
 

i

v 

 

 

The Synthesis and Characterization of AuPd Nanoparticle Catalysts for Systematically 

Investigating the Effects of Bimetallic Interactions on Catalytic Performance 

 

by 

Adria R Wilson 

Department of Chemistry 
Duke University 

 

Date:_______________________ 
Approved: 

  
___________________________ 

Benjamin Wiley, Supervisor 
 

___________________________ 
H. Henry Lamb 

 
___________________________ 

Stephen Craig 
 

___________________________ 
David Beratan 

 
 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Chemistry in the Graduate School 

of Duke University 
 

2014 
 

 

 

 

 

 



 

 

ABSTRACT 

The Synthesis and Characterization of AuPd Nanoparticle Catalysts for Systematically 

Investigating the Effects of Bimetallic Interactions on Catalytic Performance 

by 

Adria R Wilson 

Department of Chemistry 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Benjamin Wiley, Supervisor 
 

___________________________ 
H. Henry Lamb 

 
___________________________ 

Stephen Craig 
 

___________________________ 
David Beratan 

 
 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Chemistry in the Graduate School of 
Duke University 

 
2014 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Adria R Wilson 

2014 
 



 

 
iv 

Abstract 
Heterogeneous catalysts are a major energy-saving tool in industrial chemical 

processes, by reducing energy input requirements for reactions as well as waste disposal 

costs.  Currently, platinum group metals are the industry standard in terms of 

performance and robustness.  Unfortunately, the most valuable catalytic materials of 

today are also the most costly and scarce, and as such it is important to find ways to 

optimize catalysts to be as effective as possible and to use a minimum of precious metal.  

One method of doing this is by constructing bimetallic nanoparticles, which, in addition 

to lessening the amount of expensive active metal required per gram of catalyst, has 

been shown in many cases to improve the performance of the catalyst.  Our current 

understanding of the mechanisms by which the introduction of a second element to a 

first alters its catalytic properties is limited by how well we can characterize the 

structure of a catalyst, and this has been a considerable challenge.  By developing 

uniform bimetallic nanoparticle catalysts that can be tuned to discretely change either 

the composition of the particle or the morphology of the particle, we have systematically 

studied how two metals interact to change the pathway of catalysis.  The gold-palladium 

(AuPd) system was employed to demonstrate this concept because of its simplicity and 

ubiquity in the literature.  By altering the amounts of Pd precursor, reducing agent, and 

reaction quenching agent, as well as varying the rate of Pd ion incorporation to the 

reaction solution, 4.3 nm Au core particles were coated with Pd shells determined to be 

0.7 ± 0.2, 1.9 ± 0.3, and 3.8 ± 0.8 atomic monolayers thick.  Upon immobilization on silica 

and calcination and reduction at 300 °C, the particles transformed to alloys containing 

10, 20.2, and 28.5% by weight Pd per particle.  A variety of spectroscopic and 

microscopic characterization techniques were used to investigate the bimetallic particles' 
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ability to resist sintering during heating, as well as their propensity to absorb hydrogen 

into their bulk depending on the thickness of the Pd shell present.  Testing the catalysts 

in the conversion of α-limonene to p-cymene demonstrated that the sintering resistance 

imparted by the inclusion of Au in the particles made the particles competitive in their 

selectivity to p-cymene; specifically, the 20 and 28.5% AuPd/SiO2 catalysts achieved 

higher selectivity to p-cymene than a solution-synthesized Pd/SiO2 control.  The core-

shell and alloy particles were compared to one another in low temperature ethylene 

hydrogenation reaction, and it was shown that conversion of ethylene over the 1.9 

Pd@Au/SiO2 catalyst is structure sensitive, with its rate of conversion before calcination 

and reduction measured to be ten times higher than it is afterwards, likely because of its 

unique ability to store hydrogen below its surface.  In general, these reactions 

demonstrate that the interactions between Au and Pd may be described in terms of 

experimentally observable effects, which occur as a consequence of the traditionally 

described geometric and electronic effects under a given set of experimental conditions. 

Using composite effects such as these, rather than ones that are difficult to isolate, will 

render our heightened understanding of the effect of structure on catalytic function 

more directly practicable in developing better catalysts for specific reactions.  
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1. Introduction 
Heterogeneous nanoparticle catalysts are an integral part of industrial chemical 

processes.  They allow industrial reactions to proceed at lower temperatures and 

pressures than they would otherwise, thus lowering the energy cost of reaction, and can 

redirect a reaction pathway to select for only a desired product, thereby removing any 

cost required for separating and disposing of unwanted waste products.1 Unlike their 

homogeneous counterparts, heterogeneous catalysts are also easily separable from 

liquid and gas phase reactions, making catalyst recovery and reuse straightforward 

while avoiding heavy metal waste generation or the use of organic solvents2.  Solid 

catalysts have been studied extensively, but the extent of our understanding regarding 

how they work is limited by the inherent variability of the nanoparticles that constitute a 

typical catalyst.3-6 This is even truer with regards to bimetallic nanocatalysts, which 

comprise of two metals dispersed upon a support material.  In this case, there are two 

extra degrees of variability to consider:  the relative composition of each particle, and the 

distribution of particle morphologies that are formed.7, 8 To control these parameters for 

the sake of research requires careful nanoparticle construction, yet the most common 

methods of preparing industrial catalysts inherently produce non-uniform particles and 

offer no control over the bimetallic architecture of the particles formed.3 In fact, many 

model catalysts that have been studied have been made in the fashion of industrial 

catalysts, resulting in similar distributions of particle shapes and sizes.  With non-

uniform catalysts like these, the most useful correlations that can be drawn are empirical 

ones between the synthesis used to make a catalyst and its performance.1 However, in 

order to understand the interplay of two metals in bimetallic catalysts, and to begin 

attributing changes in catalyst performance to atomic scale structural changes, model 
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catalyst uniformity is key.  To that end, developing monodisperse bimetallic 

nanoparticle catalysts that can have tunable compositions and elemental distributions, 

one can systematically study how two metals interact to change the pathway of 

catalysis.4  With this foundation, we can better understand the factors that are affecting 

the behavior of more polydisperse industrial catalysts, and aim to alter those 

contributing characteristics by redesigning the overall structure of the catalyst such that 

a more efficient catalyst might be developed.  Guided design of catalysts is still well in 

the future and is beyond the scope of this work, but is a motivating factor for it.  

1.1 Methods for synthesizing particle catalysts  

Using nanoparticles as catalysts has the so that most of the atoms are on the 

particle surface and can participate in adsorption.1, 5  The high ratio of surface-to-bulk 

atoms inherent in nanomaterials also lends them unique characteristics. One of these is 

an increased surface energy due to a higher number of undercoordinated terrace, kink, 

and edge surface atoms.6 Their electronic properties, also a consequence of dimensions 

that approach the atomic scale, are highly dependent upon particle size, shape, and 

composition, especially as their size decreases below 10 nm.7 Taken together, these 

qualities make nanoparticles a medium that can be tuned to match their catalytic 

purpose.  However, manipulate nanostructure properties effectively requires an 

understanding of the relationship between particle structure and performance that in 

turn necessitates study of controlled structures.   

To that end, single crystal surface studies have been very useful in determining 

catalytic pathways on multi-element catalysts4, 13-16, but the surfaces studied in these 

experiments are not representative of real catalysts and so fall short of adequately 

describing their behavior.  Similarly, simulations can reveal valuable information about 
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the potential pathways of reactions over catalytic surfaces, but computational studies 

have yet to fully capture the environmental influences affecting a reaction.16-18 Studies 

that do present work on well-controlled nanoparticle catalysts may or may not focus on 

a catalytically relevant size regime (>10 nm), a threshold above which the utility of the 

information gathered may not be relevant to the directed design of catalysts, since the 

electronic properties change rapidly as a function of size below this threshold.19, 20 

Complicatedly, the very quality that makes nanoparticles ideal catalysts, i.e., 

their large proportion of undercoordinated surface sites, endows them with a propensity 

for rearranging morphologically and aggregating to reduce their surface energy.5  To 

mitigate this, nanoparticle catalysts are often immobilized on or formed in the presence 

of an unreactive support material to prevent them from merging with one another.21, 22  

The timing of when the metal is introduced to the support material can be thought of as 

a parameter that divides the two main methods for producing heterogeneous catalysts.  

When metals are introduced to the support before having been formed into particles, by 

impregnation with a metal salt containing solution or similar methods, the catalysts 

produced often contain a wide range of nanoparticle sizes and compositions.8-10  For 

example, in one study, the formation of Au and Pd particles on an alumina support by 

the incipient wetness impregnation method, in which a support material is titrated with 

metal precursor solution until its saturated and subsequently dried and reduced, 

resulted in distinct phases of the two metals on the support as shown by FTIR-CO and 

XRD analysis.8  

Other methods in this regime of synthesis include the ion exchange preparation 

method, which employs charge-based interactions to localize metal ions before 

reduction to more fully disperse the metal material as smaller and more uniformly sized 
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particles. These approaches become insufficient for forming controlled structures when 

two metals are involved, because metals reduce to form nanoparticles that are not just 

variable in size but also in the composition of each particle and in the arrangement of 

metal in the particle.  Much of the diversity in the particles produced by this method is 

inherent in the dispersion of the support pore structure.1  In one instance that 

demonstrates this dependence, Co particles were formed by co-reduction in silica 

supports prepared to have pore diameters ranging from 3 to 22 nm, and it was shown 

that the variation affected the size and packing arrangement of the Co particles formed, 

as well as their activity in Fischer-Tropsch reaction.9  Generally speaking, this method 

offers less than optimal control over the particle morphology.  

Alternatively, by synthesizing nanoparticles prior to immobilizing them on a 

support material, one can exercise greater control over the uniformity of the particles 

(since there are no secondary nucleation sites in solution to complicate the temporal 

distribution of particle formation) and over the morphology of the particles.9, 12  In this 

way, core-shell10, alloy7, 9, 28, 29, and other types8, 11 of particles (like anisotropic30-32 and 

high-facet particles33, 34, which will not be discussed in detail here) can be formed and 

well-characterized before being employed as a catalyst.  When nanoparticles are 

synthesized by solution phase methods before deposition onto a support, this technique 

is known as sol-immobilization.  Even some of these sol-immobilization procedures can 

result in polydispersity depending on the method utilized.12  As one might expect, two 

primary contributing factors to uniformity are the identity of the reducing agent and 

stabilizing agent employed in the synthesis.  We can compare two such syntheses that 

both involve the co-reduction of chloroauric acid (HAuCl4) and Pd chloride complexes 

to form alloy particles, for example, and find that utilizing polyvinyl alcohol as a 
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stabilizing agent and sodium borohydride as the reducing agent results in a nanoparticle 

size distribution of 2 - 6 nm12, whereas employing cetyltetraammonium chloride as both 

reducing and stabilizing agent in addition to ascorbic acid (to equilibrate the reduction 

rates of the Au and Pd ions in solution) generates alloy nanoparticles that are 35 - 45 nm 

in diameter and octahedral in shape.13  In the latter case, simply decreasing the amount 

of L-ascorbic acid in solution increases the size of the particles to 60 nm and truncates 

their octahedral shape, and completely removing the ascorbic acid from synthesis results 

in core-shell AuPd nanocrystals ranging between 36 and 42 nm in diameter.13  Pairing L-

ascorbic acid with polyvinylpyrrolidone (PVP) as the stabilizing agent with the same 

metal precursors, alternatively, can result in the formation of alloy nanoflower 

structures ranging between 24 and 28 nm in diameter, depending on the ratio of metal 

precursors used.14  

As implied above, stabilizing agents are often a necessary addition to colloidal 

syntheses to prevent aggregation of the particles in solution, typically doing so by 

occupying otherwise undercoordinated surface sites on the particle during and/or after 

the reduction process.15  Because surface sites necessarily need to be available on a 

catalyst, a stabilizing agent can prove detrimental to the effectiveness of a sol-derived 

catalyst if nothing is done to remove it.4  In certain cases, the effect of a stabilizer on the 

surface of a particle may be more complicated than simply blocking active sites; it may 

effectively alter the route of binding to the surface and change the pathway of a 

reaction.16  For example, rhodium (Rh) nanoparticles of a variety of sizes were 

synthesized in ordered, mesoporous silica (SBA-15) in the presence of PVP were used as 

CO oxidation catalysts before and after being heat-treated to remove the stabilizer. It 

was concluded that when PVP is left on the surface of the particles one sees a size-
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dependent enhancement in catalysis. As particles decrease in size, the Rh particles are 

more active due to a combination of the ease of oxidation of smaller particles10 and the 

propensity for CO to bind to the surface in bridging mode rather than atop mode when 

PVP is still on the surface.17  Because the interaction of bridged CO with O2 is size 

dependent, then, PVP on the surface imposes a size dependancy.10  In another instance, 

where Au nanoparticles were synthesized using PVP, polyvinyl alcohol (PVA), and 

sodium citrate, three common stabilizing agents, and compared in the oxygen reduction 

reaction (ORR), it was found that PVP-coated particles were six times less active than the 

particles coated by either of the other materials once the sizes of the particles were 

accounted for.10  The observed difference in size observed in particles in this study 

underlines again the pivotal role of stabilizers in affecting the overall structure of the 

nanoparticles formed in a synthesis, and how their strength of binding to the particle 

affects catalysis on its surface.   

PVP is one of the most common stabilizing agents used in particle synthesis, and 

one of the more difficult to remove, as it covalently bonds to the surface of metal 

particles through its amino functional groups, may also hydrogen bond with solvents or 

surfaces through the electron-rich oxygen present on each monomer, and also possesses 

hydrophobic molecular components.18  Thus, PVP can stabilize through multiple 

pathways, as opposed to associating with the metal surface solely through electrostatic 

surfaces or other weak binding interactions.19  In order to completely remove PVP from 

the surface of a nanoparticle catalyst, it is generally accepted that the catalyst powder 

must be calcined, or heated in the presence of oxygen, at temperatures upwards of 573 

K.39, 43, 44  This is a non-trivial part of the catalyst preparation process, because 

introducing stabilized nanoparticles to heat can cause dramatic changes to the metal 
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nanoparticles themselves, spurring an increase in the size of the nanoparticles on the 

support, as well as potentially altering the distribution of two metals within the 

particle.20  For example, when AuPd alloy nanoparticles are formed by impregnation on 

an alumina support and calcined in air at 400 °C for 4 h, Pd segregates to the outer edge 

of the particles, thereby forming core-shell particles.20  Extra care must be taken when 

crafting catalysts from pre-formed, stabilized nanoparticles to find a method that will 

remove stabilizer from the surface without altering the structure of the particles. Failure 

to do so ultimately defeats the purpose of this type of preparation technique.   

Since they are simpler, and typically one-pot synthetic procedures, methods in 

which nanoparticles are formed directly on the surface of the support structure - i.e. 

impregnation, ion exchange, and the like - are typically utilized in industrial catalyst 

generation.1  The second category of preparation discussed above is clearly more 

intensive in several respects, as it includes multi-step particle syntheses, the extra steps 

required to immobilize the particles on a support and to remove stabilizer, and the 

several rounds of heat treatment required to accomplish this and then re-reduce any 

oxidized metal (although many times a heating step is necessary in impregnation 

techniques to form particles or reduce oxides that have formed before reaction20).  

However, catalysts made by sol-immobilization are a useful tool for understanding the 

more easily made but ultimately more complex catalysts used in industry, because of 

their uniformity and tunability.  

1.2 Monometallic versus bimetallic particles 

As is true for metals in the bulk, combining more than one metal in a 

nanoparticle catalyst alters the properties of the catalyst, and in the right combination 

can yield an enhancement in its catalytic properties.3, 9, 20, 46-48  For example, adding a 
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small amount of ruthenium to cobalt improves the conversion, usually expressed as 

turnover frequency (TOF), rates of the Fischer Tropsch reaction and increases the 

selectivity of it to more valuable, higher carbon number products by preventing the 

deactivation of Co in presence of CO, a participating reactant but also a catalyst 

poison.47, 49-52  Carbon-supported AuPd alloy nanoparticles of different metallic ratios, 

synthesized by the co-reduction of both metals by oleylamine in an organic-based 

solution, were used to catalyze the dehydrogenation of formic acid at 50 °C and it was 

found that a Au41Pd59 catalyst was 7.7 times more active than Pd alone and 2.9 times 

more than Au alone.21  Adding Au to Pd catalysts used in the production of vinyl acetate 

monomer minimizes the formation of unwanted intermediates on the catalyst surface22 

and improves the rate of reaction three-fold compared to Pd catalysts alone.23 

As might be intuitive, the relative arrangement of two metals within a bimetallic 

nanoparticle has a significant impact on its catalytic properties.  To a certain extent, the 

organization of two metals within a nanoparticle can be controlled by the synthetic 

method chosen, as described in the previous section.  It can also be controlled by 

reaction conditions that are employed, by changing the amount and identity of the 

reagents used, as exemplified by the discussion on PVP, as well as the timing of 

addition.  Both alloyed and core-shell nanoparticles may be synthesized by making 

alterations of this sort to solution-based syntheses.  Since alloy particles are by definition 

a homogeneous single phase of the two metals, it typically requires less of an effort to 

directly synthesize these, whether it be by colloidal synthesis or an impregnation 

technique.24  Again, however, the colloidal technique of synthesis is superior due to the 

greater control afforded over particle structure and homogeneity.25  In the case of AuPd 

on alumina, Pawelec et al compared two AuPd alloy syntheses: one involving reduction 
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by ethanol in the presence of PVP against a co-impregnation method, and observed a 

homogeneous alloy formation in the former case as opposed to separate phase formation 

in the latter.8 Alloyed particles have also been formed by flame spray pyrolysis8, a 

method that forms smaller and more uniform particles without requiring post-synthesis 

cleaning and filtering steps; however, the process requires specialized equipment and 

less environmentally-friendly, organic solvents.26 

The generation of core-shell particles generally relies on the sequential reduction 

of two metals.13  It is possible to influence the individual rates of reduction of two metals 

in solution simultaneously to this effect13, but more often than not, this is accomplished 

by step-wise introduction of the metals throughout the synthesis.9, 57, 58 For example, the 

Aucore-Pdshell nanoparticles that are the focus of this work here were made by first 

reducing HAuCl4 with sodium borohydride, and subsequently adding hydroquinone, a 

mild reducing agent, followed by Na2PdCl4 solution. There is particular value in 

utilizing core-shell nanoparticles as model catalysts, because their structures allow us to 

focus on the ways that an inert metal, such as Au, can influence an active metal, like Pd, 

without being on the surface of the particle.9, 58  The bimetallic interactions that are the 

sources of catalytic enhancement will be discussed in detail in Section 1.4. 

There are, of course, other types of nanoparticles that have been investigated in 

the literature, although they are less commonly used as model catalysts.  Janus particles 

are those in which two materials make up two halves or hemispheres of a nanoparticle.59, 

60  They have been utilized as emulsifiers in catalytic reactions, where the two halves of 

the particles rest at the interface of a biphasic catalytic reaction; these make 

recoverability of a single phase possible without heating, and replace surfactants as an 

easily removable alternative.27  These can be made by selectively depositing a metal on 
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one half of a nanoparticle surface.  In some cases, the nanoparticle substrate is made of a 

support-like material, such as silicon oxide or carbon.27   In such a case, when Pd was 

deposited selectively on either side of silica particle/carbon nanotube Janus hybrid 

particles, it was possible to selectively catalyze reactions in the aqueous28 and oil27 

phases of a reaction, respectively.  These particles are effectively a small-scale 

construction of a typical catalyst's global structure, with small Pd particles attached to 

bigger support particles.   In another work, two-sided metal nanoparticles were used as 

a scaffold for introducing hydrophilic and hydrophobic characteristics to two sides of 

the same particle.29  These particles were generated by capping metal particles with 

alkanethiol stabilizer and then employing the Langmuir film technique; the particles 

reside at the solution-air interface, and are refunctionalized only on the side in contact 

with the solution.29  Three-band "Neapolitan" Au/Pt/Ag particles were also reported 

using this technique.30   

This striped particle mentioned is in effect a special type of three-layer particle. 

Trimetallic particles are also present in the literature although much less commonly than 

either alloy or core-shell particles.64, 65  Three-layer bimetallic Pd@Au@Pd nanoparticles 

were found to form when a Au shell was deposited on a Pd core in a solution-phase 

synthesis, but only when the particle was allowed to grow larger than 5 nm; 

investigation of these particles helped to elucidate the size-dependence of the interaction 

between Au and Pd in the formation process of these nanoparticles.31 Three layer 

particles may also be utilized to minimize the amount of noble metal present per 

nanoparticle in a given system.32 In one particular study, cobalt and nickel nanoparticles 

doped with a small amount of a noble metal (Au, Ag, or Pd) were heated to form a 

monolayer of the noble metal around the non-noble core, and then Cu was deposited 
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atop as a second monolayer by underpotential deposition (UPD).32 The copper was 

galvanically displaced by Pt, forming a monolayer of the noble metal, and the catalytic 

performance of three such samples (Pt/Au/Ni, Pt/Pd/Co, and Pt/Pt/Co) were tested 

against a monometallic Pt/C catalyst in the electrocatalyzed reduction of oxygen.  The 

second noble metal layer, in these reaction conditions, has a practical purpose - it 

protects the non-noble core metal from interacting with and dissolving into the acidic 

electrolyte during electrocatalysis - but fundamentally, it also offers a means for probing 

the effect of lattice strain caused by a variety of subsurface metal substrates (Au, Pd, and 

Pt in this case) on the d-band of the Pt residing at the surface and therefore its catalytic 

properties as well.32 

Both of these particle types, because of the careful synthesis for the structural 

design, boast high monodispersity in shape and size, and present interesting structure 

types for analysis in catalytic reactions.  However, this paper will not come back to the 

subject again, but rather focus on alloyed and bimetallic core-shell particles, which form 

a sufficient and equally interesting basis set of possible metal configurations to probe.  

The study of trimetallic particles adds a layer of complexity to structure-function 

investigations, and as such, there is not yet a great deal of work that focuses on catalytic 

enhancement produced as a result of the interactions of three separate metals. 

