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ABSTRACT
Investigating the Synthesis, Structure, and Catalytic Properties of
Versatile Au-Based Nanocatalysts
By
Lori A. Pretzer
Transition metal nanomaterials are used to catalyze many chemical reactions,
including those key to environmental, medicinal, and petrochemical fields. Improving
their catalytic properties and lifetime would have significant economic and environmental
rewards. Potentially expedient options to make such advancements are to alter the shape,
size, or composition of transition metal nanocatalysts.
This work investigates the relationships between structure and catalytic properties
of synthesized Au, Pd-on-Au, and Au-enzyme model transition metal nanocatalysts. Au
and Pd-on-Au nanomaterials were studied due to their wide-spread application and
structure-dependent electronic and geometric properties. The goal of this thesis is to
contribute design procedures and synthesis methods that enable the preparation of more
efficient transition metal nanocatalysts.
The influence of the size and composition of Pd-on-Au nanoparticles (NPs) was
systematically investigated and each was found to affect the catalyst’s surface structure
and catalytic properties. The catalytic hydrodechlorination of trichloroethene and
reduction of 4-nitrophenol by Pd-on-Au nanoparticles were investigated as these
reactions are useful for environmental and pharmaceutical synthesis applications,
respectively. Structural characterization revealed that the dispersion and oxidation state
of surface Pd atoms are controlled by the Au particle size and concentration of Pd. These
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structural changes are correlated with observed Pd-on-Au NP activities for both probe
reactions, providing new insight into the structure-activity relationships of bimetallic
nanocatalysts.
Using the structure-dependent electronic properties of Au NPs, a new type of
light-triggered biocatalyst was prepared and used to remotely control a model
biochemical reaction. This biocatalyst consists of a model thermophilic glucokinase
enzyme covalently attached to the surface of Au nanorods. The rod-like shape of the Au
nanoparticles made the thermophilic-enzyme complexes responsive to near infrared
electromagnetic radiation, which is absorbed minimally by biological tissues. When
enzyme-Au nanorod complexes are illuminated with a near-infrared laser, thermal energy
is generated which activates the thermophilic enzyme. Enzyme-Au nanorod complexes
encapsulated in calcium alginate are reusable and stable for several days, making them
viable for industrial applications.
Lastly, highly versatile Au nanoparticles with diameters of ~3-12 nm were
prepared using carbon monoxide (CO) to reduce a Au salt precursor onto preformed
catalytic Au particles. Compared to other reducing agents used to generate metallic NPs,
CO can be used at room temperature and its oxidized form does not interfere with the
colloidal stability of NPs suspended in water. Controlled synthesis of different sized
particles was verified through detailed ultraviolet-visible spectroscopy, small angle X-ray
scattering, and transmission electron microscopy measurements. This synthesis method
should be extendable to other monometallic and multimetallic compositions and shapes,
and can be improved by using preformed particles with a narrower size distribution.
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Chapter 1
Background and Research Motivation
1.1 Introduction to Transition Metal Nanocatalysis.
Transition metal (T-metal) catalysts are catalysts comprised of elements from periodic
table groups 3-12 that are able to catalyze a myriad of chemical processes, particularly
those applied in petrochemical, medicinal, and environmental fields.1-3 A catalyst is a
moiety that increases the rate of a thermodynamically favorable chemical reaction
without being consumed by the reaction.4 Only kinetic factors of the chemical reaction,
such as its rate, nature of the transition state, and activation energy can be affected by the
catalyst.4 A catalyst’s performance is generally evaluated based on: (1) activity, which is
the reaction rate per catalytic metal site, and (2) selectivity, or the molar ratio of desired
product to total products formed.5
Many modern commercialized reactions are catalyzed by heterogeneous transition
metal catalysts, such as Ag, Pd, Pt, Cu, Rh, and Ni.6 Such heterogeneously-catalyzed
reactions occur at the interface between the solid catalyst phase and the liquid or gaseous
reaction phase.1,4 A significant advantage of using heterogeneous catalysts is that they
can be easily reused and separated from the product stream. Since metal-based catalysts
are expensive and potentially toxic to humans and other organisms, improving their
efficiency (i.e., activity, product selectivity, and lifetime) is highly desirable.
1.1.1 Motivation for Nano-sized Transition Metal Catalysts.
Nanoparticulate T-metal catalysts are a class of heterogeneous catalysts having at least
one dimension between 1 and 100 nm.7 Sometimes referred to as semi-heterogeneous
catalysts due to their small size,8 these catalysts can be supported on materials such as
carbon, metal oxides, and polymeric resins to simplify catalyst recycling and removal
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from the reaction phase. Such transition metal nanomaterials have structure-dependent
electronic, chemical, and geometric properties that can improve their catalytic activity
and selectivity, making them more efficient than larger-sized bulk metals. The ability to
tune the catalytic properties of transition metal nanomaterials by controlling their size,
shape, or composition is a potentially expedient way to increase catalyst versatility and
efficiency.7,9 The following sections briefly introduce these structural characteristics and
explore how each influences the catalytic properties of transition metal nanocatalysts.
1.1.2 Catalytic Effects of Nanocatalyst Size and Shape.
The activity of Pt,10,11 Pd,12,13 Au,14,15 Rh,16,17 Ir,18 and many other transition metal
nanocatalysts19,20 has been shown to differ with particle size.20-23 As the particle size
decreases, a greater fraction of catalyst atoms will be on the surface thereby increasing
the probability of interaction with adsorbate molecules.24 Concomitantly, such size
reduction can significantly affect adsorbate-catalyst interactions by altering the catalyst’s
geometric and electronic properties.6,25,26
Changes to the electronic configuration of the transition metal catalyst that
become evident at particle diameters ≤ 10 nm are referred to as quantum size effects.6,27
Since the size of the particle is on the same order as the de-Broglie wavelength of the
valence electrons, the particle’s electronic behavior follows quantum mechanical rules,
such that the electrons can be described as “particles in a box”.25,27 Therefore unlike the
bulk metal, the electron wavefunctions of the nanoparticles (NPs) are more confined and
discrete energy levels can be formed (Fig 1.1).24,27
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Figure 1.1 Visual representation of the changes in electronic configuration as the number
of metal atoms increases. Ef denotes the Fermi level of the metal. (Adapted from Refs.
25, 28)
Changes to the valence d-band of transition metal catalysts are particularly
important because they can directly affect the strength of the adsorbate-metal bond.29,30
As the size of the nanoparticle decreases the d-band narrows such that the center, or
average energy of the band, moves closer to the Fermi level of the bulk metal and the
