane.

At acetylene conversions less than 2%, the monometallic Pd/TiO, catalyst is 95% selective to
ethylene and the bimetallic catalysts supported on TiO; are more than 98% selective to ethylene, as shown
in Figure 5.8A. Additionally, the Pd/SiO, catalyst is 93% selective to ethylene and the CuPdo.0s/SiO:
catalyst is 97% selective to ethylene. These results indicate that the ethylene selectivity is enhanced by
diluting the Pd in the Ag or Cu. This is hypothesized to be due to a weakened binding of intermediates on

the Pd sites in a bimetallic catalyst, as has previously been reported in both theory and experimental
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studies.®”*® We note that for all catalysts studied, the carbon balance was closed to >99% and there were

no observed Ca: species, as have been previously reported to form over Pd catalysts.*
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Figure 5.8. (A) Selectivities and turnover frequencies for AgPd, CuPd, and Pd catalysts and (B) the rate of
acetylene consumption (black, left axis) and ethane production (red, right axis) during acetylene
hydrogenation is shown for AgPd, CuPd, and Pd catalysts. Acetylene conversions were below 3% for all
reactions. Reaction conditions: 313 K, 1 atm, 150 sccm, feed composition: 1% C;H>, 25% C;Ha, 25% Ho,
balance He.

Under the conditions investigated in this work, the monometallic Pd and bimetallic CuPd and AgPd
catalysts are all stable over 12 hours of time-on-stream. The acetylene conversion turnover frequency (with
sites counted by CO adsorption) as a function of time on stream is shown in Figure 5.9. The primary route
for Pd catalyst deactivation during acetylene hydrogenation is hypothesized to be the formation of
oligomeric species formed from C-C coupling reactions.>>° These species can form “green oil,” blocking
active sites and subsequently deactivating the catalyst. Our observed catalyst stability is in agreement with
the absence of Cy. products, detected by GC. It has been suggested in the literature that dimerization
reactions are avoided over small Pd particles because of the small fraction of low index Pd surfaces
present.>* The small particle sizes of the catalysts studied in this work (Table 5.1), as well as the dilution of

Pd sites by Cu and Ag reduces the presence of these Pd surfaces. Furthermore, the higher hydrogen
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pressures used in these reactivity studies, comparable to typical “front-end” acetylene hydrogenation

conditions likely limits the deposition of carbon on the catalyst surface compared to “tail-end” conditions.*®
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Figure 5.9. The acetylene conversion turnover frequency as a function of time on stream for the CuPd,
AgPd and Pd catalysts. Reaction conditions: 313 K, 1 atm, 150 sccm, feed composition: 1% C;H,, 25%
C2H4, 25% Hy, balance He. Sites were counted by CO adsorption using stoichiometry of 1 CO:1 Pd.

The rate of acetylene conversion and ethane production per gram of Pd are shown in Figure 5.8B.
The monometallic catalysts have higher rates of ethane production (shown in red) than the bimetallic

catalysts, although for all catalysts, the ethane production rate is much lower than the acetylene
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consumption rate (shown in black). The highest rates of acetylene consumption per gram of Pd are observed
on the CuPd/TiO; catalysts, and both the CuPdo 0s/ TiO- and CuPdo.02/TiO; catalysts have approximately the
same rate. The rates of acetylene conversion over the AgPd/TiO, catalysts are at least 2 times lower than
the rate over the CuPd/TiO; catalysts. We hypothesize that this difference in activity between the bimetallic
compositions may be due to the relative contributions of Cu and Ag to the hydrogenation activity. In both
cases, although acetylene and ethylene adsorb on Pd, these species can also potentially adsorb on Cu and
Ag. The binding energy of ethylene is weaker on Ag than on Cu, with DFT-calculated ethylene binding
energies of -0.35 eV on Ag(110) and -0.63 eV on Cu(110).% Therefore, Ag may not interact sufficiently
strongly with ethylene and acetylene to contribute to the overall conversion. We note that from the FTIR
spectra of the reaction mixture over the Cu catalysts, there are not observed spectator species on Cu,
however reactive ethylene and acetylene species would be expected to desorb rapidly and therefore would
not be detected in the experiments described above. The rate of acetylene conversion per gram of Pd is
higher over the TiO. supported catalysts than the SiO, supported catalysts, which indicates that TiO, may
be influencing the overall activity. Partially reducible supports have been previously reported to induce
partial charge transfer between the support and metal nanoparticle. In this system, electron transfer from

the TiO, support to the Pd may enhance the overall rate.>®>’