 

1.3  Electronic and geometric effects on catalyst performance 
and the AuPd system  

The effect of the bimetallic system on a reaction is very much a function of the 

chemical properties of the two metals that form the system.  For example, Tedsree et al 

present data showing that the formic acid decomposition over Mcore-Pdshell nanoparticles 
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correlates linearly with the work function of the core metal M.33 At least in monometallic 

systems, the concept of catalytic activity varying as a function of the element used is 

described by the Sabatier principle.  This principle states that in order for a catalyst to be 

effective, substrate-adsorbate binding interaction must be neither too weak nor too 

strong.34 Thus, plotting the rate of a given reaction and holding all else equal, as a 

function of heat of adsorption of different catalysts comprised of different elements or 

complexes results in a volcano-shaped relationship.66, 67 Figure 1 illustrates the volcano-

shaped relationship for the ammonia synthesis reaction over different transition metals 

as modeled by DFT.35 

 

Figure 1: Rate of NH3 synthesis over transition metals as a function of the heat of 
adsorption of N2 on the metal surface.35 

The catalytic activity over a surface is dependent on the adsorbate-metal bond 

strength, which is in turn intimately tied to the electronic character of the material.  In 
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particular, the strength of adsorbate binding to the catalyst surface is tied to the position 

of the center of the metal's d-band, the degree of filling of the metal d-band, and the 

degree of interaction between the metal d-band and the adsorbate states involved.36 A 

second example, shown in Figure 2, shows the clear relationship between the initial rate 

of formic acid decomposition and the d-band center of the metal used to catalyze the 

reaction.33  Generally, as the degree of filling of the metal d-states increases (moving to 

the right on the periodic table), the metal-adsorbate bond strength decreases, thereby 

influencing the ability of the metal surface to effectively bind reactants and 

intermediates while catalyzing a reaction.37 

 

Figure 2: The initial rate of HCOOH decomposition as a function of d-band center 
over several metal catalyst surfaces.33 

 

Since the electronic structure of a metal atom depends on the environment in 

which it exists, it is not surprising that introducing a second metal to a first either as an 

alloyed mixture or as a layer on a substrate (core-shell) considerably changes the 

electronics and therefore the activity of the metal, as seen already.36, 38  In heterometallic 
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surfaces, charge transfers from the element with more electron density to the one with 

more vacancy in its d-state, and the larger the charge flow between dissimilar atoms, the 

greater the change in the nature of adsorbate binding to active metal sites on the 

surface.38 

The influence of charge transfer on the catalytic properties of bimetallic catalysts 

is termed the electronic effect, and is one of the ways by which a metal, like Au can alter 

the activity of an active metal like Pd.  For example, the inclusion of inactive Sn atoms in 

Pt nanoparticles supported on Nb2O5 weakens the adsorption of CO on Pt atoms present 

on the surface, caused by the transfer of electron density from Sn to Pt.39  Generally 

speaking, then, electron transfer alters the binding properties of a surface and can in this 

way alter reaction pathways and rates. 

Another principle intermetallic effect that alters the catalytic properties of a 

surface arises when a second metal is interspersed on the surface itself.  This is termed 

the geometric, or ensemble effect.  In this case, the second metal modulates the geometry 

of surface sites, breaking up multiatom ensembles of the first, active metal, and thereby 

altering the reaction pathway.  Venezia et al studied the catalytic dehydrosulfurization 

capacity of AuPd alloy catalysts, and found them to be up to four times more active than 

Pd alone, due to the break-up of multiatom Pd surface sites that bind hydrogen, as well 

as the decrease in sulfur poisoning imparted by Au to the particle.40  In addition to 

diluting multiatom ensembles on the surface of a particle, a second metal can also cause 

an alteration in ordering of an active metal on the surface.  For example, a CuPt alloy 

particle sample was dealloyed to form a core-shell morphology in the structure, and it 

was found that the activity of the particles was enhanced for the oxygen reduction 

reaction.41  The alteration in activity here was attributed to a modification of Pd-Pd bond 
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distances in the surface layer caused by the initial presence of Cu in the particle.41  

 Whether it is present at the surface or not, another way by which a second metal can 

affect the ordering and electronics of a first is through lattice strain effects.  Either 

compressive or tensile strain can arise in bimetallic particles, depending on the nature of 

and the ordering of the two metals.  When a metal shell is grown on a core particle of 

different elemental composition, for example, the lattice of the shell will often deposit on 

the core surface pseudomorphically, which induces expansion of the shell lattice relative 

to the pure metal if the substrate material possesses a larger lattice parameter, or 

contraction of the lattice if deposited on a metal of smaller lattice parameter.42, 43  For 

compositions where two metals are soluble in one another, alloys form with crystal 

structures generally in keeping with Vegard's law, an empirical relationship that 

describes the lattice parameter of bimetallic materials as roughly an average of the two 

lattice parameters of the constituent metals weighted by their composition.44 

The catalytic properties of the AuPd bimetallic system have been studied often 

because such catalysts are useful in many reactions, from vinyl acetate monomer 

synthesis33, to CO formic acid methanol oxidation reactions, related to fuel cell 

development25, 71, 72, dehydrosulfurization, dehydrogenation, hydrogenation, hydrogen 

peroxide formation48, 73-76, and selective alcohol oxidation, among others.  It is often 

found that the combination of the two in catalyst form enhances either the rate or 

selectivity of a reaction.  For example, AuPd on TiO2 selectively oxidizes benzyl alcohol 

to benzaldehyde at a rate thirteen times higher than that over Pd on TiO2.45  AuPd 

nanoparticles on TiO2 are twice as productive as TiO2-supported palladium alone in the 

direct synthesis of hydrogen peroxide from H2(g) and O2(g),46 and graphene-supported 

hollow AuPd particles catalyze formic acid electrooxidation at current densities two 
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times higher than solid Pd nanoparticles.11 AuPd catalysts provide similar enhancements 

in several other industrially-relevant reactions.47 Even though Au is inert as a catalyst in 

these cases, it can interact with Pd surface atoms to alter the way in which this active 

metal catalyzes the reaction.   

In the context of using model bimetallic catalysts to understanding structure-

function relationships of heterogeneous catalysts, the AuPd system is a close to ideal one 

to study because in addition to being useful in a wide range of reactions, it is also a 

relatively simple system to study.48  Au and Pd are soluble at all compositions, so that 

effects of different phases need not be considered.31, 49  In many reactions, Au is 

catalytically inert, so any catalytic activity can be ascribed to Pd. To date, a variety of 

mechanisms have been proposed for the greater catalytic activity and selectivity of 

AuPd compared to Pd alone.48-51 Enache and co-workers found that AuPd/TiO2 is twice 

as productive as Pd for benzyl alcohol conversion to benzaldehyde, and proposed that 

Au is an electronic promoter of Pd.50  Vinyl acetate monomer production is enhanced 13-

fold over 1:4 AuPd/SiO2 nanoparticles relative to Pd/SiO2, and this has been attributed 

to changes in the electronic and geometric properties of Pd upon alloying with Au.22  

Studies of vinyl acetate formation rates over submonolayers of Pd on single-crystal gold 

surfaces suggest isolated pairs of Pd on Au(100) enhance binding of acetate with 

ethylene, and suppress the formation of reaction by-products.22 An AuPd/SiO2 catalyst 

with 0.2 monolayer coverage of Pd hydrogenated propene with twelve times the activity 

of Pd alone; the authors proposed Au breaks up three-fold surface sites of Pd, and 

thereby increases the formation of highly reactive propylene relative to less reactive 

propylidene.51  Similar enhancements of AuPd relative to Pd are observed in many other 

reactions.9, 45, 53-58 These examples suggest that the specific way in which Au enhances Pd 
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activity varies depending on the reaction being catalyzed, and that a clearer, more 

general depiction of the mechanisms by which AuPd exhibits relatively greater activity, 

selectivity, and stability will begin to emerge only after examining its properties in a 

wide variety of reactions.  

 

1.4 Observables changes in catalytic behavior 

It is extremely important to note that the behavior of catalysts is only relevant 

when one considers the environment in which a catalyst is being studied, or more 

specifically the reaction and its conditions in which a catalyst is employed.  For what we 

learn about bimetallic catalyst behavior to be useful, then, we need to express it in a way 

that is applicable to a large array of reactions.  In the literature, the standard has become 

to express the interaction between Au and Pd (as well as other metals) as a combination 

of electronic, geometric, and lattice effects that ultimately alter the catalytic process in a 

favorable way.17, 80-83  However, it is impossible to actually segregate electronic and 

geometric effects from one another, because of the intimate tie between the structure of 

atoms in and below a surface and its resultant work function.52  

For this reason, it is proposed that it is most useful to study the effect of the 

introduction of a second metal into a catalyst - here, Au in Pd - in the context of 

observable changes in the structural or chemical properties in realistic reaction 

conditions.  Such practicable effects have often been observed in the literature, whether 

it be in the formation of hydrogen subsurface reservoirs, resistance to CO poisoning, 

oxidation, or sulfur poisoning, or physical properties like the formation of isolated 

spillover sites on the surface.53  For example, Tierney et al found that by incorporating a  

0.01 monolayer (ML) of Pd into a Cu(111) surface, they could increase the production of 
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adsorbed hydrogen present on the entire surface.53  The small percentage of Pd atoms 

present on the surface, which are extremely active for hydrogen dissociation, were 

enough to induce the break up of H2 and to facilitate its diffusion onto the Cu surface, 

where it could be an active participant in Cu-catalyzed reaction for which the limiting 

step is the dissociative adsorption of H2.53, 54  It is the basis of the work reported here that, 

while it is important to understand the underlying electronic and atomic-level factors 

that govern these more directly observable characteristics, it is more useful to begin 

forming a basis set of catalyst structure function relationships that can be directly 

employed knowing the chemical characteristics needed to achieve a successful reaction.  

One observable that will be focused on in the following work presented is the 

prevention of particle growth under high temperature treatment conditions, conferred 

by an inhibition in the oxidation of Pd in the presence of Au.  Physical prevention of 

particle oxidation and aggregation, as in the passivation of a Cu particle surface with 

carbon during synthesis, has been observed before, but there are little to no reports of 

size control conferred by the incorporation of a second metal into a first.55  The second 

observed chemical outcome of incorporating Au into a Pd particle is the ability of the 

particles to form hydrogen reservoirs within their bulk, something that is useful not only 

in catalytic applications but also in hydrogen storage for fuel cell applications.  In both 

cases, this is the first time a systematic study has been undertaken to investigate the 

effects of the surface and overall particle structure and composition on the propensity of 

AuPd bimetallic catalysts to have these effects.  

1.5 Characterization Methods 

Characterization of model nanoparticle catalysts is central to assessing their 

performance in a meaningful way.  For bimetallic nanoparticle catalysts in particular, it 
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is paramount to have the best understanding possible not just of the global structure of 

the catalyst material, but also of the relative positioning of the two metals on an atomic 

scale.  Knowing as much as possible about the nature of the active sites formed by the 

arrangement of the two metals within the particles makes it possible to quantify the 

catalyst activity and to describe the behavior in terms of the interactions a second metal 

has with the catalytically active metal.  In this section, particle visualization and surface 

site analysis techniques will be discussed, focusing on the useful information that can be 

derived from each that can contribute to a full understanding of the bimetallic AuPd 

catalysts.  

1.5.1 Visualizing nanoparticles - transmission electron microscopy  
 

TEM is a technique that takes advantage of the inelastic scattering of a coherent 

electron beam at high energies to create a two-dimensional rendering of specimen 

nearing the atomic scale.  Unlike typical microscopes, the TEM can also generate 

secondary signals characteristic to the sample at hand, such as x-rays, that can be 

detected and interpreted to give information about the sample.56  It also can achieve 

resolution levels that are not possible with a conventional microscope, which allow one 

to image nanoscale materials.56  The contrast that is seen in a TEM image is a result of 

differences in atomic ordering, thickness, and the elemental composition of the specimen 

analyzed.  Scattering and other high-energy processes that occur when the electron 

beam impinges on the sample, therefore, can be manipulated to visualize the 

distribution of elements within a single particle, as well as the ordering of atoms within 

a particle. 

In short, the TEM works as follows:  electrons are generated from a source and 

accelerated, using a potential drop, to have a certain energy.  The higher the energy of 
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the beam, the higher the resolution that may be achieved until aberrations associated 

with the electromagnetic lenses used to focus and align the beam limit the resolution, 

but can be corrected to achieve atomic resolution.56  Relatively higher energies may be 

used when analyzing heavy metal containing specimens, and this is an advantage in the 

characterization of the analysis of bimetallic nanoparticles.  

The incident electron beam interacts with the sample it impinges upon in several 

ways:  it may cause the atoms present to emit characteristic x-rays, create electron-hole 

pairs, or eject electrons from the specimen, and in turn, the beam may be either 

inelastically or elastically scattered by the specimen.  The degree of forwarding 

scattering of the beam depends on the crystallinity of the sample, and also on the 

elemental identity of the atoms comprising the sample.  By nature, nanoparticles are thin 

enough that not all of the beam will interact with the sample, and a portion of it will 

pass through unadulterated to the detection screen.  The variation in contrast caused by 

any number of these interactions results in an image that is a two-dimensional projection 

of a three-dimensional space.   

 

1.5.1.1 Conventional TEM (Bright field) and Z-contrast (Dark field) TEM  

When TEM images are taken by detecting electrons that have not been scattered 

or only deviate slightly from the direction of the incident electron beam, the result is a 

conventional bright-field TEM image, in which objects on the specimen appear darker 

than the background (generally, the sample is supported on a film made of a light 

element, like carbon, which scatters relatively very little of the electron beam). The 

contrast of this image is the cumulative result of contributing factors, one being 

amplitude contrast, in which the variation in the contrast recorded in an image derives 
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from variation in the mass or the thickness of the specimen.  Another lesser contributor 

is phase contrast, deriving from a change in the phase of different electrons that pass 

through a very thin specimen.  This second type of contrast can be harnessed to capture 

high-resolution images of specimens.  Conventional TEM images, which rely on the first, 

are useful for determining the size distribution of nanoparticles on a catalyst as well for 

visualizing the degree of distribution of the particles on the support material. 

The electrons that do not travel through the sample to form the direct beam, but 

which are scattered from the beam, are deflected as a result of interaction with the nuclei 

and electron clouds of atoms comprising the sample.56  Electrons are scattered coherently 

(Bragg scattering) from planes of atoms in a crystalline sample at small scattering semi-

angles (caused by interaction with the electron cloud, < 3°) to form diffraction patterns. 

They are scattered incoherently to higher scattering angles due to interaction with 

nuclei; the propensity for this high angle scattering to occur, quantified as the scattering 

cross section, can be described by the Rutherford equation, given below: 

 

Equation 1:  Rutherford cross section describing high-angle elastic scattering.56 

 

An important implication of this equation for the purposes of imaging is the 

dependency of the cross section on the square of the atomic number, Z, of the scattering 

nucleus.  Because high angle scattering is so dependent on the Z-number of the atoms 

interacting with the beam, detection of the electrons scattered to high radial angles 

generates an image in which the variation in intensity is element-dependent.  So-called 

z-contrast images can be captured by high-angle annular dark field scanning 
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transmission electron microscopy (HAADF-STEM); Figure 3 shows a schematic of the 

detector set up for this process relative to typical bright field images.   

 

Figure 3:  Relative positions of high angle (HAADF) and typical bright field (BF) 
detectors for imaging z-contrast and conventional images, respectively.56 

 

In the context of analyzing bimetallic nanoparticles, z-contrast dark field imaging 

is very useful in visualizing the relative positions of two metals, because the high Z-

number of platinum group and transition metals translate to large cross-sections and a 

high degree of inelastic scattering, the intensity of which can be directly correlated with 

relative positions of the metals on the periodic table.   

 

1.5.1.2  High resolution TEM imaging 

 High resolution TEM (HRTEM) is useful in nanoparticle characterization because it 

allows us to literally see the atoms comprising the particles.  In conventional TEM, 
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spatial resolution is limited because electrons that are scattered coherently at higher 

angles pass through the objective lens of the microscope at its edges, and are not quite 

focused back to the same position as electrons that pass through the objective lens at 

smaller angles of deviation from the direct beam.56  This so-called "spherical aberration" 

causes the resultant spread in points recorded in the image, and therefore, spherical 

aberration correctors, an accessory that is non-trivial to incorporate into microscopes, are 

paramount to achieving high quality high resolution TEM images.42   

 Because electrons scattered to high angles are scattered incoherently, the risk that 

such electrons would scatter more than one time while passing through a specimen and 

interfere with other electrons moving through the same path is minimized greatly.42 

HRTEM are often acquired as dark field images because the high resolution relies 

primarily on phase contrast produced as the beam travels through the specimen, and 

can be drastically altered by multiple scattering events.56  Such so-called dynamical 

interference introduces unnecessary complexity into the interpretation the image 

acquired.56   

 Acquiring HRTEM in dark field intrinsically couples the technique with z-contrast 

imaging, which is especially useful in characterizing bimetallic nanoparticles, because 

one can directly see how the different metals being analyzed situate themselves in a 

particle.  Theoretically, one can measure the spacing between planes of atoms and gather 

information on the degree of elemental intermixing in alloy particles, uncover whether a 

shell deposits pseudomorphically upon the core surface it is grown upon, or look for 

indications of any surface reconstruction that may have occurred.42, 57  In our case, 

HRTEM gives an idea of the thickness of the Pd shell surrounding a Au core in terms of 

the number of monolayers of Pd present.4  The HRTEM image in Figure 4 demonstrates 
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the utility of being able to capture the atomic spacing in this case of three-layer Pd-Au-

Pd bimetallic nanoparticles.  Measurement of the interplanar spacings in this case 

revealed that the lattice parameter matches with the value expected for the particle 

composition and that the particles are single crystalline, displaying a seamless transition 

between areas of different relative composition.42 

 

Figure 4:  An ultra-high resolution HAADF-STEM image of three layer 
Pd@Au@Pd nanoparticles.42 

 

1.5.1.3  Energy-dispersive x-ray spectroscopy coupled with scanning TEM (EDX-
STEM) 
 

Perhaps one of the most visually straightforward and therefore useful techniques 

for characterizing the elemental distribution of metals in bimetallic nanoparticles is 

EDX-STEM.  This technique takes advantage of the fact that x-rays are emitted when the 

electron beam impinges upon a sample.  These x-rays are characteristic of the core 

electron levels in the particular elements that are present in the sample, and with a 

special detector, one can probe the overall elemental breakdown of the sample in the 

area of focus, or, with a scanning detector, can generate an elemental map of particles 
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comprising a sample.9, 87, 88  The latter is tantamount to collecting an EDX spectrum at 

every pixel the detector scans over.56  

It should be noted that there are dangers in taking the results of HRTEM or EDX-

STEM imaging and interpreting them on their own, in that these techniques characterize 

only a single nanoparticle at a time among a sea of particles that numbers upwards of 

1014 that might have been made by the same synthetic pathway.  To that end, 

conventional imaging is important in confirming the uniformity of the nanoparticles in a 

catalyst sample, so that higher-magnification, single particle-based analytical electron 

microscope methods can be confirmed to give an accurate representation of the particle 

morphology.  

 
1.5.2 Nanoparticle active surface area characterization techniques  
 
 One of the main parameters used to judge a catalyst's performance is its turnover 

frequency (TOF), or its activity quantified as the rate of conversion of molecules of 

reactant per unit time per active surface site.  Without an accurate count of surface sites, 

the best approximation that can be given is the rate of conversion as a function of the 

mass of metal incorporated into a catalyst, or the mass of the catalyst used in the 

reaction45. The problem with this approach is that it introduces uncertainty to the 

quantification of activity that only serves to obscure the process of correlating the 

particle structure with its performance.   

1.5.2.1  CO chemisorption for quantitation of active surface site density on a catalyst 
 
 CO chemisorption analysis is the most common tool for obtaining a quantitative 

measure of the number of active surface sites on a supported nanoparticle catalyst.  The 

working assumption of the technique is that any active site on the surface that 

chemisorbs a CO molecule is available as a surface site upon which other reactants may 
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adsorb and be transformed into a product.  Typically, a known quantity of the catalyst is 

exposed to a known volume of CO(g), and the quantity of CO(g) that is evacuated from 

the chamber after exposure is measured.  The difference in the initial and final volumes 

of CO(g) is indicative of the number of active surface sites on the sample.  The volume of 

CO adsorbed on the surface is related to the number of active surface sites by : 

 

Equation 2:  Relationship between volume of chemisorbed CO and number of active 
surface sites per gram of catalyst. 

 

where VCO is the volume of CO adsorbed per gram of catalyst, !CO is the density of CO at 

the analysis temperature (generally room temperature), M is the molecular weight of 

CO, N is Avogadro's number, nsurface is the number of active surface sites per gram of 

catalyst, and m describes the average number of surface atoms coordinated to one CO 

molecule.  The inclusion of factor m to describe the ratio of atoms per adsorbed CO 

molecules throws light on the fact that there are often several types of active sites on 

nanoparticle surfaces.  Altering the distribution of surface sites available can be a key 

mechanism by which the inclusion of a second metal changes both the selectivity and 

activity of a surface, and so it is important to gauge the identities of the types of surface 

sites on a catalyst particle.  This can be accomplished again by utilizing CO(g) and its 

propensity to form metal-carbonyl binding species when it interacts with metal surfaces.   

  
1.5.2.2  Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) to 
qualitatively describe surface site geometry and identity 
 
 Carbon monoxide binds with metals through the interaction of its 5! and 2"* orbitals 

with d-band electrons in transition metals, and can bind with more than one metal 
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surface atom, depending on the nature of the surface.  The strength as well as the 

multiplicity of the bond can vary depending on the degree of surface coverage by the 

adsorbing species, but also depending on the composition of a surface containing more 

than one type of metal.58  Because of the role of the d-state metal surface electrons in the 

binding of CO to the surface of the particles, the vibrational spectrum of the stretching 

frequencies of adsorbed CO molecules can be used to directly interpret the geometry of 

the surface active sites on the catalyst being probed.59   

 Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy is a technique in 

which CO is pulsed over the powder catalyst to be analyzed, and an infrared light 

source containing a range of wavelengths between 4000 cm-1 and 400 cm-1 is allowed to 

impinge upon it.  The light is diffusely reflected from the rough surface of the catalyst 

powder, after interacting with the CO absorbed onto the surface of the catalyst.  A given 

CO molecule adsorbed onto the surface will possess a resonant frequency that is 

modulated depending on the type of active surface site it is bound to, and so the 

wavelength of IR light absorbed by it is directly correlated to the character of the surface 

site.  The data collected is Fourier transformed to extract the absorption of the IR 

radiation as a function of wavenumber, rendering the data into a form that can be used 

to characterize nanoparticle surfaces.60 

 

1.5.3 Bulk measurements of the particle structure - XAFS, UV-Vis 
spectroscopy, temperature-programmed desorption 
 
 Examination of bimetallic catalysts by techniques that do not necessarily distinguish 

between the finer details in the structure of the particle surfaces are useful because they 

confer an understanding of the global effect of those detailed structural components.  
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They can also act as a gauge of the homogeneity of the catalyst structure.  In this work, 

x-ray absorption spectroscopy, UV-visible spectroscopy and temperature programmed 

desorption were utilized to gather an understanding of the average particle structures, 

to confirm the discrete difference in the three core-shell catalysts, and to probe the 

overall propensity of the particles to oxidize and hold hydrogen, respectively.   