density of states (DOS) decreases.6,25,26,31 In general, as the d-band center moves closer to
the Fermi level, the strength of the metal-adsorbate bond increases.29 Stronger adsorbatemetal interactions do not necessarily increase the rate at which the catalyzed reaction
occurs.5 If reaction molecules (i.e., reactant, intermediate, or product) bind strongly to
metal surface atoms (heat of adsorption ~100-800 kJ/mol), the catalyst surface may
become saturated with adsorbates resulting in decreased catalytic activity.5,32
Alternatively, weak van der Waals interactions between adsorbates and metal surface
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atoms (heat of adsorption <80 kJ/mol) can result in reaction molecule surface coverages
too low to sustain the reaction.5 Ideal metal-adsorbate interactions perturb the reactant(s)
toward the transition state, such that an adsorbed product is formed that can readily
desorb from the catalyst’s surface. Hence, the manner in which size-dependent shifts of a
transition metal catalyst’s d-band center affect its catalytic activity will vary depending
on the desired chemical reaction.
Within the size range that the electronic structure of a transition metal
nanoparticle changes, the particle’s geometry can concomitantly be altered and affect
how adsorbates interact with the catalyst surface.33-35 As the particle diameter is
decreased below 5 nm, the relative number of edge and corner surface atoms increases.35
Low-coordinated atoms (coordination number ≤6), such as those on the particle edge and
corner, can have unique catalytic properties due to a shift in their d-band center toward
the catalyst’s Fermi level.1,36 The coordination number of corner, edge, and face surface
atoms and the distance between these atoms varies with the particle’s shape; hence,
different shaped particles can exhibit unique catalytic activity.4,37,38 Recently, El-Sayed
and colleagues demonstrated that the geometry of Pt nanoparticles (NPs) can influence
their ability to catalyze electron transfer reactions between Fe(CN)6 3- and S2O32- ions.39,40
Bratlie et al. alternatively found that Pt cubic and Pt cuboctahedral particles exhibit
similar catalytic activity for the hydrogenation of benzene, but cubic NPs have a higher
selectivity to cyclohexane.37 Similar geometric effects have also been noted for Pd41,42
and Rh43-45 NP catalysts. Due to the morphology-dependent geometric and electronic
properties of transition metal nanocatalysts, control of particle size and shape can
significantly improve their activity and selectivity.
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1.1.3 Bimetallic Nanocatalysts: Catalytic Effects of Composition.
In the early 1900s, the discovery that the addition of Pd to Pt could improve catalytic
activity for ammonia oxidation gave rise to the development and study of bimetallic
transition metal catalysts.30 Many bimetallic catalysts, particularly Pt and Pd-based
catalysts with Ir, Re, Ge, Sn, Au, Cu, or Pb, are currently used to catalyze a variety of
chemical reactions, including oxidation, hydrogenation, and reforming reactions.30,46
Such catalysts usually exhibit high catalytic activity, selectivity, and deactivation
resistance, exceeding that of their monometallic analogues.4
In general, two types of bimetallics can be synthesized: those in which both
metallic components are catalytically active and those in which one component is
predominantly active while the other is relatively inert. The relatively inert metal can
either enhance the activity of the original transition metal catalyst or act as a diluent. In
turn, it is possible that the catalytic properties of the more inert transition metal can be
enhanced due to interaction between the two metals.4
The unique catalytic properties of bimetallic catalysts are generally ascribed to
geometric and electronic effects caused by interaction between the two metals.47 The
geometric effect describes how the interaction between two metals affects adsorption of
reaction molecules by changing the coordination number and bond length between a
given metal’s atoms.48 Reactions, such as alkane hydrogenolysis, that require a particular
arrangement of neighboring catalyst atoms are strongly influenced by the geometric
effect.30 Chen et al. recently demonstrated that deposition of Pd atoms onto Au (100) and
(111) surfaces changed the catalytic activity of the Pd-Au surface for the acetoxylation of
ethylene to vinyl acetate.49 Since the distance between Pd atoms on the Au (100) surface
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was closer to the optimized distance for bond formation between adsorbed acetic acid and
ethylene, the catalytic activity of the Pd-Au (100) surface was significantly higher than
the Pd-Au (111) surface.49 Changing the bond length between atoms of a given metal can
also alter the metal’s d-band center, which can potentially affect the overall catalytic
properties of a bimetallic nanomaterial.50
The electronic effect describes how the heterometallic bonding interactions
between two metals changes their electronic structures and affects adsorption of reaction
molecules.51 Adding a second metal to a transition metal can change both metal’s d-band
density of states, which results in shifting of the d-band center and change in band
width.30,52 While early theories, such as the rigid band model, attributed these effects to
charge transfer between the two metals, several studies have revealed that such
intermetallic transfer is small (≤ 2%) and instead intrametallic d-band charge transfer
(hybridization) predominantly occurs.30,53 For Ni, Pt, and Pd this intrametallic d-band
charge transfer is such that the d-band filling does not change but instead the metal’s dband width and center shift.29,51 The manner in which the d-band of a given metal
changes upon interaction with a second metal varies with the native electronic properties
of the two metals and the extent to which they are mixed.54 Changes to the d-band due to
heterometallic bonding interactions and altered bond-lengths between metal atoms can
explain the reason that bimetallic catalysts resist poisoning by molecules such as carbon
monoxide that readily deactivate pure catalysts.55
The ability to tune the catalytic properties of transition metal nanomaterials by
controlling their structure makes them truly versatile and potentially highly efficient
catalysts. A variety of techniques have therefore been developed to synthesize transition
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metal nanomaterials. An introduction to common methods used to prepare monometallic
and bimetallic transition metal nanocatalysts is provided in the following sections.
1.2 Introduction to Transition Metal Nanocatalyst Synthesis.
Monometallic T-metal nanocatalysts can be synthesized using physical methods (topdown approach) in which the bulk metal is subdivided to form smaller nanoparticles or
chemical methods (bottom-up approach) in which ionic metal precursors are chemically
reduced or organometallic compounds are controllably decomposed.56,57 Chemical
methods are typically used to synthesize transition metal nanocatalysts because these
methods are versatile, inexpensive, technologically simple to implement, and often
provide better control of particle morphology and size distribution than physical
methods.7,56,57 Chemical methods can be used to prepare transition metal nanoparticles
that are dispersed in the solid, liquid, or gaseous state; however, liquid state methods are
more widely applied since they offer better control of particle morphology and can be