The turnover frequencies for acetylene consumption (with sites determined by CO adsorption) are
shown in Figure 5.7A. The highest turnover frequency is observed for the bimetallic AgPdo 64/ TiO- catalyst.
The high ratio of Ag:Pd in this catalyst may facilitate intimate contact in the bulk between the two metals,
while the lower dispersion for AgPd compared to the CuPd catalysts may prevent the formation of
contiguous Pd sites which bind intermediates more strongly. The CuPdo0s/TiO catalyst has a TOF of 83
ks followed by CuPdoc./TiO, and CuPdoos/SiO, with TOFs of 40 ks and 25 ks, respectively. The
decrease in TOF over the CuPd bimetallic catalysts compared to the monometallic Pd catalysts may be due
to weakened binding of reactive intermediates on the surface. Although this weakened binding may

contribute to the increased selectivity, since ethylene will desorb rather than undergo further hydrogenation,
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it may also lead to decreased coverage of acetylene. Thus, the improved selectivity achieved on the CuPd
bimetallic catalysts comes at a cost of decreased acetylene consumption turnover frequency. A similar

decrease in catalytic activity was observed by Leviness et al. for CuPd/Al,Os catalysts.™

From the FTIR spectra of adsorbed ethylene and acetylene, a variety of surface species were
observed. The peak intensity, however, was much higher on the TiO, supported catalysts than on the SiO>
supported catalysts suggesting different coverages of spectator species. Since the activities of these
bimetallic catalysts are not orders of magnitude different, this indicates that the sites that are occupied by
spectator species are likely not the same sites as those sites occupied by reactive intermediates.
Additionally, we determined that the ethylene selectivity over the CuPd/TiO; and CuPd/SiO, catalysts are
similar. The EDS analysis determined that the nanoparticle composition distribution for these catalysts are
different — the TiO; supported samples having a broad distribution of nanoparticle compositions including
monometallic Pd particles and the SiO, supported sample having a uniform nanoparticle composition
distribution without monometallic Pd particles. From FTIR analysis of adsorbed CO, we determined that
isolated Pd species are on the catalyst surface in the presence of CO but the ethylene adsorption spectra
indicate that contiguous Pd species are likely present under those conditions. Therefore, it can be concluded
that isolated Pd sites are not required to achieve high ethylene selectivity, as was the case for
hydrodechlorination (Chapter 4). In the CuPd catalysts studied in this work, the surface Pd distribution is
highly dependent on the conditions and adsorbates present. Therefore, the enhanced selectivity and activity
achieved over bimetallic AgPd and CuPd catalysts can be attributed to predominantly electronic interactions
between the metals rather than geometric effects. The role of electronic effects in the enhanced selectivity
over bimetallic catalysts compared to monometallic Pd catalysts is supported in the literature by reports of

a shifted d-band in Pd alloys.*?
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5.3 Conclusions

In this work, an improved selectivity towards ethylene has been demonstrated during acetylene
hydrogenation over CuPd and AgPd catalysts, compared to monometallic Pd catalysts. The CuPd bimetallic
catalysts are more than 99% selective for the desired hydrogenation of ethylene, while monometallic Pd
catalysts were less than 95% selective to ethylene. CuPd/TiO, catalysts give the highest rate on a per Pd
basis, while the bimetallic AgPd catalyst gives the highest TOF. Thus, the change in the Pd surface structure
achieved by forming bimetallic CuPd nanoparticles improves the selectivity to ethane and improves the
dispersion of Pd, but the rate per surface Pd is decreased. FTIR spectra of adsorbed CO indicate that Pd is
isolated from other Pd species on the CuPd nanoparticle surfaces; however, the spectra of adsorbed ethylene
indicate a di-c binding configuration which requires neighboring Pd atoms. Because of the potential for
adsorbate induced surface reconstruction, additional characterization is necessary to better understand the
bimetallic catalyst surface under reaction conditions. FTIR spectra of the catalysts after exposure to reaction
conditions suggest that electronic effects dominate the enhanced selectivity for AgPd and CuPd catalysts

for selective hydrogenation of acetylene.
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5.4 Materials and Methods

5.4.1 Catalyst Synthesis

The parent Ag/TiO; catalyst was synthesized using deposition precipitation and the parent Cu/TiO;
and Cu/SiO; catalysts were synthesized using ion exchange as described in Section 2.1.3. The bimetallic
AgPd and CuPd catalysts were synthesized by controlled surface reactions, described in Section 2.1.4. For
comparison, monometallic Pd/TiO; and Pd/SiO; catalysts with a loading of 0.5 wt% Pd were synthesized

using incipient wetness impregnation, described in Section 2.1.2.

5.4.2 Characterization

Adsorption measurements
Surface Ag and Cu sites were measured using N2O titration, following the methods of Seyedmonir

et al.’® and Evans et al.>®, respectively, and described in Section 2.2.2.