 
1.5.3.1  X-ray absorption fine structure spectroscopy  
 
 X-ray absorption fine structure spectroscopy (XAFS) is a technique that takes 

advantage of the ability of high energy x-rays, when tuned to the appropriate 

wavelength, to be absorbed via the photo-electric effect and to eject the core electrons of 

a metal atom.61  XAFS yields information about the number and types of atoms present 

in the first coordination shell surrounding the atoms of the element being analyzed, 

called the absorber atom, the bond distances between the absorber and these 

surrounding atoms, and the static disorder, or degree of uniformity of the interactions 

between the absorber and surrounding atoms, termed the Debye-Waller factor of the 

interaction.44  Since the absorption coefficient is related to the atomic number Z of an 

element to the fourth power (see Equation 3), XAS is ideal for analyzing the heavier 

metallic elements that comprise catalytically active metal nanoparticles.61 In this 

equation, ! is the sample density, A is the atomic mass of the sample, and E is the energy 

of an x-ray impinging upon the sample.  

Equation 3:  the relation of the absorption coefficient µ of a metal of an x-ray as a 
function of atomic number and x-ray energy.61 
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 As the energy of the x-ray incident on an element are scanned in the region of a core 

electron binding energy, µ increases slowly, until E matches the binding energy of one of 

its core electrons, at which the absorption coefficient jumps significantly, forming an 

absorption edge on the spectrum.  At the absorption edge energy, E0, for a given core 

electron, the electron is removed to the continuum, where it propagates as an electron 

wave from the absorbing atom.  As the electron wave moves radially outwards from the 

absorbing atom, it encounters the atoms that surround the absorber and interacts with 

these. The surrounding atoms are referred to as backscatterers, interacting with the 

electron wave and propagating a backscattered wave that constructively or destructively 

interferes with the initial electron, depending on the distance of and identity of the 

backscatterer from the absorber.  A schematic of this process is shown in Figure 5.62 

 
Figure 5:  Schematic of the emission of a core electron wave from an absorber atom 
and subsequent interaction with scatters to produce modulated absorption of the 

incident X-ray.62 

As the x-ray wavelengths scanned through during the acquisition of an XAFS 

spectrum continue past E0 to higher energies, the excess energy E - E0  absorbed by the 

emitted electron manifests as kinetic energy, which changes the interference pattern that 
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is produced when the electron wave interacts with the surrounding backscatterers.  The 

result is an oscillation in the absorption coefficient with increasing E above E0 known as 

the fine structure in the X-ray absorption spectrum.  An example of a typical EXAFS 

spectrum is shown in Figure 6A.  For Au, XAFS spectra are typically collected at the 

energy of the LIII core electron, and for Pd, spectra are collected at the edge 

corresponding K electron ejection. 

 

Figure 6:  Example XAFS spectrum A) before background subtraction and B) after 
subtraction of the background, or normalization, of the data.61 
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 To isolate the fine structure features for analysis, analytical software is used to model 

the background of the spectrum collected, yielding normalized data like that shown in 

Figure 6B.  The energy-based spectrum is then converted using Equation 4 to k, the 

photoelectron wave vector, at which point the data, now in k-space, can be Fourier 

transformed to give the distribution of contributions to the XAFS signal as a function of 

distance from the absorbing atom.  Typically, the k-space spectrum is weighted by either 

k2 or k3 to amplify oscillations at higher k, which contains the information describing 

interactions between heavy metals, before being transformed to R-space.61  In addition to 

amplifying the signals from the high Z-atom backscatterers of interest, k weighting also 

dampens the contributions (at low chi-values) to the data arising from static and thermal 

oscillations. 

Equation 4:  Conversion of photo-electron energy into wave vector k.61 

 

An example of XAFS data that has been transformed into k-space and R-space is shown 

in Figure 7.  The R-space spectrum is typically shown as the magnitude of the Fourier 

transform, which is the sum of the real and imaginary parts of the transform.61  

 To extract information from the XAFS data, the experimental data is fit using the 

XAFS equation, given in Equation 5.  This equation describes the k-space chi function of 

the sample as a sum of j oscillatory contributions arising from interactions with 

backscatterers of different identities and at different distances from the scattering 

centers. 
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Equation 5:  the XAFS equation.61 

 

In this equation, the scattering amplitude fj(k) and the phase shift of the photoelectron 

"j(k) are dependent upon Z of the backscatterer j, and can be calculated through a 

theoretical calculation that employs structures with known coordination environments 

and absorber-backscatterer distances.61 Once these values have been determined, they 

can be set, allowing the calculation of the distance to neighboring atoms j, Rj;  the 

coordination number of neighbors Nj; and the mean-square displacement, or Debye-

Waller factor of neighbors j, #2.  In the case of XAFS spectra collected at the Pd K edge 

for AuPd nanoparticles, for example, the scattering amplitude was calculated by fitting 

the known Pd crystal structure to the XAFS equation.  The experimental data was then 

fit by setting this parameter and using a theoretical bimetallic Au:Pd 1:1 alloy structure 

as a starting point for determining the number of scattering paths and deviations from 

the theoretical model in terms of disorder and changes in bond distances required to fit 

the experimental data.    

 It is important to remember that the fit results of XAFS data represent an average of 

the coordination shells surrounding all of the absorbers of a particular type, and for this 

reason, the parameters extracted from XAFS fitting give an idea of the uniformity of the 

nanoparticle structures throughout the entire catalyst sample, particularly in the form of 

the Debye-Waller factor value.  In this work, the coordination numbers N and bond 

distances R act as an indicator of the segregation of Au and Pd within the nanoparticles, 

which is useful in determining the nature of the Au-Pd interface in core-shell 

nanoparticles and the extent of intermixing in alloy samples. 
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Figure 7:  Example XAFS data in A) k-space and B) R-space.  In A), the k-space 
spectrum has been weighted by k2.61 

 
1.5.3.2  Temperature programmed reduction and temperature programmed desorption 
 
 Temperature-programmed reduction is a relatively straightforward technique in 

which a sample is heated at a controlled linear rate with respect to time in a hydrogen-

containing atmosphere, and the desorption or uptake of hydrogen is monitored by mass 

spectrometry as a function of both parameters.  Theoretically, the technique can be used 

to monitor the desorption of a wide range of adsorbates present on the surface of a 

catalyst particle, giving an idea of its adsorption energy; in this case the technique is 

termed temperature programmed desorption (TPD).5  For example, the desorption of 
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ammonia from the surface of alumina-supported Au-Pd particles was used to determine 

the strength and number of acidic sites on the catalyst, and to determine how their 

presence affected the sulfurization tolerance of the catalysts.63  

 By limiting analysis to the uptake and desorption of hydrogen, one can investigate 

the oxidation state of the metals comprising the catalyst, as well as the ability of the 

catalyst to hold hydrogen upon or within its structure.  Depending upon the extent of 

surface oxidation of the catalysts before beginning a TPR experiment, the degree of 

hydrogen taken up to re-reduce the metal in the particles can vary drastically.  

Generally, uptake is signified by positive peaks on TPR spectra, while desorption of 

hydrogen from the particle is denoted by an inverted peak on the spectrum.  When a 

second TPR is carried out on a sample, it is typically referred to as temperature-

programmed hydrogen desorption (TPHD). 

 

1.5.3.3  Surface plasmon resonance monitoring by UV-Visible spectroscopy 
 
  Noble metal nanoparticles are well-known to absorb light in the visible wavelength 

region of the electromagnetic spectrum through the stimulation of localized surface 

plasmon resonance of electrons at the particle surface, and this phenomenon has been 

exploited in many optical and sensing applications of such particles.94-96  Because the 

absorption of light and occurs at the surface of particles, it can be altered dramatically 

when that surface is covered or otherwise manipulated.  Since Au possesses a surface 

plasmon around 520 nm, but Pd does not exhibit one in the visible range of the 

spectrum, the disappearance of the Au SPR peak may be monitored by UV-visible 

spectroscopy to ensure the deposition of Pd to form core-shell particles rather than the 

formation of separate Pd species during synthesis.  In short, UV-Vis provides a simple 
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way to develop a synthetic method for making bimetallic particles by multistep 

procedures.  In our work UV-Vis analysis was also valuable in establishing the existence 

of discrete differences between particles intended to have differing shell thicknesses 

before extensive microscopy-based characterization was employed.   

 As a side note, there are many other surface analytical techniques that exist that were 

not employed here, but which could provide valuable information regarding the 

structure of bimetallic catalysts.  These include techniques like Auger electron 

spectroscopy and electron energy loss spectroscopy (EELS), which are more appropriate 

for elements of lower atomic number, as well as atomic force microscopy (AFM) and x-

ray photoemission spectroscopy, which can both yield valuable information regarding 

the surface structure, though in the case of AFM, perhaps not on particles in the size 

range studied here (~5 nm in diameter).5  The characterization techniques used in the 

work presented here, however, serve to present a detailed illustration of the physical 

and chemical properties of the AuPd nanoparticle catalysts studied. 

 
1.6 Aucore-Pdshell nanoparticle and alloy AuPd nanoparticles as 
uniform bimetallic catalysts for studying the influence of 
bimetallic arrangement on catalyst performance  

To begin to investigate how Au and Pd interact with one another to produce 

observable alterations in catalyst behavior, a series of three polyvinylpyrrolidone (PVP)-

stabilized Au-Pd core-shell nanoparticles was synthesized via a two-step solution phase 

reduction method.4  By altering the amounts of Pd precursor, reducing agent, and 

reaction quenching agent, as well as varying the rate of introduction of Pd ion to the 

reaction solution, 4.3 nm Au core particles were coated with Pd shells determined to be 

0.7 ± 0.2, 1.9 ± 0.3, and 3.8 ± 0.8 atomic monolayers thick from HAADF-STEM analysis.  
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Here, 0.7 symbolizes an incomplete monolayer of Pd on the inner core of Au; in fact, as 

will be discussed in Chapter 4, XAFS reveals that because it is an incomplete layer when 

deposited on the Au core, the surface Pd on the 0.7 Pd@Au particles reconstructs into 

the Au-Pd interface.     

Representative HAADF-STEM images of each core-shell particle (denoted by 

Pd@Au from this point forward) are shown in Figure 8A-C.  In these images, z-contrast 

makes it possible to see the more intense Au that forms each particle core as well as the 

lower intensity Pd atoms that surround the seed particle.  The observed Pd shell 

thickness corresponds closely with the number of monolayers expected, as calculated 

from the amount of Na2PdCl4(aq) introduced into each Au seed solution, deviating only 

in the case of the 3.8 Pd@Au particles; Table 1 details this comparison.  The UV-visible 

spectra (Figure 8D) of the Au seeds and each type of Pd@Au particle, acquired while still 

in solution, show the 520 nm plasmon resonance peak of Au blue shifts and ultimately 

disappears as the Pd shell on the core increases in thickness. 

TEM size distributions of the Au NPs and the AuPd NPs are shown in Figure 9. 

Analysis of conventional TEM images shows the Au seeds are 4.3 ± 0.6 nm in diameter.  

The calculated average diameters of the 0.7, 1.9 and 3.8 Pd@Au particles are 4.6 ± 0.6 nm, 

4.9 ± 0.6 nm, and 5.2 ± 0.8 nm, respectively. The relative standard deviation, 

representing the polydispersity of the particles, is 13.2 ± 1.3% for all of the particles. The 

average size of the Au seed was subtracted from the average sizes of the Pd@Au 

particles to give the average shell thicknesses shown in Figure 9. 

After depositing the nanoparticles onto the silica support, the compositions of 

the catalysts were analyzed by ICP-AES.  This data was used to calculate the shell 

thickness using the density of bulk Pd (12.02 g/cm3), and the Au seed diameter as 



 

37 

 

determined from bright-field TEM.  Table 1 compares these shell thicknesses derived 

from ICP-AES with those measured by bright-field TEM and HAADF-STEM, while 

Table S2 presents the same data in terms of nanoparticle composition. The values 

determined by ICP-AES match reasonably well with the shell thicknesses (and thus 

compositions) calculated from the bright-field TEM images.  We hypothesize that the 

difference between the HAADF and the average values from TEM and ICP-AES stems 

from the fact that the Pd shell becomes more jagged and uneven as it grows in thickness, 

leading to a shell that appears thicker in HAADF-STEM imaging mode than can be 

accounted for by comparing the ratio of Pd to Au in the sample.  This hypothesis is 

supported by observations that the intensity of the Pd shell around the 3.8 Pd@Au in 

Figure 1C is not uniform and that the outer edge of the particle appears to be irregular.  

Although they contain some error due to the hypothesized jagged nature of the shell, the 

HAADF-STEM measurements of shell thickness on individual nanoparticles give a sense 

of the variance in the composition between the nanoparticles.  In comparison, the bright-

field TEM and ICP-AES measurements can only give a sense of the average composition, 

with the variance principally coming from the variance in the diameters of the Au seeds. 
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Figure 8:  HAADF-STEM images of A) 0.7 Pd@Au, B) 1.9 Pd@Au, and C) 3.8 Pd@Au 
nanoparticles after synthesis.  Panel D) shows the UV-Visible spectra of the 

nanoparticles in aqueous solution. 

 

Table 1:  The Pd shell thickness as determined by bright-field TEM, HAADF-
STEM, and ICP-AES analysis. 

sample 
expected shell 
thickness from 

Pd added to the 
rxn (atoms) 

shell thickness 
from TEM (atoms) 

shell thickness 
from HAADF-
STEM (atoms) 

shell thickness 
from ICP-AES 

(atoms)a 

0.7 Pd@Au 0.5 0.60 ± 0.1 0.7 ± 0.2 0.56 ± 0.1 
1.9 Pd@Au 1.5 1.39 ± 0.3 1.9 ± 0.2 1.15 ± 0.2 
3.8 Pd@Au 5.0 2.03 ± 0.4 3.8 ± 0.8 1.72 ± 0.3 
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After depositing the nanoparticles onto the silica support, the compositions of 

the catalysts were analyzed by ICP-AES.  This data was used to calculate the shell 

thickness using the density of bulk Pd (12.02 g/cm3), and the Au seed diameter as 

determined from bright-field TEM.  Table 1 compares these shell thicknesses derived 

from ICP-AES with those measured by bright-field TEM and HAADF-STEM, while 

Table 2 presents the same data in terms of nanoparticle composition. The values 

determined by ICP-AES match reasonably well with the shell thicknesses (and thus 

compositions) calculated from the bright-field TEM images.  It was hypothesized that 

the difference between the HAADF and the average values from TEM and ICP-AES 

stems from the fact that the Pd shell becomes more jagged and uneven as it grows in 

thickness, leading to a shell that appears thicker in HAADF-STEM imaging mode than 

can be accounted for by comparing the ratio of Pd to Au in the sample.  This hypothesis 

is supported by observations that the intensity of the Pd shell around the 3.8 Pd@Au in 

Figure 8C is not uniform and that the outer edge of the particle appears to be irregular.  

Although they contain some error due to the hypothesized jagged nature of the shell, the 

HAADF-STEM measurements of shell thickness on individual nanoparticles give a sense 

of the variance in the composition between the nanoparticles.  In comparison, the bright-

field TEM and ICP-AES measurements can only give a sense of the average composition, 

with the variance principally coming from the variance in the diameters of the Au seeds. 
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Figure 9:  Histograms of the size of Au and AuPd nanoparticles.  The relative standard 
deviation of the particle size is 13.2 ± 1.3%. 

  

Table 2:  The composition of Pd in the nanoparticles in terms of weight percent, as 
calculated from the shell thicknesses listed in Table 1, and using the bulk density of 

Pd as a conversion factor. aThe Pd loading per particle was determined using the bulk 
density of Pd (12.02 g/cm3) as a conversion factor, and a Pd interlayer spacing of 0.225 

nm. 

sample 
expected %Pd per 
particle from Pd 

added to rxn 
(atoms) 

%Pd per 
particle from 
TEM (w/w)a 

%Pd per particle 
from HAADF-
STEM (w/w)a 

%Pd (w/w) per 
total metal from 

ICP-AES 

0.7 Pd@Au 9.3 11.1 ± 3.7 12.9 ± 7.0 10.9 ± 2.3 
1.9 Pd@Au 25.5 23.9 ± 9.3 31.2 ± 9.3 20.2 ± 4.3 
3.8 Pd@Au 61.2 32.9 ± 12.1 52.0 ± 19.6 28.5 ± 6.1 
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 The core-shell nanoparticles were deposited on a silica support, and were found to 

transform into alloy nanoparticles consisting of 10.9 ± 2.3, 20.2 ± 4.3, and 28.5 ± 6.0% Pd 

per nanoparticle, respectively, upon being calcined and reduced at 300 °C.  Using the 

core-shell particles as a precursor in the production of alloyed nanoparticles facilitates 

the determination of the per-particle Pd content by measuring changes in shell thickness 

via standard bright-field TEM and HAADF-STEM. Additionally, it provides two series 

of AuPd catalysts that match in their Pd composition and differ in morphology in a way 

that minimizes the introduction of variables that would complicate the comparison of 

the behavior of the two types of particles.  These catalysts are an ideal starting point for 

uncovering practicable effects that arise from incorporating Au into Pd nanoparticle 

catalysts.  

 In addition to characterization by the techniques discussed in the previous section, 

the particle catalysts were also used in three chemical reactions:  the dehydrogenation of 

!-limonene to p-cymene, the hydrogenation of ethylene to ethane, and the 

dehydrogenation of formic acid to form carbon dioxide and hydrogen gas.  Each of these 

reactions provides a different environment for testing the properties of the catalysts.  

The conversion of limonene was carried out at 250 °C, a high enough temperature 

regime to limit tests to the alloy particles, but is a good system for exploring the ability 

to tune the selectivity of these particles by altering their Pd composition, as limonene can 

be transformed into several terpinene-based isomers as well as its fully hydrogenated 

form, p-menthane, and p-cymene, its aromatic derivative.  The structures of limonene, 

the intermediate isomerization species monitored for: "-terpinene, !-terpinene, and 

terpinolene, and p-cymene and p-menthane are displayed in Figure 10. It is shown that 

the retention of size during the alloying process, facilitated by role of Au near the 
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surface of the particle in preventing Pd oxidation during heat treatment, in combination 

with the presence of a minimum threshold of at least 20% Pd per particle, helps to 

improve the selectivity of the AuPd catalysts to p-cymene conversion over monometallic 

Pd catalysts. 

 

Figure 10:  Molecular structures of limonene; terpinene isomers !-terpinene, "-
terpinene, and terpinolene that were monitored for; p-cymene, and p-menthane. 

 

Because ethylene hydrogenation takes place at lower temperatures, it is not 

necessary to treat the catalysts at the high temperatures that cause the core-shell 

particles to transform into their alloy counterparts.  As such, this reaction allows a 

comparison of the Pd@Au and AuPd/SiO2 catalysts in a vapor phase reaction.  Since 

there is only one hydrogenation product expected from this reaction, this experiment is 

focused on how the activity of the particles is altered by not only the amount of Au 

incorporated with Pd into the particles but also by how the two metals are arranged 

with respect to the surface.  Characterization by TPR and XAFS suggests the Pd@Au 
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catalysts can be tuned to act as a reservoir for subsurface hydrogen, and the conclusions 

from these investigations are coupled with results from the reaction to determine the 

extent to which these reserves can affect the rate of the reaction.
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2. Experimental Methods 

2.1 Synthesis of AuPd bimetallic and monometallic nanoparticle 
catalysts   

2.1.1 Chemical Information 

Gold(III) chloride trihydrate (520918), sodium citrate tribasic dihydrate (S4641), 

sodium tetrachloropalladate(II) (205818), hydroquinone (H9003), polyvinylpyrrolidone 

MW = 55,000 (856568, PVP55), and polyvinylpyrrolidone MW = 29,000 (234257, PVP29) 

were purchased from Sigma-Aldrich. Hydrochloric acid (UN1789), and p-menthane 

(320-53122) were purchased from Fisher Scientific. Limonene (10162783), p-cymene 

(A0300974), acetone (BDH1101-4LP), ethanol (UN1170), terpinolene (TCT0817-025ML), 

!-terpinene (TCM0317-025ML), and "-terpinene (TCM0318-025ML) were purchased 

from VWR.  Palladium(II) nitrate hydrate (22403000) and palladium tetrammine 

dinitrate (19843400) were purchased from Strem Chemical, and the silica used for all of 

the catalysts was Aerosil 300 from Degussa (specific surface area = 300 m2/g). All 

chemicals were used without further purification.  Ethylene of 99.5% purity and 

hydrogen used for GC flame ionization detector (FID) operation, 5.0 grade, were 

purchased from Machine Welding and Supply Company. Hydrogen used in the 

ethylene reactor was UHP from Airgas National Welders. 

2.1.2 Solution-phase synthesis of Pd@Au nanoparticles and 
monometallic Au and Pd nanoparticle controls 

2.1.2.1 Synthesis of 5-nm Au seed particles 

Stirring rapidly, 980 uL of 1% (w/w) HAuCl4(aq) solution was added to 100 mL 

DI H2O in a round-bottom flask. To this, 740 uL of 1% (w/v) sodium citrate and 3 mL of 

0.1 M NaBH4(aq) were added in immediate succession. The NaBH4(aq) solution was 
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chilled to 0 °C in an ice bath before being used. Upon the addition of NaBH4(aq), the 

solution immediately turned pink-orange in color, indicating nanoparticle formation. 

The solution was left to sit for one hour before use, during which time it turned bright 

red.  These nanoparticles were used as a substrate on which to grow shells of Pd, and 

were also used to make the monometallic Au control catalyst tested by the various 

methods described throughout this work.  Before the particles were deposited onto silica 

in the manner described below, 4 mL of aqueous 1% PVP55 was added to 100 mL of 

solution, such that the same amount of PVP was introduced to both the Au and AuPd 

particle samples.  

2.1.2.2 Synthesis of 0.7, 1.9, and 3.8 monolayer (ML) Pd@Au particles 

Making shell@core Pd@Au nanoparticles with different shell thicknesses was 

achieved by varying the amounts of reducing agent and Pd precursor ion introduced to 

the Au seed particle solution during the shell formation phase of the reaction.63 For each 

type of nanoparticle made, the Au seed solution was stirred at 450 rpm at room 

temperature throughout the course of the shell formation, and the reactions were run for 

3 h after the initial addition of Pd. For 0.7 Pd@Au, 2 mL of 1% (w/w) hydroquinone was 

added to 100 mL of Au seed solution, and 2.5 mL of 2 mM aqueous disodium 

tetrachloropalladate (Na2PdCl4(aq)) was infused into the solution at a rate of 67 µL/min. 