conducted in a relatively simple synthesis apparatus.9,58 For this reason, only liquid
chemical synthesis methods will be discussed in further detail below.
1.2.1 Synthesis of Monometallic Transition Metal Nanocatalyst Sols.
The colloid formed when metal nanoparticles are suspended in a liquid is referred to as a
metal particle sol. Five general methods used to chemically synthesize transition metal
nanocatalyst sols are: (1) chemical reduction of metal salts, (2) thermal, photochemical,
or sonochemical decomposition and/or reduction methods, (3) electrochemical synthesis,
(4) controlled decomposition of metastable organometallic compounds, and (5) metal
vapor synthesis.9,46,56,58,59 Chemical reduction of metal salts occurs by reducing a
dissolved liquid-phase metal salt with a chemical reducing agent such as hydrogen,
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carbon monoxide, citrate, formaldehyde, hydrazine, or sodium borohydride, typically in
the presence of an added stabilizing agent.9,57,59 Thermal, photochemical, or
sonochemical methods use heat, ultra-violet or gamma radiation, or ultrasound waves,
respectively, to decompose or reduce metallic precursors into zero-valent metal
nanoparticles.57,59 Alternatively, electrochemical synthesis is performed by oxidizing
metal from a bulk metal anode, reducing the resulting cations to zerovalent metal atoms
at the cathode, and forming metal nanoparticles by controllably aggregating the
zerovalent metal atoms.57 Decomposition of low-valent organometallic complexes due to
heat, light, or ultrasound can also result in the formation of transition metal
nanoparticles.57,59 Transition metal nanoparticle sols of relatively volatile metals (i.e., Au,
Pd, Cu, Ni, Pt, Pr, Yb, Er) can lastly be synthesized by evaporating the metal at reduced
pressures, co-condensing with an organic solvent at low temperatures (~ -196°C), and
warming the frozen metal/organic mixture, which causes small particles to form and
grow.59,60
For chemical t-metal sol synthesis methods, the particle size distribution can be
controlled if nucleation, or the formation of ultrasmall particles consisting of a few
atoms, and particle growth are sequential and separated from one another in time.61-63 The
final shape of the nanoparticle depends on the crystallinity of seed particles, which are
larger than nuclei but smaller than the final particle, and relative growth rates of the
seed’s different crystal facets.64 Stabilizing agents such as polymers, surfactants,
dendrimers, ionic compounds (halides, carboxylates, or polyoxoanions), phosphines,
thiols, or amines must be used to prevent colloidal nanoparticle aggregation to the
bulk.57,59,65 Such particle aggregation occurs at short interparticle distances due to
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attractive van der Waals forces but is prevented by a stabilizing agent that induces a
repulsive force greater than the van der Waals forces. This repulsive force can be
generated due to: (1) charge stabilization, in which stabilizing agents form an electrical
double-layer around particles that results in Coulombic repulsion between particles
and/or (2) steric stabilization, which occurs when macromolecular stabilizing agents of
two particles are confined in an interparticle space and cause a decrease in entropy
(increase in free energy) and osmotic repulsion between the two particles.59
Of the liquid-state chemical synthesis methods used to synthesize t-metal
nanomaterials, the chemical reduction of metal salts is most widely used due to its
simplicity, high versatility and reproducibility, and the ability to readily control particle
morphology and size distribution.57,59 In general, chemical reduction of metal salts can
occur through a homogeneous or heterogeneous nucleation pathway. For homogeneous
nucleation routes, nanoparticles (NPs) are nucleated and grown in one reaction vessel at a
specific temperature, reactant and stabilizing agent concentration, and synthesis time.27
For heterogeneous nucleation (also called seeded-growth) routes, monodisperse NPs
(relative size distribution (rsd) < 15%) are produced by carefully reducing the metal salt
onto smaller, monodisperse seed NPs.66,67 Control of particle shape and size for both the
homogeneous and heterogeneous pathways is done by selecting suitable reactants, such
as the metal precursor, reducing agent, and stabilizing agents, and reaction conditions,
including relative concentrations of the aforementioned reactants, temperature, and
time.9,57-59 For the heterogeneous pathway, particle size and shape is highly dependent
upon the crystal structure and size of the seed NPs as well as the relative growth rates of
the seed’s different crystal faces.64 The size distribution of particles synthesized via the
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heterogeneous pathway is also limited by the size distribution of the preformed sol. Postsynthesis approaches to narrow a particle size distribution include centrifugation,68,69
electrophoresis,70,71 etching,72,73 chromatography,74,75 and “digestive ripening,” in which
NPs with a broad size are refluxed in a solvent.76,77
1.2.2 Synthesis of Bimetallic Transition Metal Nanocatalyst Sols.
Since chemical reduction of metal salts provides better control of particle size, shape, and
composition, only this method of bimetallic nanocatalyst sol synthesis will be discussed.
There are several review articles concerning bimetallic nanocatalyst synthesis, which
include discussions of alternative chemical reduction methods.46,47,56,58,78 In general, there
are two metal salt reduction methods that can be used to synthesize bimetallic transition
metal nanocatalyst sols; namely, co-reduction and successive reduction.56 For coreduction techniques, both metal salts are reduced simultaneously while for successive
reduction methods the metal salt of one metal is reduced onto the surface of preformed,
suspended particles of the other metal.46 Akin to monometallic metal sol synthesis, it is
important to separate bimetallic particle nucleation and growth in time so that variations
in particle composition and morphology are minimized. The two metals comprising the
NP can be arranged in core-shell, three-shell, cluster segregated, or mixed patterns, as
seen in Figure 1.2, depending upon their relative bonding strengths, extent of charge
transfer, atomic size, bulk surface energy, bonding strength to surface ligands, and
specific electronic/magnetic properties.79
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Figure 1.2 (a) Core-shell, (b) three shell, (c) mixed (organized), (d) mixed (random), and
(e) cluster segregated patterns of metals in bimetallic particles.
Core-shell NPs are particularly interesting given the ability to systematically tune the
catalytic activity of the shell metal by altering the shape and thickness of the shell and/or
the size of the core.80-83 Furthermore, such core-shell particles often exhibit higher
catalytic activity84,85 and selectivity86 than that of their mixed counterparts.
For co-reduction methods, separation of particle nucleation and growth in time
can be achieved by using a correct combination of reducing and stabilizing agents as well
as suitable reaction conditions, such as temperature, time of synthesis, and atmosphere
(i.e., oxidizing vs. reducing).46,58 By using two metals with different reduction potentials,
the metal with the higher reduction potential can be reduced first, forming a particle core
upon which the second metal can subsequently deposit at a later stage in the co-reduction