Surface Pd sites were measured using CO chemisorption, described in Section 2.2.1. The catalyst
samples were first reduced at 473 K in H for 6 h (heating rate 0.75 K/min) and then evacuated to 10 Torr.
Adsorption of CO was carried out at 293 K and the catalyst sample was evacuated for 30 minutes between

collection of the first and second isotherms.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy of adsorbed species on the catalyst samples was
carried out as described in Section 2.2.3. Prior to analysis, the samples were reduced in H for 4h at 473 K
(heating rate 5 K/min). For all experiments, spectra were collected with a resolution of 4 cm* spectra were

normalized by the pellet area density (pellet area/pellet mass).

For CO adsorption experiments, the cell was evacuated to 10-° Torr after reduction and then a
background spectrum was collected at room temperature under vacuum. Then, 300 Torr of 1% CO (Airgas)

was introduced to the cell and equilibrated for 10 minutes. The cell was then cooled to 103 K and
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equilibrated for an additional 10 minutes. The cell was evacuated to remove weakly adsorbed CO and

spectra were collected at the desired temperature as the cell was allowed to warm.

For ethylene adsorption experiments, the cell was held at 308 K and purged with Ar after reduction.
A background was collected and then ethylene (2.5 Grade, Praxair) was flowed through the cell for 30

minutes. Then, the cell was purged with Ar and spectra were collected.

For in situ experiments under reaction conditions, the cell was purged with Ar (UHP, Airgas) after
reduction and the cell was cooled to 313 K. A background was collect in Ar and then the reaction mixture
of 0.083 bar C2H4, 0.003 bar C;H; (Airgas), 0.083 bar H, (Airgas), and balance Ar was fed to the cell. After
collecting spectra for 2+ hours, the acetylene flow was stopped. After collecting spectra for an additional
2+ hours under C;Ha, Ho, and Ar flow, the ethylene flow was stopped. Spectra were collected under H, and

Ar flow, and then under Ar only.

For all FTIR spectra, comparisons between Pd containing catalysts were made with spectra

normalized by the Pd site density in addition to the catalyst pellet areal density.

5.4.3 Reaction Kinetics Measurements

Catalysts were diluted in silica gel (Davisil Grade 636, 35-60 mesh, Sigma-Aldrich) then loaded
into a Y2-inch outer diameter, 304 stainless steel reactor between quartz wool (Ohio Valley Specialty) and
silica chips (Sigma-Aldrich) for activity testing. The reactor was heated with a furnace (Applied Test
Systems) and aluminum blocks were placed around the reactor to ensure isothermal operation. The
temperature was controlled using a PID controller (Love Controls) with a K-type thermocouple placed
between the aluminum block and used for temperature control. He (Industrial Grade, Airgas), Hz (Industrial
Grade, Airgas), C,H4 (CP Grade, Airgas), and C;H; (Industrial Grade, Airgas) were delivered by mass flow
controller (Brooks 5890E) and used without further purification. Prior to reaction, the catalyst bed was
calcined in air (Breathing Air, Airgas) at 723 K for 90 minutes (heating rate 10 K/min) and then reduced in

H, (Industrial Grade, Airgas) at 473 K for 3 hours. The reactor was purged with inert gas at 473 K for 30
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minutes then cooled to reaction temperature (typically 313 K). Reactant and product analysis was performed
by Shimadzu GC-2014 with He carrier gas using an FID detector and an RT Alumina Bond column for
analysis of ethane, ethylene, and acetylene. All measurements were carried out at an acetylene conversion
of less than 2% and rate and selectivity values represent averages over 10 hours time on stream. The carbon

balance for all reactions was >99%.
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Chapter 6. Summary and Future Directions

6.1 Research Summary
Fundamental studies of heterogeneous catalysts are needed in order to understand the relationships

between structure and catalyst performance. By understanding the active site structure for a given catalyst
and reaction system, rational design of novel and improved catalysts can occur. As synthetic techniques
become more advanced and a wider range of stable structures are accessible, structure-activity and
structure-selectivity relationships will guide the target catalyst structures. Furthermore, these studies can
guide the development of catalysts for chemical transformations that are currently unselective or not
economically feasible. Improving a variety of catalytic processes will be necessary to meet the chemical,

energy, and environmental challenges of modern society.

In this work, bimetallic catalysts were synthesized using a controlled surface reaction approach.
This technique allows for the deposition of small amounts of one metal onto a parent catalyst of another
metal — in this case, Pd deposited onto either Au, Ag, or Cu. During the synthesis process, the deposition is
monitored to identify conditions where Pd deposition is selective to the parent metal and not to the catalyst
support. Although the cyclopentadienyl Pd allyl precursor used in these studies interacts with the titania,
silica, and carbon supports to varying extents, it was determined that deposition of the precursor onto the
support decreases with decreasing solution concentration. Additionally, the uptake on the precursor
increases in the presence of the parent metal, indicating that Pd deposition onto the parent metal is preferred
over the oxide support. Thus, bimetallic catalysts with a uniform distribution of nanoparticle size and

composition are synthesized.