The 1.9 Pd@Au particles were synthesized in 50 mL batches so that the Na2PdCl4 

solution could be completely infused at the same rate (67 µL/min) within the three-hour 

reaction time.  In this case, 1 mL of 1% hydroquinone to each 50 mL batch, and 9.65 mL 

of 2 mM Na2PdCl4(aq) was infused directly after at 67 µL/min. To make the 3.8 Pd@Au 

particles, 4 mL of 1% hydroquinone and 2 mL of 20 mM Na2PdCl4(aq) were added in 

succession, the Pd solution being pipetted in all at once.  At the end of the reaction, 2 mL 
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of 1% (w/v) HCl(aq) was pipetted into 100 mL of the 0.7 and 1.9 Pd@Au solutions and 4 

mL of 1% (w/v) HCl(aq) into 100 mL of the 3.8 Pd@Au solution to stop the reaction, 

followed by 4 mL of 1% (w/v) PVP55 aqueous solution to stabilize the particles. 

 

2.1.2.3 Solution-phase synthesis of PVP-stabilized Pd nanoparticles 

PVP-stabilized Pd nanoparticles were synthesized using a method based on a 

synthesis reported by Han et al.4 A 250 mL round-bottom flask fit with a reflux 

condenser was filled with 100 mL of DI H2O, 1.06 g PVP29 was added to it, followed by 

3 mL of 2M HCl(aq), and the mixture was heated to a rolling boil (hotplate set to 120 °C). 

Once the reaction was refluxing, 0.53 mL of 0.47 M Na2PdCl4(aq) was added, and 80 mL 

of EtOH was poured in slowly through the reflux condenser, taking care not to let it 

bump, so to speak. The reaction refluxed for 3h before being removed from heat and 

cooled while stirring. 

2.2 Catalyst preparation 

2.2.1 Catalysts prepared by depositing solution-phase PVP-stabilized 
nanoparticles 

To successfully deposit the PVP-stabilized nanoparticles from solution onto a 

silica support, it was found that the particle solutions first needed to be reduced in 

volume to decrease the ratio of the number concentration of particles to the 

concentration of silica in solution; the more intimate the contact between the particles 

and silica particles, which were initially 10 nm in diameter, the more completely that the 

particles were removed from the reaction liquid after separation by centrifugation.  Each 

nanoparticle solution was concentrated four-fold by flowing nitrogen gas over the 

surface of the stirring solution for several hours.  The silica powder itself was plasma 
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cleaned for an hour prior to being dispersed in solvent and combined with the 

concentrated, still mixing, nanoparticle solution. The combined silica-nanoparticle 

solution was centrifuged for 1h at a spin rate of 15,000 rpm to precipitate out the catalyst 

as a gel. For the AuPd and Au nanoparticle catalysts, 0.27 g of plasma-cleaned silica was 

dispersed in 20 mL DI H2O before being combined with the nanoparticle solution, and 

the precipitated catalyst gel was washed two additional times by replacing the 

supernatant with 15 mL of fresh DI H2O, remixing the gel into the solvent, and 

centrifuging at 15,000 rpm for 20 min.  These extra steps were employed to remove any 

unreacted Pd ion or excess PVP55 from the catalyst before drying. Each 100 mL batch of 

Pd NPs was mixed with 0.73 g plasma-cleaned silica dispersed in 80 mL acetone.  Unlike 

the Au-based catalysts, this sample was not washed after the initial centrifugation step, 

because upon doing so, significant aggregation of the Pd nanoparticles was observed.  

After centrifugation was complete, the catalysts were collected into glass vials and dried 

under house vacuum at 100 °C for 5 h.  For each catalyst prepared from a colloidal 

nanoparticle solution, the number of nanoparticles per liter of solution per gram of silica 

was kept at a constant value of 1.01 × 1018 NP/L g. 

When used in the conversion of ethylene to ethane, it was necessary to dilute the 

particle concentration per gram of silica support for the catalysts in order to achieve 

accurate turnover frequency calculations; this is discussed further in Section 2.4.2.  To 

dilute the catalysts, amount of nanoparticle solution added to a given volume of silica 

was decreased by the intended dilution factor.  The 0.7, 1.9, and 3.8 Pd@Au/SiO2 

catalysts were diluted by 15, 250, and 500 times, respectively, and both monometallic 

catalysts were made at 50-fold  dilutions.  Centrifugation, washing, drying, and 

pretreatment steps were carried out in the same manner as for the undiluted samples. 
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2.2.2 Monometallic silica-supported Pd catalysts prepared by 
conventional impregnation and ion-exchange techniques 

2.2.2.1 Synthesis of a silica-supported nanoparticle catalyst by incipient wetness 
impregnation 

The conversion results obtained for the series of solution-phase synthesized 

nanoparticle catalysts employed in limonene conversion were also compared to 

monometallic Pd catalysts prepared by traditional techniques; i.e., in which metal 

particles are formed in the presence of the support material.  One such catalyst 

containing 1.78% (w/w) Pd on silica was prepared by incipient wetness impregnation,  

and is denoted Pd/SiO2 (iw).  To make this, an aqueous solution of 0.2 g Pd(NO3)2 

dissolved in 18.96 mL DI H2O was added dropwise to a beaker containing 4 g silica. The 

resultant saturated material was dried overnight in air, in an oven set to 40 °C, and was 

subsequently calcined under oxygen at 300 °C for 2 h.  The temperature during the 

calcination procedure was incremented to 300 °C at a ramp rate of 5 °C/min. 

 

2.2.2.2 Synthesis of a Pd/SiO2 catalyst by the ion exchange method 

Ion exchange catalysts, as discussed before, often result in smaller particles and a 

narrower size distribution than impregnation catalysts, because they take advantage of 

the cationic nature of unreduced metals to evenly disperse the metal precursor upon a 

support containing negatively charged surface moieties.63  To synthesize a 0.6% by 

weight Pd/SiO2 sample by the ion exchange method (denoted Pd/SiO2 (i.e.)), silica 

powder was mixed with 50 mL of DI H2O to form a silica gel. The gel was subsequently 

impregnated with palladium through the dropwise addition of a solution comprised of 
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1.6 g Pd[(NH3)4](NO3)2 in 40 mL DI H2O.  Afterwards, the solvent was removed by 

filtration with filter paper and the catalyst was washed three times with DI H2O before 

being dried in an oven at 100 °C overnight. The catalyst was then calcined under oxygen 

with a temperature ramp of 0.5 °C/min from room temperature to 250 °C, where it was 

held for two hours. 

 

2.2.3 Heat-treatment of PVP-stabilized Pd@Au and monometallic 
silica-supported nanoparticle catalysts 
 

Heat-treating the PVP-stabilized Pd@Au/SiO2 catalysts, as well as their PVP-

stabilized monometallic counterparts, before utilizing them in higher temperature 

catalytic reactions, like the conversion of limonene into cymene, was necessary in order 

to remove as much PVP from the surface of the particle as possible [cite].  

Serendipitously,  we also observed that this heat treatment caused the core-shell 

bimetallic particles to alloy, and so the following procedure was also employed to affect 

alloying for further analysis in lower temperature reactions (i.e., formic acid 

decomposition and ethylene hydrogenation).  First, the dried catalysts were calcined in a 

tube furnace at 300 °C for 1h under air flowing at 0.6 L/min. The temperature was 

increased to 300 °C at a rate of 5 °C/min. These calcination conditions have previously 

been shown to remove PVP from AuPd catalysts.51  For samples used in limonene 

conversion and for TEM analysis, the catalyst was reduced at 300 °C for 1h in situ under 

a stream of 100% H2(g) flowing at 50 sccm. For characterization with DRIFTS, the 

catalysts were reduced under 30 sccm 10% H2(g) in He(g) for 1h, and then under 30 sccm 

100% He(g) for 30 min.  
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2.3 Catalyst characterization methods 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was 

performed on the three supported bimetallic catalysts to determine the weight percent of 

the metal loadings on each by Galbraith Laboratories.  UV-visible spectroscopic analysis 

was carried out using a Cary 6000  UV-Vis-NIR spectrometer, scanning the spectrum of 

the solution-phase Au-containing particles using a double-beam experimental setup.  

The blank solution used as a reference was prepared as an aqueous solution containing 

all of the reagents utilized in the Au seed synthesis aside from chloroauric acid. 

Bright-field TEM images of each catalyst were acquired with a Tecnai FEI G2 twin 

microscope at Duke University, and high-resolution HAADF-STEM images were taken 

using the JEOL 2010F located at Oak Ridge National Laboratory in Oak Ridge, 

Tennessee as well as the FEI Titan STEM at North Carolina State University.  Specimens 

of the powder catalyst samples were prepared by dispersing a small amount of the 

powder in less than 100 uL of methanol and pipetting 4 uL of this on to 400 mesh Cu 

TEM grids coated with an ultrathin film of holey carbon (08124, Ted Pella).  

In order to measure the diameters of the nanoparticles when imaged by 

conventional TEM, ImageJ64 software was used to measure two perpendicular 

diameters per particle over at least 100 particles for each sample.  The diameters 

recorded for each particle were averaged before averaging the diameters of all of the 

particles.  The surface areas of each particle measured were calculated in this way and 

were averaged over the total number of particles analyzed to produce the surface area 

averages that were used to determine the number of geometry-based active surface sites 

per gram of catalyst, in turn used to calculate the ethylene hydrogenation TOFs 

presented in Chapter 4.  
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Diffuse reflectance infrared Fourier transform (DRIFT) spectra were acquired 

using a Bruker Optics Vertex 70 FT-IR spectrometer equipped with a Harrick Praying 

Mantis Diffuse Reflection Accessory with a Praying Mantis High Temperature Reaction 

Chamber in situ reaction cell and OPUS data analysis software. Pulsed CO 

chemisorption measurements were made using a Micromeritics ASAP 2920 Surface Area 

and Porosity Analyzer to determine active surface area on the catalyst.  For CO 

chemisorption experiments, the catalysts were reduced at 300 °C or 100 °C in H2(g) 

during analysis, based on the sample being analyzed.  Cumulative quantities adsorbed 

were used to calculate the number of active surface sites per gram of catalyst that were 

in turn used to determine the CO chemisorption-based TOFs reported in Chapter 4.  

Before chemisorption analysis of calcined and reduced bimetallic catalysts, temperature-

programmed reduction (TPR) and temperature-programmed hydrogen desorption 

(TPHD) analyses were carried out on the same instrument, ramping to either 300 °C or 

100 °C in 5% H2(g)/Ar (flowing at 50 mL/min) at a rate of 10 °C/min.  In the TPR 

profiles shown, a 5% H2/Ar mixture was used, and a TCD was used to measure H2 

uptake (or evolution).  The H2 and Ar combination was chosen to maximize the TCD 

detection difference between H2 and the carrier gas.  TPHD refers specifically to 

decomposition of the bulk palladium hydride phase, as measured in 5% H2/Ar. 

X-ray absorption fine structure spectroscopy (XAFS) experiments were 

performed on beamline 10-BM-A,B at the Advanced Photon Source at Argonne National 

Lab in Argonne, IL to determine the extent of alloying and oxide formation on each of 

Pd@Au/SiO2 and the PVP-stabilized Au/SiO2 and Pd/SiO2 samples in their untreated 

("as is") state, after being subjected to calcination conditions, after being calcined and 

then re-reduced, and after only having been heated to 100 °C in a reducing atmosphere 
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of 5% H2 in He.  All of the heat treatments took place in the sample holder cell 

immediately prior to analysis, and all experiments were performed in transmission 

mode.  The samples were analyzed at both the Pd K edge (24350 eV) and the Au LIII 

edge (11919 eV).  The experimental XAFS data collected was normalized, and the 

resultant chi function was Fourier transformed into R-space using the Athena program 

included in the FEFF6 XAFS analysis package written by Bruce Ravel.  The data were fit 

in Artemis, also included in this package, using Pd-Au, Au-Pd, and Pd-O references 

constructed using ATOMS and FEFF 6.  Pd-Pd and Au-Au references were determined 

by measuring Au and Pd foils at the beamline. 

2.4 Reaction setups for testing the catalytic properties of the 
Pd@Au and AuPd model catalysts 

2.4.1 Limonene and Menthane Reactor 

The limonene and menthane conversion reactions were carried out in a 

homemade vapor phase glass tube reactor coupled to an HP 5890 Series II gas 

chromatograph. For each run, 250 mg of calcined catalyst was loaded into the reactor, 

where it was reduced under 50 sccm H2(g) at 300 °C for 1h. Immediately after reduction, 

the reactor temperature was dropped to 250 °C and !-limonene or p-menthane was 

continuously injected by syringe pump (Harvard Instruments) at 6 uL/min. All lines 

were kept at 220 °C. The GC utilized an FID detector and the oven temperature was 

maintained at 80 °C, with He(g) as the carrier gas through a Restek Stabiliwax Bonded 

Packed Column (Cat# 80416-810). Injections were performed every 10 min. Once the 

reactor temperature and the feed flow stabilized, the reactor was run between 1.5 and 3 

hours.  



 

53 

 

2.4.2 Ethylene Hydrogenation Reactor 

Ethylene hydrogenation experiments were performed at room temperature in a 

quartz tube reactor coupled to an HP 5890 II gas chromatograph.  For each reactor run, 

approximately 100 mg of catalyst was loaded into the reactor tube, and the system was 

purged with He for several minutes before switching to reaction conditions.  Sample 

dilution was necessary to achieve differential conversion conditions, or conditions under 

which a catalyst converts only a small fraction of the reactant flowing over the catalyst 

bed.  This ensures that the entire reactor bed mass is exposed to approximately the same 

amount of reactant, and that all of the catalyst material contributes to the conversion 

observed, and in turn allows the calculation of meaningful TOF values.  Immediately 

before beginning to collect data, flow of He was increased to 200 mL/min, and H2 then 

C2H4 were introduced to the reactor in a 6:1 H2:C2H4 molar ratio.  The total percentage of 

reactant gases in the stream was approximately 15% (v/v).  The product mixture was 

sampled every 10 min for at least 3 h to determine the conversion of ethylene to ethane.  

The GC was equipped with a flame ionization detector, and was calibrated to find the 

response factors for ethylene and ethane using a Scotty gas calibration standard 

containing 1% C1 - C5 in N2.  The Pd@Au/SiO2 , Au/SiO2, and Pd/SiO2 catalysts were 

tested without further treatment aside from being subjected to a flow of He for several 

minutes before switching to reaction conditions (termed "as is"), as well as after being 

subjected to the conditions which cause alloying of the AuPd particles; i.e., calcining the 

particles at 300 °C in air for 1 h in a tube furnace (see Section 2.2.3), and then reducing 

the sample in situ at 300 °C in 10% H2/He mix flowing at 50 mL/min.  A third set of 

catalysts was heated to 100 °C for 1 h in 10% H2/He in the reactor tube before being 

utilized in the conversion of ethylene. 
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3. Bimetallic Contribution 1:  The Prevention of Particle 
Sintering 

Particle sintering is a major obstacle in industrial catalysts in terms of 

maintaining optimal catalyst performance.  In many reactions, the rate of conversion to a 

product is limited by the amount of active catalyst surface area available to it, and so it is 

important for the catalyst used to retain the high surface-to-bulk ratio it was presumably 

synthesized to have - that is, retain its small size - even after being used and 

regenerated.21  However, the very processing techniques that are employed to maximize 

the performance of the catalyst and prolong its utility can cause the particles to sinter 

into larger aggregates, unavoidably altering the structure and number of surface sites, 

and thus changing it fundamentally.64  The regeneration process utilized in industrial 

settings, for example, is meant to remove hydrocarbon buildup on spent catalysts, but 

can often cause a loss in the number of active sites by inducing sintering.102-104  Typically, 

removal of carbon build-up requires higher temperatures in an oxygen-containing 

atmosphere to combust the materials away, but this process usually results in 

regenerated catalysts with lower activity and different selectivity than a fresh catalyst.64  

Thus, from an industrial perspective it is highly desirable to be able to prevent particle 

sintering.  

Stabilizing agents that are present on colloid-derived model catalysts are 

removed in a manner that is very similar to regeneration.  Palladium nanoparticles in 

particular, even when dispersed on a support material, aggregate into larger particles 

upon exposure to calcination conditions at temperatures milder than 300 °C.64  This is 

thought to be the result of palladium oxide formation;  oxygen can fully coat and oxidize 

a Pd(111) surface at pressures in the millibar range at temperatures as low as 150 °C, and 
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heating the surface to just under 200 °C under the same atmospheric conditions causes 

small clusters of PdO to form on the surface.65  PdOx species exhibit a smaller wetting 

angle than that of pure Pd metal, conferring upon Pd oxide species a greater propensity 

to spread over a support once formed.66  Pd particles of approximately 3 nm in size 

supported on alumina were found to spread on the surface of the support material upon 

being heated to 350 °C in air, while larger ones, about 35 nm in diameter, formed pits on 

their surface.66  These pit formed at active sites on the surface of the larger particles, an 

indication that altering the properties of the Pd active sites on a particle by inclusion of 

Au in its structure may help prevent Pd mobility when heated.66  

When the 0.7, 1.9, and 3.8 monolayer Pd@Au/SiO2 catalysts were calcined and 

subsequently reduced to remove PVP from their surfaces in preparation for use as 

catalysts, it was found that, unlike the monometallic Pd/SiO2 control which sintered and 

formed larger nanoparticles as expected, the Au-containing particles retained their size.67  

In this chapter, the characterization results that expose the morphological changes to the 

particles as they convert from core-shell to alloy are presented, along with those results 

that can be taken together to offer an explanation of how the inclusion of Au in the 

otherwise Pd particles works to prevent particle growth.  It is hypothesized that the 

presence of Au in the particles can to a varying degree prevent the formation of PdO 

during pretreatment, but that the efficacy of including Au in the core-shell particles is 

correlated with the percentage of Au per particle.  We see that while the size of all of the 

different types of particles are retained, there is a degree of oxide formation that takes 

place during the calcination of the 3.8 Pd@Au/SiO2 particle that does not occur for the 

higher Au content bimetallic particles, as evidenced by TPR analysis.   XAFS analysis 

corroborates the TPR results here, and suggests that there is partial segregation of Pd in 
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this sample in addition to alloying.  Finally, the results of using the alloy particle 

catalysts in the vapor phase conversion of limonene to the aromatic product p-cymene 

demonstrates that in this case, the preservation of the particle size allows us to minimize 

the amount of Pd present per particle while maintaining a slightly better selectivity to 

the intended product when it is possible to select for any of several partially 

hydrogenated isomerized derivatives as well as the fully hydrogenated product.  

  

3.1 Characterization of Pd@Au/SiO2 to AuPd/SiO2 Transition 

3.1.1 TEM analysis showing concomitant alloying and preservation of 
particle size 

Several different TEM and analytical electron microscopy techniques were 

employed to characterize the elemental composition, morphology and size of the 

Pd@Au particles in the treatment steps leading up to their use as catalysts. Conventional 

bright field TEM images taken of the Au/SiO2, 3.8 Pd@Au/SiO2, and Pd/SiO2 samples 

before any treatment, and then after calcination in oxygen at 300 °C for 1h followed by 

reduction in 10% H2/He for 1 h at 300 °C, demonstrate the variation in the 

morphological changes of the catalysts upon exposure to heat (Figure 11).  Visually, it is 

very clear that the Au and 3.8 Pd@Au samples retain the same size distribution after 

exposure to treatment temperatures, whereas the Pd nanoparticles increase in size 

appreciably during the same process.  Figure 12 shows the size distribution of each type 

of nanoparticle in terms of the average measured particle diameter, acquired from the 

direct measurement of at least 100 imaged particles per sample using ImageJ software.  

The distributions shown provide a quantitative depiction of the comparative constancy 

of the size of the Au and 3.8 Pd@Au particle sizes relative to the supported Pd particles.  
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These images strongly suggest that the presence of Au in the Pd@Au particles prevents 

the sintering of the nanoparticles on the support before being introduced into a catalytic 

reaction. 

As already mentioned, the most likely cause of Pd particle sintering, at least in 

oxidative environments, is thought to be the conversion of Pd to PdO.  Perhaps 

unsurprisingly, then, upon inspection of the particle morphology after each step in the 

pretreatment process, it was found that the Pd particles grow in size almost exclusively 

during calcination.  Figure 13 shows conventional TEM images of the PVP-Pd/SiO2 

sample in particular at each step:  as is, after calcination, and after calcination and 

subsequent reduction.  In this side-by-side comparison of the catalyst structure, one can 

see that the Pd particles, initially 5 nm in diameter, reach a size of nearly 20 nm upon 

calcination, and do not increase in size any further upon continued heating in a 

reductive environment.  This is supporting evidence that oxygen plays a principal role 

in the sintering process, and that the inclusion of Au in the Pd@Au nanoparticles 

fundamentally alters the high temperature interaction of Pd with O2.  
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Figure 11:  Conventional TEM images of the Au/SiO2, Pd@Au/SiO2, and 
Pd/SiO2 samples as synthesized and after calcination at 300 °C for 1 h in air followed 

by reduction at 300 °C in 10% H2/He for 1 h.  
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Figure 12:  Size distribution of silica-supported Au, 3.8 Pd@Au, and Pd catalyst 
particles before and after pretreatment comprised of both calcination and reduction at 

300 °C. 

 

The 3.8 Pd@Au/SiO2 sample was further analyzed at each pretreatment step 

using EDX-STEM mapping to visualize the relative positioning of Au and Pd within the 

particles, and to see the progression of changes to the core-shell morphology as a 

function of surface treatment conditions.  Energy dispersive elemental maps of the as-is 

and fully treated particle catalysts initially revealed the core-shell to alloy 

transformation of the particles, and prompted acquisition of EDX images for 

intermediate treatment state to learn more about the elemental rearrangement.  At each 

stage, a small portion of catalyst was dispersed in approximately 0.1 mL of MeOH, as 
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were typical samples during the process of specimen deposition for TEM analysis, but 

were also sonicated for 30 s in an effort to remove the particles from the silica support 

and thereby remove sources of resolution loss from the particle scans.  

 

Figure 13:  Conventional BF TEM images of Pd/SiO2 showing the size distribution of 
the particles A) as is, B) after calcination in oxygen for 1 h at 300 °C, and C) after 

calcination as in B followed by reduction at 300 °C in 10% H2/He for 1 h. 