reaction. The stability of the resulting core-shell particle depends on the surface energies,
chemical nature, and relative bond strengths of the two metals. For example, if Pd and Ag
are co-reduced, the Pd will reduce first due to its higher reduction potential such that
PdcoreAgshell NPs are formed. If the NPs are synthesized in the presence of ammonia,
PdshellAgcore NPs will form as the Pd migrates to the particle surface due to the formation
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of stable Pd-NH3 bonds.46
During successive reduction synthesis methods, a second metal is selectively
reduced onto a preformed particle of the first metal. Such bimetallic synthesis occurs only
if heterogeneous nucleation is thermodynamically favored over homogeneous
nucleation.46 If the reaction system can offer enough energy to overcome the
homogeneous nucleation energy barrier, nucleation of the second metal will occur
resulting in the formation of two monometallic nanoparticle populations in the same sol.
Hence reaction parameters, such as the temperature and reducing agent, must be
appropriately selected so that the thermodynamic requirements for heterogeneous
nucleation are maintained.58
For successive reduction methods, the final structure of the bimetallic particle
depends on the size and shape of the preformed particle sol and the relative growth rates
of the different crystal facets as well as the surface energies, chemical nature (i.e.,
electronegativity), and relative bond strengths of the two metals.46,58,64 Hence, it is
possible to make alloyed (mixed) bimetallic nanoparticles using a successive reduction
method although core-shell and heterostructures are more common.58 The minimum size
distribution of the final bimetallic particle sol is limited by the size distribution of the
preformed seed particle sol. The size and shape of the preformed particles can
significantly influence the nucleation and growth of the second metal. Generally, sites
with the lowest coordination number and highest degree of curvature on the seed particle
surface have high activity and therefore act as heterogeneous nucleation sites.58
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1.3 Research Motivation and Thesis Outline.
Transition metal nanomaterials are widely used to catalyze a myriad of chemical
reactions key to environmental, medicinal, and petrochemical fields. Therefore,
improving their catalytic activity and lifetime would have significant economic and
environmental rewards. Potentially expedient options to improve catalytic activity and
lifetime are to alter the shape, size, or composition of transition metal nanomaterials. The
development of simplified, less-toxic methods to prepare highly versatile and efficient
nanocatalysts would be helpful to bring such efforts to full fruition.
Prediction of the ideal catalyst morphology for a given chemical reaction is
limited by the complexity of the relationship between the activity and structure of a given
transition metal nanocatalyst. Experimental studies are often conducted to probe the
effect of a transition metal nanomaterial’s size, shape, or composition on its catalytic
properties and can provide insight for future catalyst design. Controlling the size, shape
and composition of such catalysts independently from one another requires highlycontrolled synthesis procedures. Therefore, interpretation of experimental studies is often
complicated because more than one structural parameter has been affected during
synthesis, particularly in the case of bimetallic catalysts.
This thesis explores the relationships between structure and catalytic properties of
synthesized Au, Pd-on-Au, and Au-enzyme model transition metal nanocatalysts. Au and
Pd-on-Au nanomaterials were selected for these studies due to their wide-spread
application and structure-dependent electronic and geometric properties. The influence of
the size and composition of Pd-on-Au nanocatalysts was systematically investigated and
each was found to affect the catalyst’s surface structure and catalytic properties. Using
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the electronic properties of Au nanoparticles, a new type of light-triggered biocatalyst
was prepared and used to remotely control a model biochemical reaction. Lastly, highly
versatile Au nanoparticles with diameters of ~3-12 nm were prepared using a new
seeded-growth synthesis method based on the ability of preformed Au seed particles to
catalyze carbon monoxide oxidation. The results of these collective works contribute
design procedures and synthesis methods that enable the preparation of more efficient
future transition metal nanocatalysts. The following amplifies each of these key studies.
In Chapters 2 and 3, it will be shown that the dispersion and oxidation state of
surface Pd atoms of Pd-on-Au NPs influence the particles’ ability to catalyze two model
reactions, specifically the aqueous hydrodechlorination (HDC) of trichloroethene (TCE)
and reduction of 4-nitrophenol (4-NL) (Fig. 1.3). Catalytic TCE HDC was investigated
since this reaction could be used to remove TCE and similar organochloride groundwater
contaminants from the environment. The catalytic reduction of 4-nitrophenol was studied
because it is a model nitroaromatic reduction reaction and such reactions are highly
commercialized and widely applied.
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Figure 1.3 Schematic of overall Pd-on-Au nanoparticle (NP) and highly active sites for
trichloroethene (TCE) hydrodechlorination and 4-nitrophenol (4-NL) reduction. Catalytic
activity (quantified as turnover frequency (TOF)) of different sized particles for
trichloroethene (TCE) hydrodechlorination and 4-nitrophenol (4-NL) as a function of Pd
surface coverage (Pd SC) is compared. Effects of NP size and the Pd SC are noted.
Vertical error bars represent the standard deviation of at least three replicate experiments.
Horizontal error bars are based on inductively-coupled plasma optical emission
spectroscopy (ICP-OES) measurements. 4-AP represents 4-aminophenol.
In-depth extended X-ray absorption fine structure spectroscopy (EXAFS) and
aberration-corrected scanning transmission electron microscopy (STEM) structural
analyses, revealed that the dispersion and oxidation state of Pd surface atoms is
controlled by the Pd-on-Au NP size and Pd surface coverage. EXAFS and STEM
experiments were performed in collaboration with researchers at Argonne and Pacific
Northwest National Laboratories, respectively. The Pd dispersion and oxidation state
changed with the Pd surface coverage, but the Au NP size affected the Pd SC at which
metallic Pd monomers, metallic two-dimensional (2-D) and partially oxidized 3-D Pd
ensembles were formed. This evidence of Au particle size affecting the nature of Pd
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surface species of Pd-on-Au NPs illustrates a new approach to control and modify metal
active sites of bimetallic NP catalysts. The study concerning the hydrodechlorination of
trichloroethene and aforementioned EXAFS and STEM characterization of Pd-on-Au
NPs is published in the Journal of Catalysis.87
In Chapter 4, it is shown that thermophilic enzyme-gold nanorod complexes can
be fabricated and used as light-triggered biocatalysts to remotely control a biochemical
reaction at traditional bulk reaction temperatures (~50 °C). Plasmonic nanoparticles, such
as Au nanorods, have surface-localized collective electronic oscillations (surface
plasmons) that can convert optical energy to thermal energy with high efficiency upon
resonant optical illumination.88-90 The rod-like shape of the Au nanoparticles is important,
causing