To determine the surface and bulk structure of the resulting catalysts, a variety of catalyst
characterization techniques were applied. Chemisorption techniques were used to measure the palladium
dispersion and quantify the distribution of Pd between the surface and bulk of nanoparticles. Infrared

spectroscopy of adsorbed molecules was used to determine how the formation of bimetallic particles
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modifies adsorption onto Pd sites as compared to monometallic Pd catalysts. Both geometric and electronic
changes are observed, indicating the possible role of both effects on catalytic activity. Electron microscopy
and energy dispersive X-ray spectroscopy as well as X-ray absorption spectroscopy were used to determine
the degree to which the nanoparticles are uniform across the catalyst. This combined characterization
approach provides a variety of information about the catalyst structure which can be used in understanding

and interpreting catalyst activity and selectivity measurements.

This work investigated three catalyst systems and three reaction systems: AuPd, AgPd, and CuPd
used for hexanol amination, hydrodechlorination of 1,2-dichloroethane, and selective hydrogenation of
acetylene. Across these systems, the same controlled surface reaction technique was used to deposit Pd
during catalyst synthesis and similar characterization studies were used to investigate the resulting
structures. For each reaction system, the Pd alloy was chosen based on literature precedent, however it is
expected that the other Pd-Group 1B metal systems would also be active and could provide additional insight

into the structure-performance relationships for these materials.

In Chapter 3, the gas-phase amination of 1-hexanol using ammonia was studied over AuPd/TiO,
catalysts. The bimetallic active sites for these catalysts have been characterized using CO chemisorption
and XAS techniques, and the absence of monometallic Pd species in the AuPd catalysts was confirmed
using UV-vis and STEM-EDS analysis. The bimetallic catalysts exhibit synergy between Au and Pd, as the
rate of hexanol conversion increases from 8.7 umol ks (umol total Pd)* over Pd/TiO,to up to 42 pumol
ks (umol total Pd)™ over AuPd/TiO, with a Pd/Au atomic ratio of 0.06. The rate of hexanol conversion is
also enhanced with respect to Au content, with a 5-fold increase in the total Au-normalized rate from
Au/TiO2to AuPdo67/TiO2. As Pd is added to Au/TiOzin increasing quantities, the production rate of primary
species (i.e., hexylamine and hexanenitrile) is preferentially increased. The rate of dihexylamine production
increases to a lesser extent, while trihexylamine formation remains relatively constant across Pd loadings.

Moreover, trihexylamine, which cannot be formed via the condensation of dihexylamine and hexanol, is



117

shown to be produced via the secondary aldimine, N-hexylidene hexylamine. The AuPd bimetallic catalysts

also exhibit reduced hydrogenolysis activity compared to monometallic Pd/TiO5.

In Chapter 4, the hydrodechlorination of 1,2-dichloroethane to form ethane, ethylene, and
chloroethane was investigated over AgPd catalysts. AgPd catalysts were synthesized on SiO,, TiO,, and
carbon supports using controlled surface reactions to form well defined active site structures. The formation
of bimetallic AgPd structures is most effective for AgPd/TiO,, followed by AgPd/C and then AgPd/SiO;
catalysts. FTIR spectra of adsorbed CO suggest that Pd is well dispersed on the Ag nanoparticles for the
TiOz-supported catalyst, while more contiguous Pd sites are present on the SiO,-supported catalyst.
Ethylene selectivities of up to 97% and 82% are achieved on AgPd/TiO2and AgPd/C catalysts, respectively.
The AgPd/SiO; catalyst is 91% selective to ethane. These results indicate that the well dispersed Pd
achieved at low Pd loadings on TiO, and carbon is selective to ethylene, while the contiguous Pd species
formed on SiO, are selective to ethane. Furthermore, increased reactivity is correlated to high ethylene

selectivity.

In Chapter 5, the selective hydrogenation of acetylene in ethylene-rich streams was investigated
over AgPd and CuPd catalysts on SiO; and TiO, supports. STEM-EDS analysis of the CuPd catalysts
indicates that the composition of the CuPd/SiO; nanoparticles are more uniform than the CuPd/TiO;
nanoparticles. FTIR spectra of adsorbed CO on these catalysts indicate that Pd is primarily present on the
surface isolated from other Pd species, however, spectra of adsorbed ethylene suggest a di-c binding
configuration which requires neighboring Pd atoms. These adsorption studies indicate the dynamic nature
of the catalyst surface dependent on interactions with adsorbates and the importance of in-situ
characterization in identifying active sites. The AgPd catalyst has the highest acetylene conversion turnover
frequency (150 ks), while the CuPd/TiO, and monometallic Pd/TiO- catalysts have TOFs between 40 and
85 ks™. All of the titania supported bimetallic catalysts have ethylene selectivities above 98% while the
monometallic Pd/TiO, catalyst has an ethylene selectivity of 95%. This increased ethane production over