 

Figure 14 depicts the energy dispersive x-ray (EDX) maps of representative 3.8 

Pd@Au/SiO2 particles as is (A - C), after calcination (D - F), and after calcination and 

subsequent reduction (G - I), as two-element overlays followed by the compiled image 

in terms of the single-element contributions from Au and Pd.  The EDX image of the 

particles before treatment shows clearly the core-shell morphology of the nanoparticle; 

the single element map of the Au core shows that Au exists as a discrete core that is 

smaller in diameter than the area containing Pd, and the single-element Pd image shows 

that there is a higher intensity of Pd detected around the edge of where the Au core 

would be were it present, giving an intensity profile that one would expect for a uniform 

shell structure.67  Once subjected to calcination conditions, however, the particles clearly 

transform to a homogeneous alloy, and there is no distinguishable difference in the 

single element maps shown in Figure 14E and F.  This is another indication that the 
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presence of Au in proximity to surface Pd can inhibit the oxidation of Pd, as palladium 

oxide does not alloy with Au but typically segregates from it.4   

 

Figure 14:  EDX-STEM images of the 3.8 Pd@Au/SiO2 catalyst as-is (A - C), after 
calcination at 300 °C for 1h (D - F), and after calcination under the conditions 

specified followed by reduction at 300 °C for 1 h (G - I). 

 

It is important to note here that a fraction of the particles scanned after 

calcination exhibited an alloyed structure as well as a degree of partitioning of Pd to one 

side of the nanoparticle.  One such particle is shown in Figure 15 (note: the color coding 

of the elements in this case are reversed from the scheme in Figure 14).  The particles 
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found to exhibit this morphological change were typically much larger than the size 

distribution range of the 3.8 Pd@Au/SiO2 nanoparticles as measured in bright field 

mode.  From this we can infer that the proportion of the particles which do grow by 

palladium oxide migration is a relatively small fraction, as particles selected for EDX 

analysis must first be found on the sample grid using of Z-contrast STEM imaging, and 

larger particles show up disproportionately by this technique; it is also easier to lock 

onto these samples long enough to collect the amount of x-rays required to build a 

successful rendering of each particle.  Conversely, conventional bright field images are 

the result of several sources of contrast, and accurately display projections of smaller 

particles and larger particles, such that it is relatively safe to assume the distribution of 

sizes measured by this technique is accurate.  As will be discussed, TPR and XAFS 

results indicate that the lower percentage Pd@Au/SiO2 catalysts behave differently than 

the 3.8 Pd@Au/SiO2.  

 

Figure 15:  A) HAADF-STEM image and B) the corresponding EDX-STEM image of a 
3.8Pd@Au/SiO2 particle, post-calcination, displaying alloy formation as well as Pd 

segregation and significant particle growth. 

 

Previous work in the literature has also revealed Au as an inhibitor of Pd 

oxidation, and has shed light on the underlying sources of the interaction.  It has been 
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found in electrochemical investigations performed on AuPd bimetallic systems that thin 

layers of palladium deposited on a gold electrode oxidize at a higher applied potential 

relative to pure palladium electrodes.68 In this study, the authors concluded that when 

the Pd overlayer is thin, it interacts with Au to practically make it easier to re-reduce the 

oxide of Pd once it does form than it is to reduce the oxidized surface of a thick Pd 

layer.69 This suggests that the root of this interaction lies in an electronic interaction 

between Au and Pd.  The inclusion of Au in Pd particle catalysts as an alloy has also 

been observed to increase the electrochemical potential at which surface oxide begins to 

form relative to Pd only catalysts.70  Additionally, the electrochemical potential increases 

as the percentage of Pd present decreases, indicating that the more Au present, the more 

stable AuPd alloy particles are in the face of oxidative environments.70  The authors here 

suggest, in agreement with conclusions drawn from the just-discussed work by Cadle, 

that this effect is electronic in nature, specifically a result of Au having a higher 

electronegativity than Pd and thereby exhibiting an electron-withdrawing effect on the 

surface Pd.71  Because the 3.8 Pd@Au/SiO2 particles have the highest palladium content 

of the three particles here, it follows that the alloying observed by EDX accurately 

describes the transformation of the lower Pd content catalysts as well; this is indirectly 

confirmed by DRIFTS analysis, to be discussed in the following subsection.  

Additionally, analysis of AuPd alloyed surfaces of different composition using Auger 

electron and photoelectron spectroscopy revealed that when the alloy surface is Au-rich, 

it does not oxidize in the presence of oxygen between 300 and 600 °C.71  Conversely, Pd-

rich surfaces are coated with a layer of PdO under similar conditions; heating at 60% 

atomic weight Pd-Au alloy at 500 °C results in up to 90% of the Pd per particle migrating 

to the surface as a result of PdO formation.71 This offers an explanation as to why the 3.8 
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Pd@Au/SiO2 particles, coated with several very Pd-rich if not completely pure Pd 

monolayers, is susceptible to partial oxidation and the attendant Pd segregation 

observed.  

3.1.2 DRIFTS analysis confirming alloying and showing 
transformation of surface sites 

DRIFT spectra of adsorbed CO on the catalysts before and after calcination and 

reduction provides further evidence not only that the Pd@Au nanoparticles alloy during 

pretreatment, but also give an idea of the relative electronic states of the surface sites at 

the particle surface in both the core-shell and alloyed states.  Figure 16 shows the DRIFT 

spectra of CO adsorbed on the surface of the Pd@Au catalysts before heat treatment, 

after being heated at 100 °C for 1 h in flowing H2, and after the typical calcination and 

reduction heat treatments, respectively.  The as-prepared catalysts, shown in Figure 16A, 

was initially treated in flowing H2(g) at 25 °C to reduce any superficial oxide if present, 

something that, based on the EDX analysis of the 3.8 Pd@Au/SiO2 after exposure and 

XAFS analysis of all of the samples, seems to be the case for the 3.8 but not the 1.9 or 0.7 

Pd@Au/SiO2 catalysts.  The observed CO stretching frequencies on all of the Pd@Au 

catalysts fall at 2032 and 1932 cm-1, and are assigned to linear (or atop) and two-fold 

bridging CO bound to Pd surface sites, respectively; these are in agreement with similar 

frequency assignments for adsorbed CO on various other reported Pd model catalysts.69 

72 The intensity of the CO bridging band is very strong for all of the catalysts, and the 

relative ratio of the bridging and linear intensities increases proportionally with the 

nominal thickness of the Pd shell surrounding the Au core.  This indicates that the 

relative number of available multiatom surface sites increases with the Pd loading per 

particle, and this may be attributed to several possible differences in the particles.  The 
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relative increase in multiatom sites may be due to the slightly larger area of the terrace 

sites on the particles with a thicker shell; the increase in diameter between the 0.7 and 3.8 

Pd@Au particles translates into a 24% difference in particle surface area.  An alternative 

explanation is that the closer the surface of the particle is to the Au core-Pd shell, the 

higher the degree of Au incorporation into the surface layer.  XAFS data for the Pd@Au 

particles, to be presented later in this chapter, indicates that a degree of intermixing is 

present in the core-shell particles, which increases as the monolayer thickness of the Pd 

shell on the Au core decreases.  

 The decrease in multiatom sites could also be related to electronic interactions 

between the Au and Pd, which, based on the shifts of the CO stretching frequencies of 

CO adsorbed on Pd@Au relative to those found for Pd only, may have a non-trivial 

effect on the binding strength of adsorbates to the surface.  Computational studies of 

PdAu(111) surfaces have shown that pairs of Pd atoms in first nearest neighbor positions 

on a Au(111) surface are energetically unfavorable, and furthermore that Pd-Au bonds 

are stronger than either homometallic bond on such a surface.73  This may predict a 

certain degree of intermixing of Au at the surface of the bimetallic particles even before 

being subjected to heat that becomes more pronounced as the percentage of Pd per 

particle diminishes from 28.5% to 20.2% and finally to 10% (all in weight % of total 

metal) in the particles.  It is also possible that the presence of PVP on the catalyst surface 

may contribute to the   

 The DRIFT spectrum of adsorbed CO on the Pd/SiO2 (iw) catalyst, which is 

comprised of Pd particles that are on average 4 - 5 nm in diameter, makes for a 

stabilizer-free point of comparison to use in interpreting the spectra of the AuPd 

catalysts, and for assessing if, in fact, the increase in the relative bridging intensity on 
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these catalysts has to do with an increased Pd character of the surface.  The 

monometallic catalyst synthesized via the incipient wetness method, shown in Figure 16, 

also exhibits stretching frequencies at 2094 cm-1 and 1990 cm-1 that can also be assigned 

to the atop and bridging frequencies of CO, but these are shifted by approximately 60 

cm-1 to higher wavenumbers relative to the Pd@Au catalysts.  The ratio of the heights of 

the bridging-to-atop peaks on the Pd/SiO2 (iw) catalyst is, even larger than the relative 

ratio of the same two peaks of the 3.8 Pd@Au/SiO2 in Figure 16A, making for another 

point that supports the correlation between the thickness of Pd at the surface of the 

particle and the number of multiatom sites on the surface of the particle.  
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Figure 16:  DRIFTS spectra of supported catalysts A) before calcination or reduction, 
B) after reduction (without calcination) at 100 °C, and C) after calcination and 

reduction at 300 °C. Catalysts are designated by the %Pd (w/w) present per particle. 
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 The already-mentioned electronic shift of the Pd-CO bridging and atop stretching 

frequencies deserve further attention, because this even more directly reveals the 

electronic change of the surface due to bimetallic interaction that leads to the prevention 

of oxide formation.  For supported Pd catalysts that have been completely saturated 

with CO, the bridging stretching frequency appears between 1990 and 1970 cm-1, which 

fits with what would be expected for a combination of single crystalline (100) and (111) 

facets of Pd.114-116  This is also in keeping with the observed features of the Pd/SiO2 (iw).  

The relative decrease (i.e., red shift) in CO stretching frequencies that is observed when 

Au is present at the core of the particle suggests that Au is donating d-electron density to 

the Pd shell in the Pd@Au configuration.  An increase in the electron density in the Pd d-

state band would translate into a higher back donation to the anti-bonding pi orbital of 

CO, translating into a lower frequency vibration.  This in turn can explain why Au 

inhibits Pd oxidation during calcination, in that Au moves the Pd d-band center away 

from the Fermi level and weakens its interaction with any adsorbed species, oxygen 

included.74 

 

Figure 17:  A)  CO DRIFT spectra of Pd/SiO2 (iw) prepared by incipient wetness 
impregnation after in situ reduction of the catalyst at 300 °C.  B) HAADF-STEM 

shows the Pd particles on the (iw) catalyst at 1.78% (w/w) Pd loading. 
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The CO DRIFT spectra in Figure 16B were recorded after treating each Pd@Au catalyst 

in situ in flowing H2(g) at 100 °C for 1 h, and are important to mention with respect to 

their qualitative similarity to those in Figure 16A.  This indicates that the initial core-

shell structure of the catalysts are retained after heating to 100 °C in a reductive 

environment.  We do see here that the intensities of the 1.9 and 3.8 Pd@Au CO bridging 

stretches at 1932 cm-1, taken in comparison to one another as heights normalized to the 

heights of the corresponding atop CO vibrational frequencies, are almost identical to one 

another and closely match what was seen for unheated 3.8Pd@Au/SiO2 sample.  This 

suggests that more multiatom sites were liberated on the 1.9 Pd@Au sample uniquely 

during this treatment; the cause of this is not entirely understood and could be 

attributed to either removal of a small amount of surface oxide or of PVP.  It could also 

have to do with the release of a hydride upon heating of the 1.9 Pd@Au/SiO2. In 

addition to confirming the retention of the core-shell morphology until the calcination 

step, this experiment also confirms that the presence of PVP on the particle surface does 

not prevent the adsorption of CO and therefore does not preclude catalyst activity, even 

in vapor phase reaction conditions.  This conclusions has been reached in previously 

reported work as well.75 

 Three significant changes in the CO DRIFT spectra of the AuPd catalysts occur after 

the calcination and reduction of the Pd@Au/SiO2 catalysts, as shown in Figure 16C.  

First, a stretching frequency that corresponds to atop CO bound to Au appears at 2100 

cm-1 in each of the bimetallic spectra.49  This indicates that Au has migrated to the 

surface of the particles.  This conclusion is reinforced by the observation that the atop 

Pd-CO stretches observed after pretreatment are larger in intensity relative to the two-

fold Pd-CO stretching frequencies present, which indicates that there is a break up of 
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multiatom Pd ensembles after heating.  There is also a 28 cm-1 blue shift of the atop and 

bridging Pd-CO stretches to 2060 cm-1 and 1960 cm-1, respectively.  The blue shift of these 

frequencies suggests that upon the conversion from a core-shell to an alloyed structure 

there is a subtle shift of d-electron density from Pd to Au; however, this shift could also 

be due to the variations dipole-dipole coupling of the adsorbed CO species to one 

another that are dependent on the surface coverage of the catalyst.76  In a CO DRIFTS 

study of AuPd bimetallic nanoparticles, it was found that the position of linearly bound 

CO on alumina supported Pd(111) shifted by 16 cm-1 to lower wavenumbers as the 

surface coverage of CO decreased.90, 112, 114, 115  In our system, it is plausible to expect that 

once the particles alloy and allow for more linearly-adsorbed CO species to exist on the 

surface, the packing configuration of the of CO predisposes it to a higher degree of inter-

adsorbate coupling and therefore a slight shift to higher stretching frequencies.  The 

frequencies observed over the AuPd alloy catalysts are still red shifted from frequencies 

observed over monometallic Pd catalysts, like that seen in the analysis of the Pd/SiO2 

(iw) catalyst, which exhibited linear and bridging Pd-CO frequencies at 2090 cm-1 and 

1990 cm-1, respectively.  This implies that there is still an overall red shift in the 

stretching frequencies when Au is present in the particles due to a transfer of d-electron 

density from Au to the Pd band, regardless of whether the morphology is core-shell or 

alloy.49, 59  There is also a small peak present at 2050 cm-1 that closely matches a shoulder 

assigned by Marx et al. to CO linearly-bound to Au on AuPd alloy nanoparticles, and as 

such this peak can be tentatively interpreted as the same for the alloy AuPd particles.59 

 The frequencies of the CO adsorbed onto the surface of the nanoparticle catalysts 

gives an idea of the active surface site geometries of the Pd@Au, and how they change 

upon exposure to different treatment conditions.  When the catalysts are exposed to 
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temperature conditions that facilitate conversion to an alloy ordering scheme, there is a 

break up in multiatom Pd ensemble sites, indicating a migration of Pd to the interior of 

the particle.  Au also acts as an active surface site, and introduces weakly binding 

surface sites to the particle surface. Together, these two phenomena make the particle 

surface overall a weaker binding surface for adsorbates, including oxygen.  The red shift 

of the Pd-bound stretching frequencies on the AuPd and Pd@Au catalysts, regardless of 

the morphology, relative to the same types of stretches on Pd only catalysts indicate that 

the presence of Au does indeed, through electronic interactions with Pd, weaken the 

binding strength of O (and presumably other adsorbates) such that the formation of PdO 

is less likely.  The overall intensities of the stretching frequencies, in fact, on the three 

types of alloy particle suggests that for the 10 and 20.2% Pd per particle alloy catalysts, 

the overall amount of bound species is severely diminished when compared to the 

intensity observed on the core-shell particles (Fig 12A) and also when compared to the 

degree of CO adsorption observed on the 28.5% AuPd catalyst.  This disparity in 

behavior also points to a composition dependency on the ability of Au to prevent 

oxidation of Pd; the apparent increase in surface sites that is observed on the 28.5% 

AuPd catalyst could mean that enough oxygen can adsorb during exposure to cause the 

degree of oxide observed by TPR and XAFS and discussed below. 

 

3.1.3. XAFS analysis of Pd@Au/SiO2 catalysts 

As a bulk technique, XAFS is still useful for determining the oxidation states of 

the metals that constitute a supported nanoparticle catalyst sample.  Additionally, due to 

the high surface-to-volume ratios of nanoparticles, the data gathered by this technique 

does provide surface sensitive information in this case.  Analyses of the three catalyst 
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samples after the several of the same treatments analyzed using DRIFTS - as is, after 

heating in H2 at 100 °C, after calcination at 300 °C, and after calcination and subsequent 

reduction at 300 °C - are shown in Figure 18, Figure 19, and Figure 20.  It should be 

noted that the number of spectra acquired at the Advanced Photon Source was limited 

by time constraints, and for this reason, the XAFS spectra of 0.7 and 1.0 Pd@Au/SiO2  

alloy samples (that is, the samples subjected to calcination conditions) were not 

collected.  
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Figure 18:  Pd K edge XAFS data for the 3.8 Pd@Au/SiO2 catalyst as is, after reduction at 100 °C, after calcination at 300 °C, 
and after calcination and subsequent reduction at 300 °C over a k-range of 2.2 - 10. 
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Figure 19:  Pd K edge XAFS data of 0.7 Pd@Au/SiO2 catalyst as is and after reduction at 100 °C in H2 (k-range = 2.5 - 11.2). 
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Figure 20:  Pd K edge XAFS data of 1.9 Pd@Au/SiO2 as is and after reduction at 100 °C in H2 for 1 h (k-range = 2.0 - 10.2). 
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Figure 18 shows the XAFS data collected at the Pd K edge for the 3.8 Pd@Au/SiO2 

catalyst at each step in the pretreatment process, and as such, is useful to discuss first in 

terms of teasing out absorber-backscatterer interactions present in the data.  It is 

immediately apparent that the catalyst undergoes significant changes at each step in the 

treatment process.  When considering the potential interactions of a Pd absorber in the 

Pd@Au nanoparticle environment, there are two backscattering species that are certain 

to factor into the overall appearance of the data: the Pd absorber - Pd backscatterer (Pd-

Pd) pair and the Pd absorber - Au backscatterer (Pd-Au) pair.  For this reason both types 

of interactions are included in the theoretical model that is used to fit the data depicted 

here.  Because the samples are bimetallic in nature, the theoretical model was 

constructed using a crystal containing a 1:1 atomic ratio of Pd and Au atoms.  

Additionally, a Pd-O contribution was factored into the theoretical model during the 

fitting process.  This third contribution, that of Pd photoelectron-waves backscattering 

from O results in a significant Pd-O bond distance contribution to the XAFS data shown 

in Figure 18 around R of approximately 2.07 Å for the "as is" sample and at 2.04 Å for the 

sample exposed to calcination conditions.  Note that the values for the bond distances 

are calculated by fitting the data shown with a theoretical model in which shifts in the 

phase are considered, and as such, the bond distances are not directly readable from the 

data in Figure 18, Figure 19, and Figure 20, which have not been phase-shift corrected.  

In these figures, the Pd-O contribution falls around 1.5 Å.  We see that before exposure 

to any treatment, the 3.8 Pd@Au/SiO2 catalyst has an appreciable amount of oxide 

present; the Pd-O contribution to the data is almost as large here as is present after 

calcination.  This peak is not present on the data acquired on "as is" 0.7 Pd@Au/SiO2 or 

1.9 Pd@Au/SiO2 (Figure 19 and Figure 20), a testament to the inherently different, 
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monometallic Pd-like nature of the 3.8 Pd@Au/SiO2 compared to the 0.7 Pd@Au/SiO2 

and 1.9 Pd@Au/SiO2 samples.   

 For comparison, the XAFS data for the untreated monometallic Pd/SiO2 catalyst at 

the Pd K edge, plotted in R space, is shown in Figure 21.  The fit shown was produced 

by including theoretical input files that describe the crystal structures of Pd metal and 

PdO.  In general, fits to XAFS data are optimized by minimizing a chi function that is 

dependent on the real and imaginary parts of the Fourier transform of the theoretical 

contributions.  The output of the fit gives the best fit of the minimization process for the 

coordination number, coordination distance, Debye-Waller factor, and energy edge shift, 

along with the associated uncertainties.  These uncertainties are composed of 

contributions of noise as well systematic error sources, like sample inhomogeneity, 

detector response, background removal errors, and the like. 

 The parameters of the fit of the monometallic Pd catalyst, as well as the fit for the 3.8 

Pd@Au/SiO2 in the two oxidized samples ("as is" and calcined), are shown in Table 3.  

The R-factor of the fit to the monometallic Pd sample, which comprised of Pd-Pd and 

Pd-O contributions only, at 0.0242, is a so-called "good" fit, and on average, each Pd 

absorber is surrounded by 9.8 other Pd atoms, but also 1.6 O atoms.  The same peak on 

the "as is" and calcined 3.8 Pd@Au/SiO2 samples, when fit considering the contributions 

of scattering from Pd, Au, and O, return Pd-O coordination numbers of 1.67 ± 0.78 and 

1.69 ± 0.68, respectively, indicating that in each case the coordination of Pd to O is to 

the same degree as a monometallic surface, even though there is on average a significant 

presence of metal backscatterers surrounding the Pd absorbers in these samples.  Also 

telling is the loss of the oxide peak once the sample is exposed to reducing conditions, as 

there is notably no loss of a peak below 2 Å in terms of details in R-space when the 0.7 
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Pd@Au/SiO2 and 1.9 Pd@Au/SiO2 samples are reduced at 100 °C.  These observations 

are evidence that the presence of Au at compositions above 80% in our core-shell 

particles is effective in preventing oxidation of the superficial Pd.   

  

 

Figure 21:  XAFS data at the Pd K edge collected for the monometallic Pd/SiO2 catalyst 
without exposure to any treatment (k-range = 2.5 - 11.4). 

 

 On the other hand, quantitative fit analysis carried out on the 3.8 Pd@Au/SiO2 

catalyst after calcination and reduction further reveals the loss of any robustness 

imparted by Au once its composition drops to below 80% in 5 nm core-shell particles.  