their

longitudinal

surface

plasmons

to

resonate

with

near-infrared

electromagnetic radiation (λ~690−900 nm)91 that is absorbed minimally by biological
tissues.92 The use of such plasmonic nanoparticles to noninvasively trigger biochemical
pathways has been largely unexplored, but could significantly improve how biochemical
pathways are controlled for in vitro and, quite possibly, in vivo use.
This study shows that the thermal energy generated upon optical excitation of Au
NR surface plasmons can be used to activate thermophilic enzymes covalently attached to
the NR surface. The model thermophilic enzyme used in this study was Aeropyrum
pernix glucokinase, a key enzyme for the decomposition of glucose via the glycolysis
pathway. The enzyme’s rate of reaction was increased by ~60% when the thermophilic
enzyme-gold nanorod complexes were exposed to a laser beam of λ~800 nm (Fig 1.6).
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Figure 1.4 Schematic of the synthesis of thermophilic enzyme-photothermal gold
nanoparticles (TE-PGNs), encapsulation in calcium alginate, and light-trigerred
biocatalysis of glucose to glucose-6-phosphate (glucose-6P) by TE-PGN alginate beads.
ATP and ADP represent adenosine triphosphate and adenosine diphosphate,
respectively.93
The observed increase in enzyme activity corresponded to a local temperature increase
within a calcium alginate encapsulate of ~20 °C when compared to the bulk medium
maintained at standard, nonthermophilic temperatures. The encapsulated nanocomplexes
were reusable and stable for several days, making them potentially useful in industrial
applications. This study is published in ACS Nano and a U.S. patent application (No. 61
734 566) has been filed.93
In Chapter 5, CO reduction of gold(III) hydroxide-chloride ions ([AuCl4-x(OH)x]-)
onto preformed Au NPs is introduced as a new method to synthesize aqueous-phase Au
NP sols with diameters between 3 nm and 12 nm. Controlled synthesis of different sized
particle sols is verified through detailed ultraviolet-visible spectroscopy, small angle Xray scattering, and transmission electron microscopy measurements (Fig 1.5).
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Figure 1.5 Heterogeneous nucleation (seeded-growth) of Au NPs by CO reduction of
gold(III) hydroxide-chloride species onto preformed Au seed NPs. Ten samples with
increasing concentration of gold(III) hydroxide-chloride species were prepared and the
corresponding Au particle sizes after CO reduction were probed by ultraviolet-visible
spectroscopy (UV-Vis), small angle X-ray scattering (SAXS), and transmission electron
microscopy (TEM). Error bars for TEM and SAXS measurements denote the relative
standard deviation. Error bars for UV-Vis measurements are not visible.94
A detailed reaction mechanism for the growth process is presented, in which the high-pH
hydrolysis of chloroauric acid and stoichiometry among the reactants were considered.
Compared to other reducing agents used to generate metallic NPs, CO can be used at
room temperature and its oxidized form does not interfere with the colloidal stability of
the NPs. This seeded method of growing NPs should be extendable to other monometallic
and multimetallic compositions and shapes, and can be improved by using seed particles
with a narrower size distribution. This study is published in the Journal of Physical
Chemistry C.94
In Chapter 6, a summary of the aforementioned studies concerning model Au and
Pd-on-Au nanocatalysts and suggestions for further investigations are provided. Further
characterization of Pd-on-Au nanoparticles under the reaction conditions for TCE HDC
and 4-NL reduction could provide further insight into the structure-activity correlations
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presented. X-ray absorption near edge spectroscopy (XANES) of the Pd and Au LIII
adsorption edges of Pd-on-Au NPs could probe the electronic effects of the NP’s size and
composition. Metal carbide catalysts are presented as an emerging alternative to
traditional bimetallic catalysts. Such metal carbide catalysts can exhibit catalytic
properties similar to Pd and Pt and would be an interesting alternative to Pd-on-Au NPs.
Lastly, the application and design of thermophilic enzyme-gold nanoparticles for
enzymatic biohydrogen production is discussed.
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Chapter 2
Hydrodechlorination Catalysis of Pd-on-Au Nanoparticles Varies With Particle Size
2.1 Introduction.
PdAu catalysts have been studied as a model material for a myriad of chemical reactions,
such as those useful in biomass conversion,1,2 chemical production,3-5 air pollution
control,6 fuel cells,7,8 and more recently, water pollution control.9,10 Catalytic
enhancement when Pd and Au metals are combined is generally attributed to (1) an
electronic effect, in which interaction between the Pd and Au results in a change of
valence electron density of states, (2) a geometric effect, in which specific atomic
arrangements of metal atoms act as the active site, or (3) a bifunctional effect, in which
Pd and Au atoms catalyze different steps in a reaction.3,11,12 A deeper understanding of
the source(s) of improved catalysis can be gained through better control of the PdAu
nanostructure, as has been recently done with a catalytic material designed for water
decontamination.11
Trichloroethene (TCE), a common degreasing agent, is one of the most common
groundwater contaminants in the United States, being found at 852 of the 1,416 sites
included on the U.S. Environmental Protection Agency (EPA) National Priorities List.1315

TCE concentrations at these sites exceed the EPA-mandated maximum contaminant

level (MCL) of 5 ppb (0.005 mg/L).16 In the 2006 report, Assessing the Human Health
Risks of Trichloroethylene, the U.S. National Research Council concluded that TCE is a
carcinogenic, neurological, and reproductive toxin.15 Once introduced into the
groundwater system via chemical spills or leaks, TCE is difficult to remove completely as
it is progressively solubilized as a contaminant plume (concentration at 25 °C = 1,100
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ppm).17 Conventional pump-and-treat methods to remove TCE, such as granular activated
carbon adsorption, and air-stripping merely displace TCE into a different phase.18-20
The catalytic hydrodechlorination (HDC) of TCE in water to ethane (Eqn. 2.1) is
an attractive treatment alternative.
ClHC=CCl2 + 4H2CH3CH3 + 3HCl

(2.1)