the monometallic Pd/TiO; catalyst corresponds to a more than 6x increase in the rate of ethane production
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per gram of Pd. The change in surface Pd structure that results from the formation of CuPd nanoparticles
improves the ethylene selectivity and Pd dispersion while decreasing the rate per surface Pd. Ongoing work
aims to further elucidate the differences observed in catalyst structure, reactivity, and selectivity between

the AgPd and CuPd systems, as well as between the SiO, and TiO, supported catalysts.

6.2 Future Directions
In the work described in this thesis, controlled surface reactions have been used as an approach to

synthesize uniform bimetallic catalysts. The importance of the interaction between the Pd precursor and
catalyst support has been identified and it was determined that the effectiveness of bimetallic formation
differs across supports. The Pd surface structure was determined to change with the Pd loading, offering a
way through which to tune the types of Pd sites. This study provides detailed information about structure

activity and structure-selectivity relationships for different reactions over Pd-based bimetallic catalysts.

However, there are additional areas in which there are open questions regarding controlling catalyst
structure via synthesis parameters. Future work to deconvolute the support effect and the metal system
effect in the formation of uniform bimetallic particles will be useful in detailed understanding of the
structure-performance relationships. In the hydrodechlorination study, the AgPd/SiO, catalyst was less
selective to ethylene than the AgPd/TiO, catalyst, indicating monometallic Pd structures which were
confirmed by FTIR studies. In the acetylene hydrogenation work, however, the difference in ethylene
selectivity between CuPd/SiO, and CuPd/TiO; is much smaller, suggesting that the surface structures are
more similar. Furthermore, from XAS studies, the AgPd/TiO. catalyst has effective mixing of the Ag and
Pd, while the CuPd/TiO; catalyst has a broad distribution of CuPd nanoparticle mixing, from STEM-EDS
analysis. XAS analysis of the CuPd catalysts, on both TiO, and SiO; supports will provide information

about the bulk mixing of the metals.

From control experiments of Cp(Pd)allyl deposition onto TiO; and SiO; supports, the concentration

dependence on the uptake onto the support is similar between the two supports, shown in Figure 6.1. This
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result suggests that the differences in the resulting bimetallic catalysts on the two supports is caused by

some factor other than the interaction between the Pd and support.
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Figure 6.1. Uptake of Cp(Pd)allyl (g/g support) as a function of the synthesis concentration (g Cp(Pd)allyl/g
pentane) for both TiOz and SiO».

The surface area between the TiO, and SiO. supports are quite different (45 and 280 m#g,
respectively) and therefore the uptake of Pd onto the support may be more complex. Studies of Cp(Pd)allyl
uptake onto a high surface area TiO- (typically 100-300 m?/g) could help elucidate whether uptake is truly
agnostic to the support identity, or whether the current results are obscured by the differences in surface
area. Differences in Pd uptake on the different supports could explain the different composition distributions

obtained by STEM-EDS analysis for CuPd/TiO. and CuPd/SiOs.

Also, in the work discussed above, the Pd was added as the second metal to facilitate its dispersion
and minimize the formation of monometallic Pd structures. However, for the acetylene hydrogenation
study, although the bimetallic catalysts are more selective, the monometallic Pd catalysts still achieve high
ethylene selectivity. Therefore, in this system, the presence of contiguous Pd ensembles is not as detrimental

to the desired selectivity as it is for the hydrodechlorination of 1,2-dichloroethane. Accessing a wider range
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of catalysts structures and compositions could help inform what the desired and undesired active site
structures are. One approach to the synthesis of catalysts ranging from 100% Cu to 100% Pd would be to
carry out controlled surface reactions using a Pd parent and depositing Cu (an example precursor would be
bis(dimethylamino-2-propoxy)copper). In this manner, it would be feasible to maintain small nanoparticle

size while decreasing the Cu fraction and increasing the Pd fraction of the nanoparticles.

Additionally, the investigation of multiple metal systems for acetylene hydrogenation would help
elucidate the relative contributions of geometric and electronic effects in the bimetallic system. The
geometry of the surface Pd species can be determined using FTIR of adsorbed CO, and it is hypothesized
that at similar molar ratios of M:Pd, the surface Pd should be in similar geometric configurations. When
comparing different parent metals, however, it is expected that the electron transfer between Pd and either
Au, Ag, or Cu would differ. Therefore, the adsorption strength of CO, ethylene, and/or acetylene would be
expected to change across the metal systems. By quantifying the adsorption strength of these species
through TPD experiments as the parent metal is changed and comparing adsorption strength with acetylene
conversion rate, the optimal binding strength can be estimated. From this study of AuPd, AgPd, and CuPd

catalysts, it can be determined what additional promoters might further enhance reactivity and selectivity.