The Pd K edge XAFS data collected for this sample is shown in Figure 22, and the fit 
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parameters, determined over a Fourier transform range of k = 2.5 - 11.4 and a fit range of 

R = 1.29 - 3.14, are included in Table 3.  
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Table 3:  Pd K edge (and Au LIII edge where acquired) fitting parameters for untreated Pd/SiO2 and 3.8 Pd@Au/SiO2, as is, 
after reduction at 100 °C, after calcination at 300 °C, and after calcination and reduction. S0

2 was set to 0.76 for fitting Pd 
absorber data, and to 0.88 for Au absorber data. aThe coordination number of backscatterers surrounding the absorbing 
atom; baverage bond distance between absorber and backscatterer; cDebye-Waller factor, dshift from the absorption edge 

to fit the data; emeasure of the goodness of fit. 

catalyst treatment absorber backscatterer Na Rb !2  (10-3)c "E2 d R-factore 
Pd/SiO2 as is Pd Pd 9.8 ± 1.6 2.76 ± 0.006 8.1 ± 0.8 -4.1 ± 1.5 0.0242 

  Pd O 1.6 ± 1.0 2.16 ± 0.02 2 ± 4 (9)  
         
3.8Pd@Au/SiO2 as is Pd Pd 1.4 ± 0.6 2.74 ± 0.03 5 ± 7 (-8)  
  Pd Au 5.3 ± 2.3 2.78 ± 0.01 8 ± 7 (-6)  
  Pd O 1.7 ± 0.8 2.07 ± 0.03 8 ± 8 9.2 ± 3.4  
         
3.8 Pd@Au/SiO2 air/300 °C Pd Pd 1.1 ± 0.9 2.77 ± 0.03 -0.1 ± 6 (-9)  
  Pd Au 6.3 ± 2.0 2.86 ± 0.03 5 ± 4 -2.5 ± 2.7   
  Pd O 1.7 ± 0.7 2.04 ± 0.01 2 ± 5 (9)  
         
3.8 Pd@Au/SiO2 H2/100 °C Pd Pd 3.7 ± 1.2 2.79 ± 0.02 8.2 ± 3.7 (-7) 0.01747 
  Pd Au 6.7 ± 2.3 2.79 ± 0.01 9.6 ± 5.1 (-6)  
  Au Pd 1.5 ± 0.5 2.77 ± 0.02 8.0 ± 2.2 3.5 ± 2.9 0.0092 
  Au Au 9.0 ± 0.8 2.84 ± 0.006 8.1 ± 0.6 4.9 ± 0.9  
         
3.8 Pd@Au/SiO2 

air/300 °C, 
H2/300 °C Pd Pd 3.7 ± 0.6 2.80 ± 0.01 6.6 ± 1.6 -6.1 ± 1.3 0.00201 

  Pd Au 7.8 ± 0.9 2.79 ± 0.009 6.6 ± 1.4 -5.9 ± 1.0  
  Au Pd 2.6 ± 0.5 2.81 ± 0.01 7.1 ± 1.4 4.8 ± 1.6 0.00742 
  Au Au 8.1 ± 0.8 2.83 ± 0.008 7.6 ± 0.7 4.8 ± 1.0  
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 Figure 22:  Pd K edge XAFS data (blue solid line) and calculated first-shell fit (red 
dashed) in k and r space for the 3.8 Pd@Au/SiO2 catalyst after calcination and 

subsequent reduction at 300 °C for 1h (k-range = 2.5 - 11.4, R-range = 1.29 - 3.14). 
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The data for the 3.8 Pd@Au/SiO2 sample after reduction at 100 °C and after 

calcination and reduction at 300 °C is interesting in that it allows comparison of the 

differences in the structure after being exposed to treatments at a lower and higher 

temperature.  The coordination numbers for the Pd absorber after being heated to 100 °C 

and 300 °C are 10.5 and 11.5, respectively, implying that Pd has moved more fully into 

higher coordination sites - i.e., has alloyed more extensively - in the latter case.  Of these 

coordination shells, there are on average 6.7 and 7.8 Au atoms surrounding Pd, again 

pointing to an overall diffusion of Pd more fully into the Au bulk of the particle after 

calcination and reduction.  We also observe a slight decrease in Au-Au bond distance 

once the particles have been treated with oxygen and hydrogen at 300 °C.  Vegard's law, 

which describes the linear correlation between bond distance and composition in alloys, 

forms the basis for ascribing this decrease as an indirect indicator of a higher degree of 

Pd diffusion into the Au core, as Pd, with a bond distance of 2.75 Å, would lower that 

lattice parameter of a AuPd alloy structure as the mole fraction of it increases.  The !2 

values of calcined and reduced 3.8 Pd@Au/SiO2 are consistently lower than those of 3.8 

Pd@Au/SiO2 reduced at 100 °C, signifying that the sample treated at higher temperature 

exhibits a lower degree of static disorder and thus possesses a more homogeneous metal 

distribution.  For both treatments regimes of 3.8 Pd@Au/SiO2, the Pd absorber NN 

distances are at intermediate values between the Pd-Pd (2.75 Å) and Au-Au (2.88 Å) 

bond distances in the pure metal lattices, as predicted by Vegard's Law.  The Au-Pd NN 

distances are somewhat interesting: for example, the Au-Pd value for the 100 °C reduced 

3.8 Pd@Au/SiO2 is 2.77 ± 0.01 Å, which is smaller than the Pd-Au bond distance for the 

particle (2.79 ± 0.02 Å).  Although, statistically, these two values are the same, this trend 

in magnitudes has been observed for supported PdAu alloy particles previously, and the 
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lattice contraction of 0.02 Å observed in that case was attributed to local ordering of Au 

and Pd that arises from an exothermic heat of mixing of Pd and Au.77 The value of the 

Au-Pd NN distance for the calcined and reduced sample is 2.81 Å, larger than in the 

low-temperature reduction sample, likely because of a relative expansion of the lattice 

surrounding each Au on average, as the Pd is now dispersed more fully throughout and 

is effectively a more dilute backscatterer.  There is a loss of any contribution of Pd-O 

scattering interactions to either data set, indicating the removal of oxide after heating in 

H2. 

The fits for the XAFS analysis of the samples in the context of bimetallic 

intermixing will be discussed in more quantitative detail in the next chapter.  The XAFS 

results presented here back up the hypothesis that Au acts to prevent oxidation in core-

shell particles, with its efficacy dependent on the amount of Au per particle. 

3.1.4 Temperature-programmed reduction of Pd@Au/SiO2 catalysts to 
assess the degree of oxidation upon calcination  

 Temperature-programmed reduction (TPR) data was collected for all of the samples 

after subjecting them to calcining conditions.  The results reveal that there is a 

composition-dependence to the oxidation inhibition capability of Au present in 

otherwise Pd catalyst particles.  The TPR results for each catalyst as a function of 

reduction time are shown in Figure 23.  These profiles are the result of the initial 

interaction of the sample with 5% H2 in Ar carrier gas as the temperature of the sample 

was increased to 300 °C at a constant rate of 10 °C/min, and as such, since they were 

initially in a calcined state, represent the amount of reducible species present on the 

sample in terms of the volume of hydrogen uptake.  The results of the three catalysts are 

drastically different from one another, though the only variable is the amount of Pd 

present per particle.  The trends in the data are thought to arise from the degree of Au 
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present near the surface, which correlates with the reported propensity for Au-rich 

alloys to experience Au surface enrichment at bulk molar fractions of Au above 

approximately 0.45, as calculated from surface energies using a regular solution model.90, 

116  Figure 24 is a reproduction of regular solution and ideal solution calculations 

reported by Reifsnyder et al that show the degree of surface enrichment as a function of 

the bulk molar fraction of Au in AuPd alloys which demonstrates the principle that Au-

rich alloys are more likely to have a increase in Au segregation to the surface.59  It is 

interesting to note that this model predicts that bulk alloys with a composition of more 

than 40% Au will have a Au enriched surface, yet the 3.8 Pd@Au particles have clearly 

displayed a tendency for Pd to remain at the surface of the particle and oxidize from our 

characterization results.  This disparity can be explained by the core-shell morphology of 

the 3.8 Pd@Au particles:  because most of the Pd is present in a Au-poor region of the 

particle, it effectively falls on the lower bulk composition end of the chart in Figure 24. 

Thus, the Pd shell surface is self-sustaining, thereby exposing itself to oxidation.  In 

addition to indicating that shells larger than 2 monolayers of Pd lose the beneficial effect 

of having Au present in terms of oxide prevention, this also supports the hypothesis that 

there is a degree of intermixing of the Pd and Au at the interface in the 0.7 and 1.9 

Pd@Au particles that allows them to behave as an alloy would.  Slight intermixing 

would render the composition of Au in the shell to be lower than the overall percentage 

of Au in the particle, but for the 0.7 and 1.9 Pd@Au particles, with bulk Au compositions 

of 90% and 80% (w/w), respectively, this value is likely still above 40% Au at the 

surface. 
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Figure 23: Comparison of TPR data collected over the alloyed catalysts after having 
been subjected to calcination conditions. 

 

The 3.8 Pd@Au/SiO2 catalyst, however, when analyzed after exposure to calcination 

conditions, exhibits a significant H2 uptake peak within 5 min, at a temperature of 77 °C, 

indicative of the reduction of an oxide species on the catalyst.  This tells us that the lower 

composition of Au in the 3.8 Pd@Au particles reduces its ability to completely prevent 

oxide formation.  This could be due to the higher proportion of multiatom Pd ensembles 

on the surface of the 3.8 Pd@Au/SiO2 catalyst (see Figure 16A), making it easier to form 

a more tenacious bond to adsorbates, and making it behave most like a monometallic Pd 

catalyst, out of all of the Pd@Au catalysts.  Perhaps most interesting is the behavior of 

1.9 Pd@Au/SiO2 after calcination and upon first exposure to H2 under increasing 

temperatures; not only does the 1.9 Pd@Au not uptake H2, it releases a significant amount 

of H2.  The position of the hydrogen sorption peak for this sample in terms of 

temperature, occurring at 80.2 °C, is close to the temperature reported for the desorption 

of hydrogen from bulk palladium in a Pd/SiO2 catalyst formed by the cation exchange 
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preparation method (90 °C).44  This will be discussed further in the context of subsurface 

hydrogen reserves within the particles in the next chapter, but important here is that, 

again, the presence of Au seems to be effective in inhibiting the oxidation of Pd.   

 

Figure 24:  Surface enrichment of AuPd alloys as a function of Au molar fraction in 
the bulk of the material.44 

 

3.2 Observation of the effects of sintering prevention in the Pd 
catalyzed conversion of α-limonene to p-cymene 

The utilization of the alloy AuPd particles in the high temperature conversion of 

!-limonene to its fully dehydrogenated form, p-cymene, demonstrates the practical 

utility of being able to prevent sintering through adding a high percentage (greater than 

80% Au per particle) of Au to the nanoparticles.  The performance of the alloyed 

particles was compared to that of both monometallic Au and Pd silica-supported 

nanoparticles, as well as monometallic silica-supported Pd catalysts prepared by 

incipient wetness (iw) and ion exchange (i.e.) methods.   
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The production of p-cymene is an industrially practical reaction to study because 

it is used in the production of resins, fragrances, pesticides, and industrial solvents, and 

as such it is a valuable material.44  Traditionally produced from petroleum feedstocks, it 

has been found that one potential method for generating p-cymene in an 

environmentally friendly way is to dehydrogenate !-limonene, an abundant chemical 

waste product of the citrus juice industry.120-123  Both Pd and Au have been tested as 

monometallic catalysts in the conversion of limonene to p-cymene, and it has been found 

that while Pd catalyzes the conversion with high selectivity, Au exhibits almost no 

activity.78  In these investigations, it was proposed that the production of p-cymene 

proceeds through the full hydrogenation of limonene to form p-menthane as an 

intermediate.78  There have been, however, no investigations into the performance of 

supported AuPd nanoparticle catalysts in selectively converting limonene to cymene.  

Using the AuPd alloy nanoparticle catalysts to catalyze limonene conversion, affords the 

opportunity to probe how the addition of Au to Pd, and the preservation of the 

nanoparticle size stemming from this addition, alters the reaction pathway.   

As the reaction data in Figure 25 demonstrates, the solution-phase synthesized 

catalyst particles are active for the conversion of limonene to p-cymene.121, 124  The 

AuPd/SiO2 catalysts in particular, above a certain threshold amount of Pd per particle, 

demonstrate a particularly high conversion to p-cymene; the yield of p-cymene was 65.5, 

83.2, and 84.1% over the 10, 20.2, and 28.5% AuPd/SiO2 catalysts, respectively, and for 

all bimetallics, limonene was completely converted to other products.  As discussed in 

the introduction, three other terpinene isomers of limonene were monitored for during 

the reaction:  !-terpinene, "-terpinene, and terpinolene (see Figure 10).  Conversely, 

limonene was only partially converted when passed over the monometallic Au/SiO2 

and SiO2 controls:  only 54% was converted over the former and 60% over the latter.  In 
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addition to a drop in the activity when Pd was not present, a decrease in the selectivity 

was also observed over the catalysts that did not contain Pd, with only 18% of limonene 

that was converted being transformed to p-cymene over the Au/SiO2 catalyst, and the 

rest of the product stream leaving the reactor as a mixture of menthane, !-terpinene, and 

other unidentified products.     

 

Figure 25:  The A) average percent conversion of limonene to various products 
over AuPd catalysts and monometallic control catalysts and B) the yield of p-cymene 
over each catalyst as a function of reaction time.4 Conversion of limonene was carried 

out at 250 °C under a stream of 50 sccm H2 and limonene injected continuously at 6 
uL/min. 

 

The monometallic Pd catalysts, as expected, all performed similarly to one 

another, fully converting limonene as it flows through the fixed catalyst bed and 

yielding approximately 80% p-cymene in the product stream.  While there was a very 

small percentage of unidentified product that appeared in the mixture of products for all 

of the Pd/SiO2 catalysts, the PVP-coated Pd/SiO2 also generated an appreciable amount 

of !-terpinene, while the incipient wetness and ion exchange catalysts yielded only p-

menthane.  This difference may be attributable to the initial presence of PVP on that 

catalyst.  The 10% AuPd/SiO2 catalyst also yielded !-terpinene, while the 20 and 28.5% 
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AuPd catalysts did not.  Additionally, as shown in Figure 25B, the non-Pd containing 

Au/SiO2 and silica catalysts readily deactivated with time, whereas the productivity of 

the Pd-containing catalysts was relatively constant as their time on stream progressed.   

Focusing on the selectivity of each of the Pd-containing catalysts to p-cymene 

brings an interesting point to light, which is that the higher Pd-loading AuPd/SiO2 

catalysts are more selective to p-cymene than any of the Pd catalysts, as is most visually 

obvious in Figure 25B.  In addition to preserving the size of the AuPd nanoparticles, 

then, the addition of Au allows the amount of Pd per particle to be minimized while still 

improving the selectivity to p-cymene.  In the reductive environment required for the 

limonene reaction to proceed, the ability of the Au to minimize oxidation and the 

resultant mobility of the oxidized Pd formed does not directly factor into the outcome of 

the reaction, but its functionality in maintaining the size of the nanoparticles during 

pretreatment is likely a pivotal factor in rendering the bimetallic catalysts not only 

competitive but slightly better in terms of selectively catalyzing the reaction. 

Fundamentally, the robustness imparted to the AuPd alloy particles lets one vary the Pd 

composition to a certain degree, as we have done here, to maximize the performance of 

the catalyst while minimizing the Pd content. 

Taken together, these results also inform a new understanding of the reaction 

pathway over Pd-containing catalysts.  Previous work, as mentioned above, suggests 

that limonene conversion to p-cymene over silica-supported Pd catalysts proceeds via a 

two-step pathway, in which limonene is first fully hydrogenated to p-menthane before 

undergoing complete dehydrogenation to p-cymene, and terpene isomers of limonene 

are produced only in the absence of Pd or H2.4  The results gathered and presented here, 

on the other hand, suggest that both silica-supported Pd and AuPd alloy particles 

produce p-cymene through a two-step isomerization-dehydrogenation pathway, similar 
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to the mechanism reported for solution-phase Pd nanoparticles.78 This conclusion is 

partially drawn from examining the product break-down of samples on which one 

would expect for there to be a limited number of multiatom sites:  the 10% AuPd/SiO2 

sample and the PVP-stabilized Pd/SiO2, for both of which (based on DRIFTS data and 

the growth of the Pd particles to a catalytically huge size, respectively) we expect there 

to be a lower number of sites upon which the catalyst reaction will take place.  For the 

10% AuPd/SiO2 reaction in particular, the behavior observed in terms of selectivity is in 

good agreement with the assessment of the strength of the adsorbate-surface site bonds 

as measured by DRIFTS and XAFS, in that the Au-rich surface of this particle type 

coupled with the shift of electron density to the Pd surface atoms diminishes the 

particle's propensity to bind with adsorbates (both for oxygen, as discussed before, as 

well as the hydrogen and the limonene intermediates that figure into the reaction at the 

center of this discussion).   

The mechanism derived for this reaction is also based upon the observation that 

a very low yield of p-cymene is produced when p-menthane is flowed over the catalyst 

bed as the reactant at 250 °C (Table 4).  This result is surprising given that p-cymene is 

the thermodynamically favored product at this temperature.78 If p-cymene were 

primarily produced via reversible dehydrogenation of p-menthane, one would expect to 

see a pattern in the TOFs of the catalysts that is similar to the yields of p-cymene 

displayed in Figure 25A.  However, no correspondence between the TOFs in Table 4 and 

the selectivities to p-cymene shown in Figure 25A is observed.   

It is also noted that the 10% AuPd catalyst possesses the highest TOF for p-

menthane dehydrogenation.  While all of the other supported Pd catalysts have p-

menthane TOFs in the ~10-20- h-1 range, the TOF for this catalyst was calculated to be 

160 h-1.  It has been previously reported that small islands of Pd deposited on Au 
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surfaces evolve hydrogen at higher rates than a Pd surface.79  This enhancement could be 

attributed to surface diffusion of atomic hydrogen from Pd sites on the 10% AuPd 

particle surface, shown to be primarily single atom sites, to the sea of Au atoms that 

surround them.  Because hydrogen binds much more weakly to inert Au than it does to 

Pd, associative desorption of from the surface once it spills over from Pd becomes a 

more facile process.80 In the reaction described would facilitate the removal of hydrogen 

from limonene and reaction intermediates bound to the surface, as well as from 

menthane.    

Table 4:  Chemisorption results for each alloy catalyst as well as the percentage of p-
menthane converted over each catalyst and the resultant calculated turnover 

frequency (TOF).78 

Catalyst CO adsorbed 
(µmol/g) 

p-menthane 
conversion (%) TOF (h-1) 

10% AuPd 0.69 ± 0.1 1.42 ± 0.008 162.7 ± 17.8 
20% AuPd 5.13 ± 0.6 1.39 ± 0.001 20.8 ± 2.4 

28.5% AuPd 5.51 ± 0.7 1.32 ± 0.06 16.1 ± 2.0 
Pd/SiO2 0.77 ± 0.2 1.23 ± 0.001 7.6 ± 0.09 

Pd/SiO2 (i.e.) 27.1 ± 1.4 7.17 ± 0.2 21.3 ± 0.8 
Pd/SiO2 (iw) 15.7 ± 0.8 1.88 ± 0.09 9.7 ± 0.3 

 

As such, the scheme in Figure 26 is proposed as the pathway of conversion from 

limonene to p-cymene, with p-menthane being as a byproduct rather than as an 

intermediate.  
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Figure 26:  Proposed scheme for the conversion of !-limonene to p-cymene. 

 

In sum, one of the most fundamental ways that Au affects the behavior when 

combined with Pd in nanoparticle made in a solution-phase process as described here is 

by preventing particle growth through sintering upon exposure to higher temperatures 

in an oxidative environment.  On its own, Pd succumbs to oxidation quite rapidly under 

conditions that are necessary for calcination of solution-phase constructed nanoparticle 

catalysts.  However, when Au is present in high enough quantities in a AuPd alloy, it is 

thermodynamically favored for Au to enrich the surface such that the surface 

composition of Au is higher than the overall bulk composition.  This explains the 

tendency of the bimetallic particles to alloy when calcined as opposed growing and 

segregating.  An investigation into the three types of particles synthesized demonstrates 

that the nominal percentage of Au present, and more specifically the effective alloy 
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composition near the shell surface, affects the ability of the Au present to prevent 

oxidation and to facilitate homogeneous alloying of itself with the Pd present.  XAFS 

analysis of the catalysts indicates that there is a degree of intermixing at the Au-Pd 

interface in the core-shell particles, and for a shell as thick as up to 1.9 monolayers of Pd, 

we find that this is sufficient to impose an effective alloy composition close to the mole 

fraction cutoff for Au surface enrichment (near 0.40 Au for bulk AuPd alloys - see Figure 

24).  Once the shell reaches 3.8 monolayers, however, intermixing at the interface is not 

sufficient to prevent partial oxidation and subsequent partitioning of the Pd in the shell 

during the calcination step.  Still, the particles also alloy, and their size distribution is, by 

and large, maintained.  The preservation of size in the face of oxidative treatments is 

useful for keeping the catalyst particles in a catalytically relevant size range and makes 

them useful for improving upon the properties of monometallic solution-phase 

synthesized monometallic Pd/SiO2 catalysts, as was demonstrated in the vapor-phase 

conversion of limonene to p-cymene.
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4. Bimetallic Contribution 2:  Subsurface Hydrogen 
Reserves in Pd@Au particles 

Many metals are capable of forming metal hydride complexes through the 

interstitial inclusion and rearrangement of the solid metal when exposed to hydrogen.  

As such, these materials are the subject of investigation into their utility as hydrogen 

storage materials, the development of which would allow a hydrogen economy to come 

to fruition as a viable energy alternative to fossil fuel-based energy sources.79  Palladium 

is in the class of metals that form a hydride phase, and in fact, hydrogen is more stable 

when it is present below the surface, or in the subsurface, of pure Pd than it is in its 

gaseous form.126-128  The hydride phase of Pd has been extensively studied in the context 

of catalysis, since palladium materials are abundantly used in industrial processes 

involving hydrogen.81 From decades of study, it is known that palladium hydride can 

not only form at low temperatures and low pressures of hydrogen on palladium 

surfaces, but also that hydride formation can occur on supported palladium particles 

with a relatively high dispersion.82, 83  Furthermore, the tendency of palladium hydride to 

form is size dependent, decreasing with increasing dispersion of Pd.82 

It is found that the 1.9 Pd@Au/SiO2 catalyst seems to be unique in its capacity to 

harbor subsurface hydrogen, and the source of this phenomenon may be traced to a 

unique balance that exists for this catalyst that is present neither for the 0.7 nor the 3.8 

Pd@Au/SiO2 catalyst.  According to Boudart et al., the solubility of hydrogen in 

palladium is dependent on both the dispersion of the metal, as well as the amount of 

hydrogen that is chemisorbed to the surface.130, 132, 133  As is seen through the quantitative 

fit analysis of XAFS data, the 0.7 Pd@Au particles do not possess a distinct 

submonolayer of Pd, but rather, Pd has to a degree alloyed with the Au core beneath, 

causing the surface to reconstruct into an alloy with a lower degree of Pd in the surface. 
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The 3.8 Pd@Au particles seem to alloy to a greater degree than the 1.9 Pd@Au 

particles after treatment in H2 at 100 °C for 1 h.  Pulsed CO chemisorption analysis of the 

three catalysts and the Pd controls show that the 1.9 Pd@Au/SiO2 catalyst has a much 

higher dispersion than any of the others. TPR and TPHD data confirm the presence of 

subsurface hydrogen in the 1.9 Pd@Au catalyst exclusively, which disappears once the 

catalyst is reduced after calcination.  Ethylene hydrogenation by bulk hydrogen has been 

found to occur successfully over metal surfaces where surface-adsorbed hydrogen 

exhibits no activity.84  We compare the performance of the Pd@Au core-shell and AuPd 

alloy nanoparticles to one another in the hydrogenation of ethylene, and find evidence 

that subsurface hydrogen does factor into the catalysts' performance in this reaction.  