Palladium (Pd) and other Group VIIIB metals are excellent hydrodehalogenation
catalysts.21 Field studies in the United States and Germany have already demonstrated
that Pd nanoparticles supported on either alumina or zeolite materials can catalytically
hydrodechlorinate TCE dissolved in groundwater.22-24 Unfortunately, the use of such
monometallic Pd materials is site-specific, because common groundwater ions,
particularly sulfide and chloride, cause catalytic deactivation.25-27
Our group has shown that ~20 nm Pd-on-Au bimetallic nanoparticles ("Pd-on-Au
NPs") catalyze TCE HDC nearly two orders of magnitude faster than pure Pd NPs and
that they show enhanced deactivation resistance to chloride and sulfide ions.10,28,29 We
reduced the size of the Pd-on-Au NPs by using 4 nm Au NPs and found that catalytic
activity varied with a volcano-shape dependence on Pd surface coverage (SC).9 With Au
NPs inactive for the reaction, TCE HDC activity (quantified as initial turnover
frequencies) of the Pd-on-Au NPs increased with Pd SC up to ~70% on a per-Pd-atom
basis, which we hypothesized was due to formation of 2-dimensional (2-D) Pd atom
ensembles. The term "2-D Pd ensembles" refers to a contiguous group of Pd atoms (at
least 2 atoms) on the particle surface arranged in two directions with no vertical stacking.
Maximum activity was around a Pd SC of 70%, before decreasing at higher Pd SC's due
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to a lesser amount of 2-D ensembles and a greater amount of 3-dimensional (3-D) Pd
ensembles.
The 4 nm Au NPs with a 60% Pd SC were confirmed to have a Au-rich core and
Pd-rich shell through extended X-ray absorption fine-structure spectroscopy (EXAFS).11
Sulfide poisoning experiments gave indirect evidence for the existence of 2-D and 3-D
Pd ensembles,29 which was consistent with experimental observations of 2-D and 3-D Pd
ensembles forming on Au surfaces under ultrahigh vacuum conditions at room
temperature.5,30,31 A recent report by Andersin and Honkala showed that 2-D Pd surface
ensembles with 2, 3, 4, and 7 Pd atoms can be the active sites for Pd-on-Au NPs, based
on TCE and H2 adsorption energies calculated using density functional theory (DFT).32
They proposed that larger ensembles were more active than smaller ones, in order for
TCE and H2 adsorption to occur simultaneously. They did not find that TCE formed
bonds to mixed sites of Pd and Au atoms, unlike the case of PdCu mixed sites.33,34
Unlike the Pd SC effect, the Au particle size effect on Pd-on-Au NP TCE HDC
catalysis is not known. Some published reports suggest that Au NP size differences can
cause the Pd metal in Pd-coated Au NPs to assume different surface structures,35 which
presumably would result in different catalytic behavior. Pd atoms prefer to bind to (111)
facets of Au NPs, according to DFT and Monte Carlo calculations.36,37 From a geometric
effect perspective, larger Au NPs can have more Au (111) surface atoms than smaller Au
NPs percentage-wise, and should therefore contain a greater percentage of Pd surface
atoms bound to Au(111) atoms after Pd deposition. From an electronic effect perspective,
a quantum size effect, or change in the Au valence electron density of states, could affect
how Pd atoms deposit on the Au NP surface as the particle size decreases below 5 nm.
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Such an electronic effect could also influence how reactants and products of TCE HDC
adsorb and desorb, respectively, from the bimetallic NP surface.38,39
We recently studied TCE HDC catalysis using Au NPs that were either 20 nm or
4 nm but were unable to determine if there was a definitive size effect.10 In this work, we
studied the effect of different Au NP sizes (3, 7, and 10 nm) on the TCE HDC catalysis of
Pd-on-Au NPs. We analyzed the kinetics of each of the three series of NP samples,
verifying that all three exhibited volcano-like HDC activity dependence on Pd SC. Our
EXAFS analysis indicated the presence of 2-D Pd ensembles in the most active samples,
namely those with Pd SC's of 50-70%. We collected visual evidence of these Pd
ensembles on Au NPs for the first time using aberration-corrected scanning transmission
electron microscopy (STEM), in 7 nm Pd-on-Au NPs with Pd SC’s above and below
100%.
2.2 Experimental Methods.
2.2.1 Materials.
Gold (III) chloride trihydrate (HAuCl4∙3H2O, 99%), palladium(II) chloride (PdCl2;
>99.99%), octane (>99%), Pd/Al2O3 (1 wt% Pd), potassium carbonate (>99.5%), tannic
acid (>99.5%), TCE (>99.5%), hydrochloric acid (12 M) were purchased from SigmaAldrich. Sodium citrate dihydrate (>99.5%) and nitric acid (16 M) were obtained from
Fischer Scientific. Amorphous carbon powder (Vulcan XC-72 and Monarch 700) was
purchased from Cabot. Ultra-high purity hydrogen gas was obtained from Matheson Trigas. Deionized water from a Barnstead NANOpure Diamond purifier (resistivity > 18
MΩ/cm) was used for all experiments. All chemicals were used as-received unless
otherwise noted.
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2.2.2 Au Nanoparticle Synthesis.
Tannic acid/citrate Au NPs (diameter (d) = 3, 7, and 10 nm) were synthesized using the
Slot-Geuze method,40 which we modified to prepare the ~4 nm Au NPs of our earlier
work.9 A 0.32 mM chloroauric acid (HAuCl4) solution was prepared by diluting 200 µL
of a 127 mM solution (~5 g HAuCl4∙3H2O in 95 mL H2O) with 79.8 mL of water. For 3
nm Au NPs, a second solution containing 4 mL of a 1 wt% trisodium citrate dihydrate
solution, 5 mL of a 1 wt% tannic acid solution, 5 mL of a 25 mM potassium carbonate
solution (~0.070 g K2CO3 in 20 mL H2O) , and 6 mL of water was prepared. The 0.32
mM HAuCl4 solution was stirred while both solutions were heated to 60 ºC. At this
temperature, the second solution was added to the 0.32 mM HAuCl4 which was
vigorously stirred. Upon addition, the solution changed color immediately from pale
yellow to reddish brown and was left to boil for ~2 min. The resulting sol was cooled to
room temperature (~23 °C) and water was added so that the final sol volume = 100 mL.
Greater than 95% of the HAuCl4 was reduced, according to ICP-OES elemental analysis
(data not shown) and which is in agreement with previous ICP-OES elemental analysis of
~4 nm Au NPs and Pd-on-Au NPs.41
Larger Au NPs with d = 7 and 10 nm were similarly prepared but no potassium
carbonate was used, and the concentration of tannic acid in the second solution was
changed. For ~7 nm Au NPs, the second solution was prepared using 0.5 mL of a 1 wt%
tannic acid solution, 4 mL of a 1 wt% trisodium citrate dihydrate solution, and 15.5 mL
of water. 10 nm Au NPs were made using a second solution containing 0.1 mL of a 1
wt% tannic acid solution, 4 mL of a 1 wt% trisodium citrate dihydrate solution, and 15.9
mL of water.
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2.2.3 Pd-on-Au Nanoparticle Synthesis.
Respective volumes of a 2.5 mM H2PdCl4 solution (66, 25, and 18 µL) were added to the
3, 7, and 10 nm Au NP sols. Vigorous bubbling of hydrogen gas in the fluid for ~1 min
was sufficient to completely reduce the Pd2+ onto the NP surface, to form 3, 7, and 10 nm
Pd-on-Au NPs with a calculated 50 SC%. The notation "50 SC%" indicates a Pd surface
coverage (SC) of 50%. Additional 3 nm, 7 nm, and 10 nm Pd-on-Au NPs with surface
coverages between 10 and 150 SC% (in increments of 10%) were synthesized by
changing the volume of 2.5 mM H2PdCl4 added to the 3, 7, and 10 nm Au NP sols
(Tables A1-A3).
The volume of H2PdCl4 solution needed was calculated using the magic cluster
model.9,42,43 By considering a Au NP to be a central Au atom surrounded by closed shells
of Au atoms, the 3, 7, and 10 nm Au NPs were geometrically modeled as 3.0, 7.3, and
10.0 nm magic clusters, respectively, with 5, 13, and 18 Au shells (Table A4). Since Pd
and Au have nearly identical atomic sizes, Pd atoms at <100 SC% were treated as atoms
residing in the 6th, 14th, or 19th shell of the respective Au magic clusters. The condition of
>100 SC% indicated a sufficient amount of Pd atoms to form a complete 6th, 14th, or 19th
shell and to form a partial 7th, 15th, or 20th shell, respectively. A 3 nm Au NP with 150
SC%, for example, meant that Pd atoms formed a complete 6th shell and 50% of the 7th
shell. The concentrations of 3 nm, 7 nm, and 10 nm Au NPs were calculated (using the
magic cluster model) to be 2.7×1014, 1.9×1013, and 7.2×1012 NP/mL, respectively,
assuming 100% HAuCl4 reduction and monodisperse NPs. Pd-on-Au NPs were
synthesized one day prior to use to ensure stability of the sol. All sols were stored in air at
room temperature (~23 °C).
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2.2.4 Catalytic Testing.
Catalytic testing was conducted using batch reactors.9,41 A screw-cap amber bottle (250
mL, Alltech) containing deionized water and a magnetic stir bar was sealed with Teflon
tape and a PTFE-silicone septum. The initial water volume was varied such that the final
liquid volume was ~173 mL after addition of the catalyst. The sealed bottle was purged
with hydrogen gas for 15 min to displace dissolved oxygen and fill the headspace with H2
(~1 atm). TCE (7 µL; final concentration ~59 ppm) and octane (~1 µL; internal standard)
were injected into the purged bottles. All reactors were equilibrated prior to catalyst
injection by stirring (rate ~600 rpm) for at least 3 hr at room temperature (~23 °C). After
reaching equilibrium, an aliquot of a Pd-on-Au NP sol was injected at time t=0 such that
the total concentration of Pd in the batch reactor was ~0.04 ppm Pd (~4.0×10-7 M Pd).
The reaction was monitored by sampling the reactor headspace (aliquot volume ~ 100
µL) using a gas-tight syringe. All headspace samples were analyzed using a Varian 3800
gas chromatograph (GC) equipped with an Agilent GasPro capillary column (length = 30
mm; inner diameter = 0.32 mm) and a Saturn 2000 mass spectrometer (MS) detector. The
sampling conditions were the same as our previous studies except for the use of a MS
detector, which had a lower detection limit than the flame ionization detector previously
used.9
Reaction rate constants were determined from the pseudo-first order rate law of
the TCE HDC reaction, as reported previously:9,41
-dCTCE/dt = kmeasCTCE