Furthermore, there are additional reaction studies that can improve understanding of the acetylene
hydrogenation reaction over AgPd and CuPd catalysts. It was observed that calcination in air prior to
reaction was required to decrease the activation time of the catalyst; when the fresh catalyst was only
reduced prior to reaction, more than 24 hours time-on-stream were required for the activity to increase to
the steady state value. When the calcination was conducted prior to reduction, the catalysts did not exhibit
this long activation period under reactive conditions. X-ray photoelectron spectroscopy and XAS studies
of the catalysts at varied points during the pretreatment could be used to elucidate the changes in metal
oxidation state and metal coordination to determine what surface changes lead to the decreased activation

period under reaction conditions.
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Additionally, reaction kinetics studies will be useful in understanding the role of the second metal
on the Pd activity for acetylene hydrogenation. It has previously been reported that the activation barrier
for ethylene hydrogenation in the presence of acetylene decreases for a AgPd catalyst compared to a Pd
catalyst, but without acetylene, the activation barriers for AgPd and Pd are similar.! The activation energy
for acetylene hydrogenation has also been reported to decrease for a AgPd catalyst compared to Pd
Measuring the activation energies for both acetylene and ethylene hydrogenation can help elucidate the role
of the Group IB metal in improving the ethylene selectivity. Comparing the reaction orders over both
monometallic Pd and bimetallic catalysts can complement the in situ infrared spectroscopy studies to
determine the role of surface species. Since Pd catalysts are known to be highly covered under acetylene
hydrogenation conditions, measuring the acetylene order can provide information about the strength of
intermediate binding and the role of vacant sites. It has been suggested that the more negative the C;H,
reaction order the more strongly adsorbed the C,H: or its formed isomers are on the catalyst surface.?
Typically, for Pd catalysts, H, orders have been measured to be between 1 and 1.4, indicating weak
adsorption on the Pd surface.>* Measuring the reaction orders can provide insight into the nature of changes
to adsorption of reactive and spectator species between monometallic catalysts and the different bimetallic

systems.

Additionally, ongoing work in our group is investigating these Pd based catalysts using steady state
isotopic transient kinetic analysis for acetylene hydrogenation. This work aims to determine the surface
coverage under reaction conditions and determine how the Group IB metal influences the catalyst surface.
A combination of additional catalyst synthesis studies and reaction studies for acetylene hydrogenation over
bimetallic Pd-Group IB catalysts can improve our understanding of the active sites for hydrogenation and

related chemistry.
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Appendices

Appendix A. Supplemental Information for Chapters 2 & 3
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Figure A.1. UV vis spectra of Cp(Pd)allyl in anhydrous pentane prepared in an inert atmosphere and sealed
in a cuvette in the glove box and kept under inert gas for analysis (red), and transferred to a cuvette in air
for analysis (blue).
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Figure A.2. UV Vis Spectra of Cp(Pd)allyl solution before and after contact with Au/TiO; catalyst during
synthesis of (a) AUPdo_os/TiOz, (b) AUPdo,ss/TiOz, and (C) AUPdo_e7/TiOz

Table A.1. Site density and dispersion from CO chemisorption experiments using different pretreatment
conditions to determine the extent of strong metal support interaction effects

Site density  Dispersion

Catalyst Pretreatment (umol/g) (%)

_ Red. 533 K 2.0 7.0
AUPdoss/TIO o1, 673K, Red. 533 K 1.1 3.8
Red. 533 K 7.3 15

PA/TIO Red. 673 K 57 13
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Table A.2. Equilibrium constants for various steps in the amination of hexanol with ammonia, calculated
from gas phase Gaussian calculations. The coupled cluster ccsd(t)/cc-pvtz method was used. Species were

approximated by their two-carbon analogs (i.e. ethanol, ethanenitrile, diethylamine, etc.).

Keg
Hexanol +H, 2 Hexane + H,0 6.4x10°
Hexanol = Hexanal + H,0 1.1x10%
Hexanal + NH3 = Hexylimine + H,0 4.7x10°
Hexylimine = Hexanenitrile + H, 1.7x10°
Hexylimine + H, = Hexylamine 1.0x10°
Hexylamine + Hexanal = N-hexylidene hexylamine + H,O 1.4x107
N-hexylidene hexylamine + H.O = Dihexylamine 2.1x10*
N-hexylidene hexylamine + hexanal +2H, = Trihexylamine + H,O 6.2x10°

Using PBE+D3 and m062x/def2tzvp methods, it was confirmed that Gibbs free energy changes for the
reaction steps approximated using C2 species were equivalent to the Gibbs free energy changes calculated
for C6 species. The Gibbs free energy changes are shown for hexanenitrile + H, <-> hexylamine.