The catalyst results here demonstrate the utility of using Au to tune the ability of a 

bimetallic AuPd particle to hold a reserve of hydrogen that can promote a given reaction 

according to the requirements of the system in which they are employed.  

4.1 Subsurface hydrogen reservoir formation in Pd@Au/SiO2 as 
determined by TPR and TPHD 

 In Figure 23, the temperature-programmed reduction of the 0.7, 1.9, and 3.8 

Pd@Au/SiO2 catalysts, acquired after calcination at 300 °C, is shown.  As discussed in 

Chapter 3, after being exposed to these conditions 3.8 Pd@Au/SiO2 alone contains a 

significant amount of oxide, as evidenced by the large hydrogen uptake peak present on 

the TPR.  The 1.9 Pd@Au/SiO2 sample, on the other hand, exhibits a prominent that 

indicates there a release of hydrogen from the particle upon heating in a 5% H2/Ar 

mixture.  This is a direct indication that the 1.9 Pd@Au particles are capable of harboring 

subsurface hydrogen species.  Palladium forms a β-hydride phase at temperatures at 

room temperature in H2 pressures above two hundredths of an atmosphere.85  The loss 

of this subsurface hydrogen has been found to occur simply by outgassing a sample 
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containing it at room temperature for a little more than 10 seconds86;  thus, not only is 

easy to form this species of absorbed hydrogen, but it also remains readily available as a 

reservoir.  In Figure 23, desorption for 1.9 Pd@Au/SiO2 begins around t = 1.6 min, which 

corresponds to an initial release temperature of 39 °C.  The shape of the peak 

corresponds with the H2 desorption peak during the second cycle of TPR on carbon-

supported Pd nanoparticles (Figure 27B), which shows hydrogen desorption to begin at 

40 °C.86   The second cycle TPR trends (TPHD) for both the 1.9 and 3.8 Pd@Au particles, 

shown in Figure 27A, also resemble this desorption peak.  In fact, the behavior of 3.8 

Pd@Au/SiO2 during the first and second cycles of the TPR experiment represent exactly 

what was observed over the carbon-supported Pd catalyst studied by Nag, indicating 

that in the context of oxidation and hydrogen adsorption propensity, the highest Pd 

percentage catalyst behaves effectively like a Pd-only catalyst.82     

 

Figure 27:  A) Second-cycle TPR, aka TPHD, of the AuPd samples after calcination. B) 
shows the first and second (1 and 2, respectively) cycles of TPR over a carbon-

supported Pd catalyst.82 

The 1.9 Pd@Au/SiO2 catalyst desorbs H2 at a slightly later time, indicating 

stronger retention of the hydride species.  As this implies by the linear increase in 

temperature with time, there is variation in the desorption temperatures over each 

catalyst, and a slight offset in the temperature at which the maximum desorption occurs 
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compared to the Pd/C particles.  Maximum desorption of H2 from Pd/C occurs around 

56 °C, while the maximum volume of H2 is released at 81.8 °C and 83.5 °C for the first 

and second cycles of TPR over 1.9 Pd@Au/SiO2.  Conversely, the maximum release of 

hydrogen during the second cycle of TPR over 3.8 Pd@Au/SiO2 occurs at 55.2 °C.  This 

temperature is nearly identical to that observed for release from Pd/C, and so it may be 

assumed that the H2 evolved from 3.8 Pd@Au/SiO2 during TPHD was generated by the 

formation of a hydride phase during exposure to hydrogen during TPR and upon 

cooling.  This conclusion is strengthened by the match in the hydrogen uptake peak 

character (Figure 23) for 3.8 Pd@Au/SiO2 relative to the first cycle TPR of the Pd/C 

catalyst. The Pd present in this catalysts is most like pure Pd in its ability to form an 

oxide at ambient temperatures, and the existence of an oxide layer such as the one 

observed on 3.8 Pd@Au/SiO2 (Figure 18) may passivate the particle surface against 

uptake of any hydrogen as a hydride.82  This interpretation helps to explain why hydride 

may not form on this catalyst even though calcined 3.8 Pd@Au/SiO2 shows a similar 

degree of Pd-Pd first shell coordination to 1.9 Pd@Au/SiO2 (Table 5).  Since oxide 

formation can influence subsurface hydrogen uptake, it follows that the distance of the 

AuPd interface from the surface is a major factor in subsurface hydrogen formation in 

this regard.  

Unlike 3.8 Pd@Au/SiO2  and Pd/C, 1.9 Pd@Au/SiO2 consistently exhibits a 

hydrogen release around 80 °C, indicating that the interaction of H2 with this catalyst is 

a stronger one than is found for pure Pd and that the increased stability of the 

subsurface hydrogen phase, the specific character of the phase aside, is facilitated by the 

presence of Au within the particle.  The difference between the hydrogen holding 

behavior of 1.9 Pd@Au/SiO2  and 3.8 Pd@Au/SiO2 is strong evidence that the amount of 
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hydrogen stored in bimetallic particles can be tuned by adjusting the initial shell 

thickness of the particle.  

This gets to a complex point of the hydride formation:  1.9 Pd@Au/SiO2 forms a 

subsurface, hydrogen-containing phase that somehow survives high temperature 

exposure to oxygen and remains present once the particles have alloyed during the 

oxidative treatment.  The existence of a unique phase is also particularly apparent when 

one tries to fit the Pd K edge XAFS data acquired for untreated 1.9 Pd@Au/SiO2 with 

only Pd-Pd and Pd-Au contributions included in the fitting model; it is exceedingly 

difficult to do so, indicating the existence of a contribution that likely has to do with this 

phase observed by TPR.  As such, it is worth considering the breadth of literature 

regarding bimetallic AuPd surfaces and their ability to trap hydrogen beyond 

adsorption to the surface. 

A similar difficulty, for example, in capturing the behavior of Pd present in a 

shell on Au nanoparticles was encountered by Tang et al. in the context of attempting to 

accurately model the observed shifts in localized surface plasmon resonances of Au 

upon the uptake of hydrogen.  In this case, the researchers concluded that it was 

possible that Au and Pd may have interdiffused to create an altered hydride-bearing 

chemical species within the nanoparticles studied.82 

Using density functional theory, Kandoi et al. have calculated the binding 

energies of surface and subsurface hydrogen on a monolayer of Pd over a close-packed 

Au substrate.81  In several capacities, this simulation is a good representation of the 1.9 

Pd@Au/SiO2 particle surface; specifically, the nanoparticles studied here are assumed to 

be faceted by Pd(111) pseudomorphically grown on Au, something observed for the 

Pd@Au particles through HAADF-STEM characterization (Figure 8)  and numerically by 

XAFS quantitation of bond distances (Table 5).  Moreover, like the simulated surface, the 
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1.9 Pd@Au particles have at least a full monolayer of Pd on the surface of the Au core.  

In their investigation, it was found that when Pd is layered on a noble metal such as Au, 

which has a fuller d-band than Pd, electron density is transferred to the emptier Pd 

overlayer, raising its d-band center closer to the Fermi level, and thus strengthening 

binding between Pd and H.87  Additionally, the tensile strain imposed by depositing Pd 

on a material with a larger lattice parameter influences the electronic properties of 

adsorbate binding, such that they are bound more strongly to the Pd surface, although 

this is not the primary contributing factor to changes in nature of the Pd-adsorbate 

bond.87  Overall, a combination of electronic effects and strain effects as described lead to 

an increase in the binding energy of surface hydrogen bound to Pd overlayers on a Au 

substrate; however, subsurface hydrogen was calculated to bind less strongly at the Au-

Pd interface  than it does below the surface in pure Pd (-1.87 eV versus -2.53 eV as 

calculated, respectively).87  It may be that because there are almost two full monolayers 

comprising the Pd shell on the 1.9 Pd@Au/SiO2 particles, the binding energy of 

subsurface hydrogen falls more closely in line with that of a pure Pd surface; however, 

this fails to explain how the hydrogen reservoir observed in 1.9 Pd@Au/SiO2 survives 

calcination when Pd releases subsurface hydrogen under less harsh conditions.  

 The stabilization of surface hydrogen that is revealed by these calculations is 

useful, though, in that it informs our interpretation of the results of ethylene 

hydrogenation over the core-shell catalysts.87 Although these results do not offer an 

explanation for the hydrogen retention of 1.9 Pd@Au/SiO2, they do show that 

subsurface hydrogen also affects the d-band of the surface metal and therefore can 

directly influence the binding of surface hydrogen and ethylene.87 
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4.2 Quantitative Characterization of XAFS Analysis of the 
Pd@Au/SiO2 Samples 

XAFS analysis of the core-shell and the 28.5% (w/w) AuPd alloy samples after 

reduction to remove oxide contributions from the surface gives a more thorough overall 

idea of the average character of coordination environment around the Pd absorbing 

atoms, and this, helps to provide an explanation of the unique behavior of 1.9 

Pd@Au/SiO2 in harboring subsurface hydrogen.  XAFS data was successfully fit for 

Pd@Au/SiO2 catalysts after reduction at 100 °C in H2 for 1h, as well as for the 3.8 

Pd@Au/SiO2 catalysts after calcination in air at 300 °C for 1h and subsequent reduction 

at the same temperature.  The k-space and R-space data and their corresponding fits are 

shown in Figure 28 and Figure 29 , and Figure 30, as well as in Figure 22 in Chapter 3; 

the results of fitting of these data as well as Au absorber data are shown in Table 5 and 

Table 3. 
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Figure 28:  Pd K edge XAFS data (blue solid line) and calculated first-shell fit (red 
dashed) in k and r space for the 0.7 Pd@Au/SiO2 catalyst after reduction at 100 °C for 

1h (k-range = 2.5 - 11.2, R-range = 1.28 - 3.37). 
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Figure 29:  Pd K edge XAFS data (blue solid line) and calculated first-shell fit (red 
dashed) in k and r space for the 1.9 Pd@Au/SiO2 catalyst after reduction at 100 °C for 

1h (k-range = 2.5 - 11.5, R-range = 1.21 - 3.35). 
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Figure 30:  Pd K edge XAFS data (blue solid line) and calculated first-shell fit 
(red dashed) in k and r space for the 3.8 Pd@Au/SiO2 catalyst after reduction at 100 °C 

for 1h (k-range = 2.5 - 11.5, R-range = 1.22 - 3.35). 
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 The fits to the XAFS spectra acquired for the 0.7 Pd@Au/SiO2 and 3.8 Pd@Au/SiO2 

catalysts agree very well with the experimental data in both k-space and R-space (given 

as the magnitude of the Fourier transform of the k-space data), as shown in Figure 28, 

Figure 30, and Figure 22 and as indicated by the R-factors given for the Pd absorber fits 

to each of these data sets in Table 5.  The R-factor quantifies the misfit between the 

experimental data and its theoretical fit, and as a rule, factors below a magnitude of 0.05 

indicate a "good" fit.  The 1.9 Pd@Au/SiO2 catalyst, however, proved extremely difficult 

to fit, as signified by the R-factor of the Pd-K edge fit, and is clearly visible in the 

mismatch of the dotted red and solid blue lines in both k-space and R-space in Figure 29.  

Moreover, the fit shown here, based on contributions from the Pd-Pd and Pd-Au 

scattering interactions, could not be improved upon by inclusion of a Pd-O contribution, 

assuming any oxide contribution would arise in the form of a Pd-O crystal structure.  

This is further illustrated in Figure 32, in which the imaginary component of the Fourier 

transformed fit in R-space have been broken down into their Pd-Pd and Pd-Au 

contributions for the 0.7 Pd@Au/SiO2 and 1.9 Pd@Au/SiO2 reduced samples, 

respectively.  Where it is clear that for 0.7 Pd@Au/SiO2 that the Pd and Au backscatterer 

contributions are sufficient to fully account for the features within the experimental 

data, the same contributions to the fit of the 1.9 data neglect to account for a feature 

occurring below 2 Å on the experimental R-space spectrum.  This misfit is inherently 

amplified in the R-space magnitude plot, which is the summation of the real and 

imaginary parts of the Fourier transform of the k-space data.   

It has been shown previously that palladium oxide formation on supported Pd 

particles leads to features on the XAFS R-space plot that fall below 2 Å.87  This is 

inherently due to the shorter bond distance between Pd and O, and yet, consideration of 

a typical short Pd-O distance as a contributing factor to the fit is not sufficient to account 
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for the misfit in the 1.9 Pd@Au/SiO2 experimental data.  It is possible that if this feature 

does arise from an oxide based contribution, it could incorporate oxygen that is still a 

part of PVP residing on the surface of the particle, for which the bond distances would 

not be described by the theoretical PdO structure. However, one would expect a 

coordinative bond between PVP and Pd to be longer than where the missing 

contribution on the R-space data lies.  

Studies by other researchers of palladium hydride formation using Pd edge 

XAFS revealed that the lattice of Pd expands from its typical value of 2.75 Å upon the 

formation of a hydride phase in supported particles.88  All of the catalysts reported in 

Table 5, on the other hand, have a RPd-Pd of approximately 2.79 Å.  Since the 1.9 

Pd@Au/SiO2 catalyst was not studied by XAFS after being exposed to calcination and 

calcination/reduction, it is not possible to speak to the changes in the Pd-Pd or 

heteroatomic bond distances as a function of treatment.  However, since the Pd-Pd and 

heteroatom bonds are both effectively already expanded because of the presence of Au, 

it may be that the interstitial sites in the bimetallic samples are predisposed to 

absorption of hydrogen.  It is observed that the heteroatomic and Pd-Pd bond distances 

in all of the catalysts are similar after reduction, indicating that this expansion is only 

one facet of the reason that 1.9 Pd@Au/SiO2 alone seems to form a stable hydrogen 

reservoir.  As already mentioned, the resistance to Pd oxide by this catalyst, something 

that does not extend to the 3.8 Pd@Au/SiO2 sample, provides a viable reason that the 

expanded 1.9 Pd@Au subsurface sites are accessible to hydrogen while those within the 

3.8 Pd@Au particles are not. 

Looking into the numbers of Pd and Au backscatterers present in the first 

coordination shell of each catalyst gives an idea of the degree of alloying of the samples, 

as well as the homogeneity of the types of bonds between each absorber and 
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backscatterer.  For the 0.7 Pd@Au/SiO2 catalyst, the Pd absorber is surrounded by a total 

of 11.3 atoms on average, which, when one considers the overall coordination to be a 

weighted average of the coordination shells of the surface and bulk Pd atoms, matches 

the average coordination one would expect for a 5 nm particle, for which the dispersion 

is typically 20%.  This high degree of coordination indicates that the Pd atoms within the 

0.7 Pd@Au catalyst are not part of a separate Pd shell, but rather have migrated into the 

underlying Au core; a segregated shell of Pd on these particles would have a diminished 

average coordination sphere that was representative of the submonolayer amount of Pd 

on the core.  Of the atoms in the first shell, approximately 10 of them are Au, further 

supporting the conclusion that Pd does not comprise a discrete layer on the particle 

surface.  The Au coordination sphere is also comprised of 10.7 total atoms, 9 of which 

are Au backscatterers, which indicates that the Au core is intact.  The fact that the 

intermetallic coordination numbers N are small but non-zero, taken with the overall 

retention of the Au core structure, signifies that Pd is present in an intermixed Pd-Au 

layer that is localized at the surface of the particle.  The bond distances of all of the 

absorber-backscatterer interactions containing Pd are statistically equivalent to one 

another at 2.81 and 2.80 Å, while the Au-Au distance is 2.83 Å, again indicating the 

presence of two separate coordination environments for Au in the form of the Au core 

and a Pd-Au intermixed shell, with the shorted bond length arising from a favorable 

enthalpy of Au-Pd mixing.  The Debye-Waller factors (!2) are also quite low for the 

interactions in the 0.7 Pd@Au particles aside from the Au-Pd interaction - this higher 

value likely derives from a larger distribution of types of Au-Pd bonds in the particles.   

 The 1.9 Pd@Au/SiO2 results are more difficult to accurately interpret, because, 

as discussed above, Pd-Au and Pd-Pd contributions alone were not sufficient to fit the 

experimental data well.  With these contributions only, we observe that the Debye-
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Waller factors of the fit achieved for any of the absorber-backscatterer interactions that 

involve Pd are quite large relative to those for the other samples.  The coordination 

numbers and NN distances, as in the other samples, suggest that the Au core is still 

present, and that at the core-shell interface, there is a certain degree of intermixing.  

However, the errors in the number of first shell backscatterers surrounding Pd are very 

large, another indication that the fit is not sufficient to fully describe the 1.9 

Pd@Au/SiO2 sample.  In general, this data shows that of the three catalysts, the 1.9 

Pd@Au/SiO2 sample is unique in its composition and morphology.  It should be noted 

that the Pd K edge 1.9 Pd@Au/SiO2 XAFS data can be fit if the edge energies of the Pd-

Pd and Pd-Au contributions are allowed to shift to a degree that generally points to an 

unreasonable fit (|"E2| > 10).  In an investigation into the effect of Pd particle size on 

the existence of subsurface hydrogen using both experimental x-ray absorption near-

edge spectroscopy (XANES) and XANES simulations, it was found that the presence of 

bulk hydrogen within the particles caused significant changes to the spectra, including a 

large edge shift.44  Thus, the difficulty associated with achieving a good fit and small 

edge shifts for the 1.9 Pd@Au/SiO2 sample may be an indication in itself that the sample 

contains bulk hydride.   

It may be that the combination of the Pd layer thickness and the intermixing at 

the Au-Pd interface, observed from the XAFS fitting above, create a unique environment 

in the surface layers of the 1.9 Pd@Au/SiO2 catalyst that drastically promotes hydrogen 

solubility.  In a study on the thermodynamics of hydrogen inclusion at 1 atm within Pd-

Au alloys of varying composition, the set of isotherms shown in Figure 31 was derived, 

and it was found that for a range of temperatures, the solubility of hydrogen within a 

structure increases significantly between Au compositions of 30 and 60%.89  In other 

work, it was found that under the same H2 pressure conditions AuPd alloys with a 
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molar composition of Au falling in between χAu = 0.15 and 0.30 exhibit relatively 

constant H2 solubilities even though the enthalpies and entropies of H2 adsorption differ 

over this range because of their compensating effect when taken together.90  The effective 

near surface alloy created by intermixing at the 1.9 Pd@Au core-shell interface is not as 

Au-rich as the alloy particle would be, as XAFS shows the shell to remain distinct from 

the particle core after heating at 100 °C in hydrogen, which could very well put the 

surface alloy composition within range of the promoted solubility regions seen on the 

isotherm at some point during pretreatment. 

 

Figure 31:  Hydrogen solubility isobars in Pd-Au-H ternary solid solutions.89 

 

To summarize the XAFS analysis conducted on the 0.7, 1.9, and 3.8 Pd@Au/SiO2 

reduced at 100 °C and the 3.8 Pd@Au/SiO2 catalyst after calcination and reduction at 300 

°C, we do see intermixing in the shell layers to a certain extent after reduction at 100 °C 

but also that the core-shell morphology is retained in the particles.  This is something 
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that has already been observed to affect the properties of the particles in limonene 

conversion and more generally in their propensity to prevent oxidation of Pd at higher 

temperatures.  The 3.8 Pd@Au particles, when calcined and reduced, alloy by a different 

pathway than the partially alloyed Pd@Au samples that are observed after reduction at 

100 °C, but we see that the particles both exhibit intermixing, and that the calcined and 

reduced alloy more fully than the sample reduced at low temperature.  The 1.9 

Pd@Au/SiO2 sample, after reduction at 100 °C, is very difficult to fit, when the other 

catalysts relatively easy to fit after the same heat treatment.  From Figure 20, we find that 

the analysis of reduced and as 1.9 Pd@Au/SiO2 result in nearly identical XAFS data, and 

so we can infer that in both states there is an additional contributing factor to the 

structure. It is possible that PVP, which should still be present on the surface, may be 

introducing an oxygen contribution to the spectrum through interaction of its carbonyl 

functional group to Pd surface atoms.  However, this does not seem to be a significant 

contributor to 3.8 Pd@Au/SiO2 spectrum, which should bind PVP as well, although 

perhaps not as tenaciously as the 1.9 Pd@Au surface (for which electron density 

donation from Au affects Pd surface atom d-states to a greater degree).   
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Table 5:  Pd K edge XAFS fitting parameters for Pd@Au/SiO2 catalysts after exposure to different heat treatments. S0
2 was set to 

0.76 for fitting Pd absorber data, and to 0.88 for Au absorber data. aThe coordination number of backscatterers surrounding the 
absorbing atom; baverage bond distance between absorber and backscatterer; cDebye-Waller factor, dshift from the absorption 

edge to fit the data; emeasure of the goodness of fit. 

catalyst treatment absorber backscatterer Na Rb !2  (10-3)c "E2 d R-factore 
0.7 Pd@Au/SiO2 H2/100 °C Pd Pd 0.95 ± 0.5 2.80 ± 0.04 5.4 ± 4.5 -7.4 ± 4.4 0.00204 
  Pd Au 10.3 ± 1.0 2.80 ± 0.008 8.3 ± 1.4 -6.2 ± 0.8  
  Au Pd 1.6 ± 0.7 2.81 ± 0.03 10.3 ± 3.5 4.0 ± 3.6 0.0072 
  Au Au 9.1 ± 0.9 2.83 ± 0.007 8.6 ± 0.7 5.0 ± 1.0  
         
1.9 Pd@Au/SiO2 H2/100 °C Pd Pd 4.5 ± 3.8 2.79 ± 0.04 13.3 ± 11.5 (-7) 0.07068 
  Pd Au 7.0 ± 4.3 2.77 ± 0.04 11.0 ± 7.5 (-6)  
  Au Pd 1.4 ± 0.6 2.78 ± 0.03 10.6 ± 3.5 2.5 ± 4.0 0.00641 
  Au Au 9.8 ± 0.8 2.84 ± 0.005 8.7 ± 0.6 4.9 ± 0.9  
         
3.8 Pd@Au/SiO2 H2/100 °C Pd Pd 3.7 ± 1.2 2.79 ± 0.02 8.2 ± 3.7 (-7) 0.01747 
  Pd Au 6.7 ± 2.3 2.79 ± 0.01 9.6 ± 5.1 (-6)  
  Au Pd 1.5 ± 0.5 2.77 ± 0.02 8.0 ± 2.2 3.5 ± 2.9 0.0092 
  Au Au 9.0 ± 0.8 2.84 ± 0.006 8.1 ± 0.6 4.9 ± 0.9  
         
3.8 Pd@Au/SiO2 

air/300 °C, 
H2/300 °C Pd Pd 3.7 ± 0.6 2.80 ± 0.01 6.6 ± 1.6 -6.1 ± 1.3 0.00201 

  Pd Au 7.8 ± 0.9 2.79 ± 0.009 6.6 ± 1.4 -5.9 ± 1.0  
  Au Pd 2.6 ± 0.5 2.81 ± 0.01 7.1 ± 1.4 4.8 ± 1.6 0.00742 
  Au Au 8.1 ± 0.8 2.83 ± 0.008 7.6 ± 0.7 4.8 ± 1.0  
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Figure 32:  Comparison of the Pd (green) and Au (aqua) contributions to the overall fit 
(dashed red line) to the Pd K edge data collected for the A) 0.7 Pd@Au/SiO2 catalyst 

and the B) 1.9 Pd@Au/SiO2 catalyst, both after reduction at 100 °C for 1h. 
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4.3 Ethylene hydrogenation over Pd@Au/SiO2 and AuPd/SiO2 
catalysts 

Ethylene hydrogenation at room temperature offers the opportunity to not only 

test the catalytic properties of the core-shell Pd@Au particles against those of the alloy 

particles, but also to gauge the affect of the ability of the particles to absorb subsurface 

hydrogen on the rate of hydrogenation of an adsorbate.  Ethylene hydrogenation 

catalyzed over platinum group metals is one of the most extensively studied reactions in 

the field of heterogeneous catalysis, and it is generally understood to be a structure 

insensitive process based on decades of single crystalline surface studies.77  This 

terminology in itself is meant to denote that shape and size of, as well as the ordering of 

surface atoms on, a metal catalyst does not change the activity of the catalyst.  However, 

recent studies have shown that supported Pd nanoparticles may behave differently than 

single crystal surfaces because of the presence of subsurface hydrogen stores that are 

closer to the surface of a nanoparticle than they are in bulk, therefore becoming 

accessible to adsorbing alkenes.91 More recent studies have also demonstrated that the 

addition of a second metal, such as Ag, to Pd, can modulate its selectivity in alkene 

hydrogenation.91  To the best of our knowledge, the data presented here represents the 

first instance in which a series of AuPd bimetallic catalysts has been employed in 

ethylene hydrogenation to ethane. 