(2.2)

where kmeas is the measured pseudo-first-order rate constant and CTCE is the TCE
concentration in the reactor. Based on total Pd atoms (unless indicated otherwise), initial
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turnover frequency (TOF) values were calculated after accounting for the gas-liquid
transfer effect, which we previously studied,41 as shown in Equations 2.3 and 2.4:
1/kcorr = 1/kmeas – 1/kglagl

(2.3)

TOF = (Cliq,0/[Pd])×(kcorr)

(2.4)

where kcorr is the corrected, measured first-order rate constant, Cliq,0 is the initial molar
concentration of TCE in the liquid, [Pd] is the molar concentration of Pd in the batch
reactor (~4.0×10-7 M for all Pd-on-Au NPs), kgl is the gas-liquid mass transfer
coefficient, and agl is the gas-liquid interfacial area. The gas-liquid mass transfer
resistance (1/kglagl = 5.11 min) was previously determined for our batch reactor system
operating with a stirring rate of 600 rpm.41 The pH of the reaction medium decreased
during the course of reaction, but this drop did not influence the Pd-on-Au NP TCE HDC
activity as verified by performing several controlled runs using water buffered at pH
~7.0. The reaction solutions for all TCE HDC activity analysis presented herein were not
buffered. Reported TOF values are an average of at least three replicate experiments with
a relative standard deviation (rsd) ≤ ~20%.
The activity of Pd-on-Au NPs was compared to those of Pd NPs and Pd/Al2O3 (1
wt% Pd, Sigma-Aldrich). Pd NPs (d ~ 4 nm)9 were synthesized similarly to 3 nm Au NPs
by substituting the chloroauric acid solution with a 0.32 mM PdCl42- solution (12 mL of
2.39 mM PdCl42- diluted with 68 mL H2O). All Pd sols were heated to boiling for ~25
min prior to air-cooling to room temperature.
Approximately 1 mL of ~4 nm Pd NPs was injected into the sealed bottles (final
Pd concentration in reactor = 0.18 ppm; 1.7×10-6 M). The Pd/Al2O3 was injected as a
water suspension (20 mg of powder in 1 mL of H2O) into the batch reactor (final Pd

33
concentration in reactor = 1.16 ppm; 1.1×10-5 M). Pd NPs have a calculated dispersion
value (percentage of the total atoms that are surface atoms) of ~27%,11 and Pd/Al2O3 had
a measured dispersion of 38.5%. Reported TOF values for Pd NPs and Pd/Al2O3 are the
average of at least three replicate experiments with a relative standard deviation (rsd) ≤
~20%.
2.2.5 Characterization Methods.
Transmission Electron Microscopy (TEM): Particle sizes were analyzed using
transmission electron microscopy (TEM) images collected using a JEOL 2010
transmission electron microscope operating at 100 kV. Au NPs were deposited onto 200mesh carbon/Formvar grids by evaporating a drop of NP sol at room temperature (23 °C).
The number-average size distribution for each sample was determined by measuring
400+ particles using ImageJ Software. TEM images of Au NPs following Pd deposition
were obtained, but no significant differences in the average size or in size distribution
were observed.
Scanning Transmission Electron Microscopy (STEM): Pd-on-Au NPs with 70 and 150
SC% were immobilized onto carbon, and the resulting particles were deposited onto a
holey carbon grid. The images were collected on a probe-corrected FEI STEM Titan at
300 kV in the Environmental Molecular Sciences Laboratory at the Pacific Northwest
National Laboratory. The NPs that were analyzed were either ones that had fallen off of
the carbon supports and directly on to the thin holey carbon, or a piece of carbon support
that extended into a hole of the holey carbon grid to ensure the highest signal to noise
ratio necessary to see the lighter Pd atoms on the surface of the Au particles. The
resulting images were not processed in any way.
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Ultraviolet-Visible Spectroscopy (UV-Vis): Pure Au and Pd-on-Au NP sols were
analyzed through ultraviolet-visible absorption spectroscopy (Shimadzu UV-2401 PC
spectrophotometer). Spectra of the NP sols were collected between wavelengths of 400
and 900 nm. Polystyrene cuvettes (Sarstedt AG & Co.) with a path length of 1 cm were
used.
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES): Inductively
coupled plasma optical emission spectroscopy (ICP-OES) (Perkin-Elmer Optima 4300
DV) was used to confirm deposition of Pd onto the different-sized Au NPs. Pd-on-Au
NPs with 30, 70, and 110 SC% were concentrated via ultracentrifugation and decantation.
Concentrated hydrochloric acid and nitric acid were added then to completely dissolve
the NPs. The resulting solutions were syringe-filtered (Millex GP 0.25 µm) and diluted to
<20 ppm with 1 wt% HNO3 prior to analysis.
X-ray Absorption Spectroscopy (XAS): NPs were supported on carbon powder for all
extended X-ray absorption fine-structure (EXAFS) and X-ray absorption near edge
structure (XANES) analyses. Carbon powder was added to each NP suspension
(monometallic Au NPs, monometallic Pd NPs, different-sized Pd-on-Au NPs with 30, 50,
70, 90, 110, and 150 SC%) such that the calculated Pd content of the dried powder was
~1 wt%. Following vigorous stirring for ~8-12 h, suspensions were centrifuged to
concentrate the carbon-supported suspensions and boiled for ~20 min to remove excess
water. The recovered carbon-supported NP (NP/C) samples were dried under vacuum at
70 °C for ~24 hr to produce the final powders. This immobilization method should not
significantly alter the NP atomic structure (NP size and distribution of Pd and Au
atoms).11,44,45
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XAS measurements were conducted on the insertion and bending magnet devices
(10-ID and 10-BM) of the Materials Research Collaborative Access Team (MRCAT) at
the Advanced Photon Source at Argonne National Laboratory. All measurements were
made in transmission mode and were simultaneously acquired with a Au or Pd foil
spectrum for energy calibration. The ionization chambers were optimized to give the
maximum current with linear response (~1010 photons per second) by using a nitrogenhelium mixture in the incident X-ray detector and an argon-nitrogen mixture in the
transmission X-ray detector. Details of the instrumentation used can be found in our
previous publication.11
All NP/C samples were loaded into a cylindrical holder and pressed to form a
pellet with a total absorbance (µx) at the Au LIII (11.918 keV) and Pd K (24.350 keV)
edges of 2.0 and an edge step of 0.5. The cylindrical holder was loaded into a continuous
flow reactor cell (glass tube, length 18 in., diameter 0.75 in.) fitted at both ends with
polyimide windows and stainless steel valves.
All measurements were made at room temperature. Each as-prepared,
immobilized sample was first analyzed under air at room temperature. Following in situ
reduction at 200 °C for ~30 min in 4% H2/He, each sample was then analyzed under He
at room temperature. Our previous XAS measurements showed that, under these
reduction conditions, oxidized Pd can be reduced without altering the NP size or
structure.11 The reduced particles were purged with He gas to decompose any Pd-H that
could have formed and to desorb chemisorbed hydrogen. Measurements of the reduced
sample were required to determine fractions of oxidized Pd in the as-prepared samples
handled under air.
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Reference compounds used to evaluate experimental phase shifts and backscattering amplitudes were Pd(NH3)4(NO3)2 (purchased from Aldrich), Pd foil, and Au
foil. Pd and Au foil experimental data were used to determine the best fit of DebyeWaller factor (DWF's) and amplitude reduction factors (S0) for the FEFF fitting phase
shifts and back-scattering amplitudes for Pd-Pd, Au-Au, Pd-Au, and Au-Pd bonds. The
data was extracted using standard procedures based on WINXAFS97 software. A base
square fit in k- and R-space of the nearest neighbor, k2-weighted Fourier transform data
(k: photoelectron wavenumber) was used to obtain coordination parameters. The data fit
equally well using k1 and k3 weightings. For all bimetallic NPs, the EXAFS fittings from
both Pd and Au edges were within error, leading to the same bond distances, DWF's, and
self-consistent coordination numbers (CN's) for Pd-Au and Au-Pd bonds.
Fractions of oxidized Pd (Pd2+) on the pure Pd NPs and Pd-on-Au NP samples
were estimated by fitting the data with PdO, PdCl2, and the reduced catalyst spectra.
Fitting of the oxide peaks was complicated since they overlapped with large Pd-Pd and
Pd-Au metallic peaks. To eliminate this contribution, we subtracted EXAFS spectra of
reduced samples from spectra of the as-prepared, oxidized sample leaving only the Pd2+
peaks (which could be reliably fit as either Pd-Cl or Pd-O depending on the phase and
bond distance). The fraction of oxidized Pd2+ was then calculated by dividing the fit
coordination number by 4 (since CN for Pd-Cl and Pd-O in PdCl2 and PdO, respectively,
is 4). Generally, the fraction of oxidized Pd from XANES and EXAFS were in
agreement.
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2.3 Results and Discussion.
2.3.1 Au Nanoparticle and Pd-on-Au Nanoparticle Synthesis.
To generate three different sized Au NPs, we used the tannic acid-citrate method
developed by Slot and Geuze in which the final particle size is determined by the tannic
acid concentration.40 Three Au NP sols were synthesized using final tannic acid
concentrations of 1.5 mM, 0.15 mM, and 3.0 µM, respectively. TEM analysis of over 400
particles for each sample indicated mean NP diameters of 3.0, 7.0, and 10 nm,
respectively (Fig. 2.1).