Rate (umol ks™" pmol metal™)

Method 2C 6C
PBE AG 0.06 0.05
MO6 AG 0.27 0.27
14 . . .
—m— AUITIO, —A— AUPd, ,i/TiO,
12

10

—>— AUPd, 5,/TiO, —¥— AuPd, 55/ TiO, 7
< AuPd, ,/TiO, —@— Pd/TIO,

v
e 5, kb ) N
/-/. "
= A A A i
i
1 1 1
2 4 6 8

Time on Stream (h)

Figure A.3. Hexanol conversion rates, based on product formation (weighted by the number of moles of
hexanol required to form one mole of product), for the various catalysts versus time-on-stream.
Conditions: 503 K, 1 atm (0.07 kPa hexanol, 2.5 kPa NH3, 51 kPa H», and balance He), 16-24% hexanol

conversion.
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Figure B.1. Calibration curve for concentration of Cp(Pd)allyl in pentane as a function of UV vis peak
intensity at 260 nm. The absorbance is linear with respect to Cp(Pd)allyl concentration up to an absorbance

of 3.
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Figure B.2. UV vis spectra of cyclopentadienyl palladium allyl in n-pentane before and after mixing with
(a) TiOz at a concentration of 1.8 mg/g n-pentane, (b) TiO;at a concentration of 3.8 mg/g n-pentane, (c)
high temperature treated carbon, (d) untreated carbon, and (e) SiO.. Solutions were diluted and calibration

curves were used to calculate the uptake of the Cp(Pd)allyl by the support.
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Figure B.3. UV vis spectra of Cp(Pd)allyl in pentane before and after mixing with Ag parent catalysts in
the synthesis of (a) AgPdos/TiOz, (b) AgPd2/TiO,, (c) AgPdoss/TiOz, (d) AgPdos/C, and (e) AgPd;3/SiO..
Solutions were diluted and calibration curves were used to calculate the uptake of the Cp(Pd)allyl by the

Ag parent catalyst.
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Figure B.4. FTIR spectra of adsorbed CO on Ag/TiO,. The catalyst was first reduced in H;at 473 K then
the catalyst was cooled under vacuum to 223 K. 50 Torr of 1% CO was introduced to the catalyst and the
sample was then cooled further to 113 K. Spectra were collected as the sample was warmed to room
temperature. No adsorbed CO was observed on the Ag, and CO adsorbed on the TiO; desorbed by 263 K.
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Figure B.5. Fourier transform of the k® weighted EXAFS at the Pd-K edge (24350 eV) of (a) AgPd.¢/TiOy,
(b) AgPdos/TiO2, (c) AgPdoss/TiO,, (d) AgPd1s/SiO2, and (e) AgPdoe/C along with the Pd foil and
monometallic Pd catalysts on the corresponding supports. Catalysts were pretreated under H, at 473 K and

analyzed under inert gas flow, except for AgPdoss/TiO. which was analyzed under inert gas without
pretreatment.
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Figure B.6. Fourier transform of the k® weighted EXAFS at the Ag-K edge (25514 eV) of (a) AgPd1¢/TiO,,
(b) Agpdo,s/TiOZ, (C) Agpdo,ss/TiOZ, (d) AgPd1,3/Si02, and (6) AgPdo,6/C along with the Ag foil and
monometallic Ag catalysts on the corresponding supports. Catalysts were pretreated under H, at 473 K and

analyzed under inert gas flow, except for AgPdoss/TiO2 which was analyzed under inert gas without
pretreatment.
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Figure B.7. Normalized Pd-K edge XANES spectra of (a) AgPdio/TiO2, (b) AgPdos/TiO2, (C)
AgPdoss/TiO2, (d) AgPdi15/SiO2, and (e) AgPdos/C catalysts pretreated under H; at 473 K along with the
corresponding monometallic Pd catalyst, Pd foil, and PdO standard. The AgPdoss/TiO, and Pd/TiO;
catalysts with spectra in (c) were not reduced prior to analysis.
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Figure B.8. Normalized Ag-K edge XANES spectra of (a) AgPdio/TiOz, (b) AgPdos/TiO,, (C)
AgPdo35/TiO2, (d) AgPd13/SiO2, and (e) AgPdos/C catalysts pretreated under H; at 473 K along with the

corresponding monometallic Ag catalyst, Ag foil, and Ag,O standard. The AgPdoss/TiO; catalyst was not
reduced prior to analysis.
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Table B.1. Conversion and selectivity results for Pd and AgPd catalysts for hydrodechlorination of 1,2-
dichloroethane Conditions: 443 K, 15 psig, 0.2 Bar Hp, 0.18 Bar 1,2-DCA, total flow rate 36 sccm. All
measurements were carried out at a H, conversion of <10% and are averaged over 4 hours time on stream.