Initially, it was found that the bimetallic and alloy catalysts, at the per particle 

concentration discussed in the experimental descriptions, were all extremely active in 

the conversion of ethylene to ethane such that the conversion at the ethylene flow rate 

used was observed to be 100%.  Full conversion, somewhat counter intuitively, poses a 

problem in determining the TOF of a catalyst, in that when a reactant is fully converted 

over a catalyst bed, it is uncertain what fraction of the catalyst bed is necessary to 

achieve full conversion of the amount of reactant flowing through the reactor at a given 
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moment.   Likely, only a fraction of the bed has catalyzed the complete conversion, and 

as such, turnover frequency calculations based on the full amount of catalyst loaded into 

the reactor will underestimate the activity of surface sites on that catalyst.  Even at 

higher partial conversions, TOFs calculated will be inaccurate, since the amount of 

starting material passing through the catalyst bed greatly diminishes as it makes its 

along the height of the bed; effectively, the TOF determined is an average over a range 

of starting concentrations of reactant in the flow, with the catalyst closer to the bottom of 

the reactor contributing less to the overall conversion than is assumed.  For this reason, 

the construction of the bimetallic catalysts was modified so that the concentrations of 

particles on the silica support were diluted by 500, 250, and 15 fold for the 3.8, 1.9, and 

0.7 Pd@Au/SiO2 catalysts, respectively.  The dilution was achieved  by increasing the 

ratio of silica per volume of nanoparticle solution during catalyst preparation, such that 

the particles were evenly dispersed over the support material.  The monometallic 

catalysts were both diluted 50x for comparison, expecting that diluting the Pd-only 

catalyst would do little to diminish its activity, and that diluting the Au catalyst would 

likely not make much difference, as Au is not active for ethylene hydrogenation.  For 

each run, the mass of diluted catalyst loaded into the reactor was approximately 0.110 g, 

and ethylene and H2, diluted in He, were flowed in at a rate of 235 mL/min at a 

concentration of 15% (v/v) and a C2H4:H2 ratio of 1:6 over the course of several hours.  

 Table 6 is a summary of the rates of ethylene conversion to ethane per minute per 

gram of catalyst used.  These rates are shown principally to reveal the basis for the TOF 

calculations given in Table 5, for which the rate of conversion has been normalized to 

the number of Pd active surface sites per gram as calculated by two methods: from the 

theoretical structure of each type of particle and as determined from pulsed CO 

chemisorption analysis.  For the geometry-based calculations, the particles were 
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assumed to have a spherical shape, and the average surface area of each type of particle 

was determined by calculating surface area for every particle diameter measured in the 

determination of size distribution (Figure 9).  Each Pd atom (or Au in the case of the 

monometallic Au/SiO2 catalyst) was assumed to be a circle with a diameter equal to the 

homonuclear bond length, and these were assumed to close-pack on the surface of the 

nanoparticle with a packing factor of 0.9069.92   In both cases, it was assumed that the 

average Pd atom:active surface site ratio was 1.5.  This takes into account, as seen 

experimentally in DRIFTS (Figure 16) as well as CO chemisorption analysis, that Pd 

active sites are comprised both of single and multiatom Pd ensembles to which 

adsorbates can bind.93     

  

Table 6:  Rates of ethylene hydrogenation as the amount of ethylene converted per 
minute per grams of catalyst over diluted Pd@Au/SiO2 catalysts. aCatalyst conversion 

over Pd was 100%and so error could not be calculated. 

   

  
Rate (mmol ethylene converted/min/g catalyst) 

  

Sample Particle dilution 
factor As is Reduced, 100 °C Calcined and 

reduced, 300 °C 
3.8 Pd@Au/SiO2 500 50 ± 5 38 ± 7 13 ± 0.3 
1.9 Pd@Au/SiO2 250 57 ± 0.7 59.5 ± 6 2.6 ± 0.2 
0.7 Pd@Au/SiO2 15 5.2 ± 0.5 1.6 ± 0.03 0.5 ± 0.1 
Au/SiO2 50 0.5 ± 0.03 0.9 ± 0.6 0.9 ± 0.1 
Pd/SiO2 50 7.9 ± 1.0 59 ± 3 97.1a 

 

 From the values in Table 6, it is shown that except for the Pd/SiO2, all of the catalysts 

that contain Pd and are therefore expected to catalyze ethylene hydrogenation exhibit a 

drop in rate after calcination and reduction.  This is likely due to the rearrangement of 

surface sites that occurs upon alloying under heat treatment.  For the Pd/SiO2 catalyst, 

the rates are much higher than for any of the other catalysts, and in fact reach 100% after 

calcination and reduction, such that the accurate determination of TOF for this particular 
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sample is not possible.  However, the results presented for pure Pd represent the lower 

limit of the conversion rate over the monometallic catalyst, and so it can be concluded 

that it catalyzes the hydrogenation much better than the bimetallic catalysts. 

 Turnover frequencies (TOFs) displayed in Table 7 show that the 1.9 Pd@Au/SiO2 

either performs just as well as or even better than the other Pd@Au catalysts prior to 

exposure to calcination.   In the "as is" state, the 1.9 Pd@Au/SiO2 and the 3.8 

Pd@Au/SiO2 both yielded similar TOFs , with that of 1.9 Pd@Au/SiO2 being slightly 

higher, and both are several times larger than the TOF over as is 0.7 Pd@Au/SiO2.  Once 

the catalysts have been exposed to hydrogen at 100 °C, an interesting phenomenon is 

observed relative to the as is data for the TOFs that have been calculated using the 

geometry-derived active site densities:  the catalytic activity of the 0.7 Pd@Au/SiO2 and 

3.8 Pd@Au/SiO2catalysts both drop off, while that of 1.9 Pd@Au/SiO2 persists.  The 

TOFs calculated using CO chemisorption show the same relative trend in the 

conversions over the three catalysts, with 1.9 Pd@Au/SiO2 yielding ethane at a rate 

approximately 1.3 times faster than over 3.8 Pd@Au/SiO2, and approximately 10 times 

faster than the 0.7 Pd@Au/SiO2 catalyst produces ethane.  The uniform factor of three 

increase in the TOFs calculated with the experimental chemisorption could have to do 

with a loss of surface sites due to PVP association with the particle surface, something 

that was not accounted for in calculating the number of sites per gram of catalyst using 

geometry.  Given that the observed increase in TOF is uniform over all three catalysts, it 

may not be unreasonable to use this as a gauge of the percentage of the surface blocked 

by PVP that remains on the surface after treatment at 100 °C; the observed increase 

would indicate that PVP blocks two-thirds of the surface sites on each catalyst.  This 

could also be an indication that ethylene, the limiting reactant, only occupies one-third 

of the surface sites on the particles, and that ethylene hydrogenation proceeds by a 
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Langmuir-Hinshelwood mechanism. This is in keeping with the accepted literature 

description of the hydrogenation of ethylene on solid catalysts, known as the Horiuti-

Polyani mechanism.9, 142  

Table 7:  TOF of ethylene hydrogenation over Pd@Au/SiO2 catalysts as based 
on surface active site determination through geometry-based surface site calculation 

and pulsed CO chemisorption analysis. Dashes indicate that the chemisorption of CO 
on the surface of the catalyst was recorded as zero. a The TOFs for Pd/SiO2 are not 

accurate due to the high conversion of C2H4. bChemisorption data was not acquired for 
this sample.  

 TOF (×103 molecules ethylene/min/Pd active site) 

  Based on calculated surface area Based on pulsed CO 
chemisorption 

Sample As is Reduced, 100 
°C 

Calcined and 
reduced, 300 

°C 
Reduced, 100 

°C 
Calcined and 
reduced, 300 

°C 

3.8 Pd@Au/SiO2 1.4 ± 0.5 1.1 ± 0.4 1.1 ± 0.4 2.9 ± 0.5 1.05 ± 0.03 
1.9 Pd@Au/SiO2 1.8 ± 0.5 1.9 ± 0.5 0.4 ± 0.1 3.7 ±0.4 0.36 ± 0.03 
0.7 Pd@Au/SiO2 0.22 ± 0.05 0.10 ± 0.03 0.20 ± 0.06 0.331 ± 0.006 0.36 ± 0.07 
Au/SiO2 0.023 ± 0.007 0.04 ± 0.03 0.04 ± 0.01 - - 
Pd/SiO2 2.1 ± 0.7 15.8 ± 4.5 21 1.99 ± 0.09 - a 

 

 Once the catalysts have been calcined and reduced at 300 °C, the trends observed in 

conversion change markedly.  When normalized using geometry, the TOF of the 3.8 

Pd@Au/SiO2 catalyst remains the same as found after reduction at 100 °C, as does the 

0.7 Pd@Au/SiO2, but the 1.9 Pd@Au/SiO2 conversion drops precipitously, to a 

frequency that is nearly 5 times lower than when simply reduced at 100 °C.  The 

constancy in conversion over 3.8 Pd@Au/SiO2 is consistent with findings regarding 

XAFS analysis of this catalyst, in that this particle type has already undergone 

transformation to its quasi-alloyed form upon exposure at 100 °C, something that can be 

attributed to the diminished efficacy of Au to thermodynamically partition to the surface 

and prevent partitioning and oxidation of Pd when it is located further away from the 

particle surface initially.  The TOFs calculated for the calcined and reduced catalysts 
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using chemisorption are very similar to those derived from geometry.  The largest 

change is seen the Pd@Au/SiO2 catalysts after reduction at 100 °C, for which there is a 

three-fold increase difference in TOF when comparing geometry-based to CO 

chemisorption derived values (as discussed above).  The monometallic Pd/SiO2, after 

calcination and reduction, converts ethylene completely to ethane, and in fact, as 

expected, under all conditions converted ethane at sufficiently high conversion rates that 

the calculated TOFs should not be taken as accurate. 

 The reason for the change in the trends in TOF upon conversion to the alloy 

morphology may have to do with the mechanism by which ethylene binds to a Pd-Au 

surface.  Upon studying the effect of alloy composition on AuPd surfaces, it was found 

that the presence of Au in a Pd surface as an alloy tends to weaken binding of the 

ethylene and hydrogen to the surface of the catalyst, and that the effect is composition 

dependent, such that fractional surface coverages of Au higher than 0.7 lead exclusively 

to π-bonded ethylene adsorbed to the surface, the weaker of two configurations by 

which ethylene binds to a surface (the other being a σ-bound ethylidene species).94 The 

weaklier that ethylene and hydrogen bind to a surface, the more likely that it will form 

ethane.  Furthermore, the presence of σ-bound ethylidene on the surface can suppress 

the adsorption of the more easily formed π-bound ethylene intermediate.95, 96  This 

would indicate that the alloying that occurs within the Pd@Au particles upon calcination 

and reduction, and which enriches the particle surface with Au, facilitates the formation 

of the less tightly bound ethylene intermediate. 

 Interestingly, computational studies on ethylene hydrogenation show that the 

inclusion of Au on a surface of a 19-atom Pd cluster does not appreciably change the 

catalytic properties of the cluster with respect to a Pd-only control, mainly because the 

weakened metal-adsorbate bonds that enhance the catalytic rate are effectively canceled 
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out by the diminished number of hydrogen adsorption sites on the catalyst diluted at the 

surface by Au.97  The fact the TOFs for the Pd@Au catalysts vary with composition, then, 

serves to suggest again that subsurface hydrogen plays a role in the structure sensitivity 

of the reaction over these catalysts.  Previous work has shown that the degree of 

subsurface hydrogen formed within silica-supported Pd nanoparticles is highly size 

dependent, and will not form in particles smaller than 2.6 nm but which increases upon 

an increase in size and corresponding decrease in particle dispersion.95    

  However, the 1.9 Pd@Au/SiO2 catalyst's ability to catalyze the efficient seems to 

correlate directly with the presence of hydrogen absorbed in its bulk. While in the core-

shell form, the catalyst possesses a resistance to a loss in activity, only behaving like the 

0.7 Pd@Au/SiO2 catalyst after being subjected to calcination and reduction.  As is seen 

from the treatment carried out during TPR analysis of the 1.9 Pd@Au/SiO2 catalyst, 

reduction at high temperatures of the catalyst at temperatures higher than 80 °C in a 

reducing atmosphere post-alloying triggers a release of this reserve, so that we would 

expect subsurface hydrogen reserves to not be present in the calcined/reduced alloy 

catalyst form of 1.9 Pd@Au/SiO2.  

 It is possible that the core-shell structure of the particles is necessary for the 

absorption of hydrogen into its bulk.  Work supporting this hypothesis was presented 

by Yamauchi et al., who studied the formation of subsurface hydrogen in Pdcore-Ptshell 

nanoparticles.138, 147  In their work, the authors found that over a range of pressures from 

fractions of an atmosphere to 1 atm, hydrogen absorbed into PdPt bimetallic particles 

does not cause lattice expansion in the way it does when absorbed into Pd only particles, 

an indication of hydrogen interpolation in the Pd lattice as a hydride phase.98  Rather, 

they found through NMR analysis that hydrogen was dispersed throughout both metals 

and was concentrated at the interfacial region of the core-shell particles, concluding that 
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the bimetallic intermixed region of the particle provides an energetically favorable area 

for bimetallic hydride to form.  While EXAFS showed AuPd intermixing to occur in all 

of the Pd@Au catalysts, the 1.9 Pd@Au/SiO2 is unique in that the intermixed region is 

present near the surface, which is not oxidized, as in the 3.8 Pd@Au catalyst (which 

passivates the surface to the formation of a hydride) and is almost fully Pd, unlike in the 

0.7 Pd@Au particles. 

 Studying the ethylene hydrogenation behavior of the Pd@Au/SiO2 catalysts and 

comparing them against their alloy counterparts gives us a reaction platform for 

studying both how the inclusion of Au affect the outcome of the hydrogenation reaction 

and how the particular arrangement of  Au and Pd within the structure of the particles 

contribute to the variation in catalyst performance, in the context of ability of the 

particles to hold hydrogen reserves within their bulk.  We find that both the amount and 

relative location of Au within the particles affects the TOF observed for the catalysts, 

revealing a composition-based structure sensitivity element to ethylene hydrogenation.  

XAFS and TPR analyses of the catalysts aid in our understanding of how the changes in 

morphology of the AuPd particles affect the conversion of ethylene to ethane, and both 

highlight the fact that of the three bimetallic catalysts, the 1.9 Pd@Au/SiO2 alone creates 

a unique chemical environment in which subsurface hydrogen is especially prone to 

form.
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5. Future Directions 
The results above show that the Pd@Au model catalysts synthesized here have 

uniform, distinct core-shell structures that can be changed into alloyed particles by heat-

treating them.  The shell thickness is a principal determining factor in the 

transformation.  As the distance grows, the Pd shell becomes more apt to behave as pure 

Pd does under higher temperature conditions in the presence of oxygen; that is, it is 

more likely to oxidize and migrate on the surface of the particle.  This is the behavior 

observed of the 3.8 Pd@Au/SiO2 under calcination conditions, although the presence of 

Au still maintains the particle size under conditions in which pure Pd particles exhibit 

significant sintering. It was also found that by tuning the amount of Pd deposited on the 

surface of the Au core during synthesis, the propensity of the particle to absorb 

hydrogen within its bulk can be altered dramatically.  For the 1.9 Pd@Au/SiO2 catalyst 

in particular, a combination of slight intermixing at the interface of the core-shell 

interface and the nearness of that region to the surface of the particle is thought to 

render the particle exceptionally amenable to hydrogen absorption.  Both of the 

observed outcomes of Au-Pd interactions discussed in this work can be and are 

explained as a combination of fundamental electronic and geometric influences, but can 

also be directly correlated to the particle behavior in the two reactions studied here.  

Since particle size retention and the absorption of hydrogen are broadly relevant to 

industrial catalysis, and so are useful parameters by which to construct a structure-based 

understanding of performance of bimetallic particles.  To continue developing our 

understanding of the behavior of bimetallic catalysts in this practical way, there are two 

areas of further inquiry: (1) investigation of other observable effects of Au-Pd particles, 

such as resistance to CO poisoning or spillover effects for improved ease of adsorbate 
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desorption, and (2) the behavior of other two-metal systems, ideally still containing Pd 

and investigating the same reactions.  We have continued working in the first direction, 

by using the well-characterized catalysts described here to probe their utility for other 

conferring desirable alterations to catalyst behavior, specifically, heightened resistance 

to CO poisoning of the catalyst surface.  

5.1 Selective solution-phase formic acid decomposition to 
carbon dioxide 

Studying the formic acid dehydrogenation reaction incorporates investigations 

into both the selectivities and activities of the AuPd catalysts in a solution-phase 

reaction, something that has not yet been investigated with the series of catalysts 

described here.  Formic acid (HCOOH) decomposes via a two pathway process that can 

result in either the formation of H2 and CO2 or, alternatively, in the production of H2O 

and CO.  The latter of these two pathways is an undesired one, in large part because CO 

is a catalyst poison, causing the deactivation of surface sites over time and therefore 

reducing catalyst activity.  From an application-based perspective, the development of a 

high efficiency way to release H2 from formic acid renders this reaction into a viable 

chemical storage mechanism for H2-based energy applications.48, 98  

Generally, it has been shown that HCOOH dehydrogenation can be carried out 

over bimetallic catalysts such as AgPd and AuPd, but that the reaction temperatures 

required to achieve appreciable TOFs, nearing 100 °C, also cause a significant amount of 

dehydration to occur.99  Improving the monodispersity of the constituent nanoparticles, 

however, enhanced TOF to 230 h-1 over AuPd alloy catalysts at 50 °C.21  This reaction, 

then offers a way to simultaneously employ our particles in a reaction where tuning of 

the AuPd alloy composition in a controlled way may lead to useful improvements in the 
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catalytic activity of formic acid dehydrogenation while giving us a platform to compare 

the ability of the catalysts to resist poisoning by CO. 

5.1.1 Selective dehydrogenation over AuPd catalysts at room 
temperature 

In experiments currently being carried out in the laboratory, the Pd@Au/SiO2 

catalysts in their as is state and the corresponding alloys generated by calcination are 

being utilized in a straightforward solution-phase reactor setup based on the 

experimental design reported by Metin et al.21  In the reaction, 180 mg of catalyst powder 

and DI H2O are mixed, and the reaction vessel is connected to a gas burette to monitor 

the output of gaseous products from the flask upon the injection of formic acid.  In order 

to determine the selectivity of the product distribution to carbon dioxide and hydrogen 

gas evolution, as opposed to carbon monoxide and water formation, a second set of 

experiments were performed using concentrated sodium hydroxide (10 M) to fill the gas 

burette.  When the evolved gas passes through this trap, carbon dioxide is selectively 

dissolved into the NaOH solution such that comparing the initial rates of gas evolution 

for the same catalyst with and without the trap present speaks to the exclusivity of 

hydrogen evolution over carbon monoxide production.21 

The resistance to CO poisoning can and will be measured in two ways.  The first 

method is by comparing the ratio of volumes of gas evolved with and without a NaOH 

trap present in the experimental setup to the overall initial rate of gas production 

without a trap.  If the rate is very large, for example, but doesn't diminish appreciably 

upon the introduction of the NaOH trap, it can be concluded that the particle is 

principally producing CO and H2O but that CO is not hindering the turnover of 

molecules at the catalyst surface.  Conversely, if the rate is low and the inclusion of the 
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NaOH trap does not change the rate, it can be inferred that CO production is prevalent 

and that it is affecting the rate.  

To corroborate any conclusions arrived at through comparison of the NaOH trap 

results with those rates recorded without it, one can also poison the catalyst by passing 

CO over the powder catalyst prior to its introduction to the reaction.  In this way, 

additionally, the CO poisoning resistance of catalysts that do selectively dehydrogenate 

HCOOH, and therefore do not produce any CO, which might poison the surface, can be 

tested. 

Experimental results so far show that there is a marked difference in the catalyst 

performance depending on whether the particles possess core-shell or alloyed 

morphologies.  For example, the 1.9 Pd@Au/SiO2 catalyst, after transformation to the 

20.2%AuPd/SiO2 alloy catalyst, exhibits a 14-fold increase in initial gas evolution rate as 

measured before normalization to active surface site concentration.  Continuing work 

will focus on testing the repeatability of formic acid decomposition, and the utilization 

of NaOH trap experiments as well as GC analysis to determine the selectivity to 

catalyzed dehydrogenation over dehydration.  Additionally, the deliberate CO 

poisoning experiment, as described above, will be carried out. 
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