Selectivity

Catalyst 1,2-DCA Conversion @ 170 °C Ethane Ethylene Chloroethane
Pd/TiO, 0.09 66.41 2.47 31.12
AgPd1o/TiO2 1.25 98.13 1.06 0.81
AgPdos/TiO; 1.92 10.17 89.64 0.18
AgPdoss/TiO 0.21 1.95 97.32 0.73
Pd/SiO, 0.08 69.88 0.7 29.42
AgPd13/SiO 0.33 90.92 0.02 9.06
Pd/C 0.12 86.33 3.81 9.86

AgPdo6/C 0.05 17.97 82.03 0

Table B.2. Turnover frequency and rates for consumption of 1,2-dichloroethane and production of ethane
and ethylene. Conditions: 443 K, 15 psig, 0.2 Bar H, 0.18 Bar 1,2-DCA, total flow rate 36 sccm. All
measurements were carried out at a H, conversion of <10% and are averaged over 4 hours time on stream.

TOF (1/ks) Rate (umol/g-Pd/s)

Catalyst 1,2-DCE Ethane Ethylene 1,2-DCE Ethane Ethylene Total Product
Pd/TiO; 15.90 10.50 0.39 16.10 10.70 0.40 11.10
AgPd1/TiO; 17.80 17.47 0.19 20.57 20.19 0.22 20.41
AgPdos/TiO,  34.99 3.57 31.35 56.87 5.81 50.96 56.77
AgPdoss/TiO,  276.23 5.38 268.83 28.29 0.55 27.54 28.09
Pd/SiO; 20.90 14.60 0.14 12.96 9.05 0.09 9.14
AgPd.3/SiO; 13.97 12.70 0.00 35.83 32.58 0.01 32.58
Pd/C 19.01 16.41 0.73 5.81 5.01 0.22 5.23

AgPdos/C 19.40 3.49 15.90 16.80 3.02 13.78 16.80
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Heat and mass transfer calculations

The absence of mass and heat transfer gradients during the reaction testing were assessed by calculation.
To assess isothermal operation, Mears’ criterion® for the worst case of significant wall heat transfer
resistance was evaluated at typical feed (15% v/v), conversion (<5%), and selectivity (~90%) conditions.
The absence of heat transfer resistance is validated for the following inequality:

1.6k,..,RT?2
1< re ' w =3.08

Tobs 2 8kre)
Aern (1 + Wi) pri Eapp (1 + Dihw

For the evaluation of these catalysts, the following parameters were estimated and used from correlation,
yielding the final test results:

Effective radial thermal conductivity, ke = 0.0002654 cal/cm-s-K
University gas constant, R = 1.987 cal/mol-K

Temperature of the reactor wall, T, = 190°C

Heat of reaction, AH, = -27.7 kcal/mol for 90% selectivity to ethylene
Observed rate, rqps = 1.3e-6 mol/gcat-s

Ratio of dilution mass to catalyst mass in bed, w; = 0.5

Apparent catalyst bed bulk density, p, = 0.97 g/cm?

Reactor internal diameter, D; = 0.4 cm

Apparent activation energy, Eagp = 15.0 kcal/mol

Wall heat transfer coefficient, h,, = 0.068 cal/cm?-s-K

The absence of external mass transfer gradient was validated using the standard Chilton-Colburn jp factor
for packed beds (for this work a calculated mass transfer coefficient of 183 cm/s was obtained), while
internal mass transfer gradients was similarly evaluated and satisfied using Weisz-Prater criterion:

Pp 2
Tobs 1-e) L

03>
CsDerr

= 0.0003

Bed void fraction,e = 0.4
Surface concentration of EDC, Cs = 5.3e-6 mol/cm?®
Effective diffusivity, Dex = 0.001 cm?/s

Characteristic catalyst particle length equal to geometric volume divided by surface area, L = 8.3e-4 cm
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Appendix C. Supplemental Information for Chapter 5
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Figure C.1. FTIR spectra of TiO, (A) and SiO; (B) at 313 K under (i) the dilute reaction mixture (0.083
bar C,H4, 0.003 bar C;H>, 0.083 bar H,, balance Ar) (ii) after the removal of C,H, from the reaction mixture,
and (iii) after removal of C;H, and C,H4 from the reaction mixture. The catalysts were reduced for 2 h at
473 K under H; prior to exposure to reaction gases. Spectra have been normalized by the catalyst pellet

areal density.
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