Figure 2.1. TEM images and particle size distributions of (a) 3 nm, (b) 7 nm, and (c) 10
nm Au NPs. Red curves are Gaussian curve fits to the particle size histograms.
The 3, 7, and 10 nm Au NP sols had unimodal size distributions with relative standard
deviations (rsd) of 23%, 13%, and 11%, respectively. All three Au NP size distributions
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could be fit as Gaussian functions, though the size distribution of the 10 nm Au NPs was
slightly positively skewed.
The color of the Au sols changed from brown (3 nm Au NPs) to red (10 nm Au
NPs), due to the size-dependent shift of the surface plasmon resonance (SPR) peak and
also to the higher tannic acid concentrations used for the smaller particles (Fig. 2.2).
Tannic acid absorbed over the same wavelengths as the Au NPs, overwhelming the
absorbance of the 3 nm Au NP sol itself.9

Figure 2.2. UV-Vis absorbance spectra of (a) 3 nm, (b) 7 nm, and (c) 10 nm Au NPs with
Pd SC's of 30 and 70 SC%.
Deposition of Pd0 onto the surface of Au NPs is expected since heterogeneous
nucleation is energetically favored over homogeneous nucleation (which leads to Pd NP
formation).46 UV-Vis spectra of the Pd-on-Au samples following Pd deposition showed
that Pd deposition on Au NPs occurred, as evidenced by the decreased Au NP SPR peak
intensity with increasing Pd SC (Fig. 2.2).47-49 Elemental analysis via ICP-OES of 3, 7,
and 10 nm Au NPs with 30, 70, and 110 SC% (Table 2.1) confirmed that actual Pd
contents were similar to calculated values (~10%). Pd surface coverages were calculated
from ICP-OES assuming monodisperse NP dispersions and deposition of Pd in
monolayers in accordance with the magic cluster model. No significant change in particle
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size was observed following Pd deposition, according to TEM analysis, and so henceforth
3 nm, 7 nm, and 10 nm Au NPs coated with Pd atoms are referred to as "3 nm Pd-on-Au
NPs," "7 nm Pd-on-Au NPs," and "10 nm Pd-on-Au NPs," respectively.
Table 2.1. Comparison of calculated and measured Pd surface coverages.
Au NP Diameter
Calculated, Theoretical Pd
Pd Surface Coverage Calculated
(nm)
Surface Coverage (SC%)
from ICP-OES (SC%)a
30
24.6
3
70
66.3
110
103.4
30
30.0
7
70
66.7
110
98.6
30
31.5
10
70
68.9
110
111.4
a
Assuming Pd atoms deposit as a monolayer
2.3.2 TCE HDC Activity of Pd-on-Au Nanoparticles.
Batch reactor kinetic studies showed that the TCE HDC activity of the Pd-on-Au NP sols
varied with (i) Au NP size and (ii) Pd SC (Fig. 2.3). The catalytic activity of all Pd-on-Au
NPs greatly exceeded the activities of Pd NPs (TOF = 0.042 mol-TCE·mol-Pd-1·s-1) and
Pd/Al2O3 (TOF = 0.021 mol-TCE·mol-Pd-1·s-1). These results are in good agreement with
our previous measurements of TCE HDC activity exhibited by pure Pd NPs and
Pd/Al2O3.9 Pd-on-Au NPs with 0 SC% (Au NPs) did not catalyze TCE HDC regardless
of NP size.
Pd-on-Au NPs, Pd NPs, and Pd/Al2O3 exhibited high selectivity to ethane and
ethene (mol% ~ 90%), in good agreement with our previous study which also showed
that ethane was the dominant specie.9 Trace amounts of vinyl chloride, dichloroethene
isomers (1,1-, cis-1,2-, and trans-1,2-), butane, and butenes were observed for Pd NPs,
Pd/Al2O3, and Pd-on-Au NPs, regardless of Au NP size or Pd SC (Fig. A1).
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a)

b)

d)

c)

Figure 2.3. TOF's of (a) 3 nm, (b) 7 nm, and (c) 10 nm synthesized citrate/tannic acid Au
NPs with Pd SC's between 0 and 150% (100 SC% = 1 monolayer of Pd atoms on the Au
NP surface). Panel (d) is a 3-D combined plot of panels (a)-(c) showing the combined
effects of Au NP diameter and Pd surface coverage on the TOF of the Pd-on-Au NPs.
Horizontal error bars (some are visible) for panels (a)-(c) are based on ICP-OES
measurements shown in Table 2.1. Open (unfilled) data points for Pd SC’s >100% are
surface-Pd-based TOF values (mol TCE/mol Pdsurface/s).
The activity of Pd-on-Au NPs synthesized with 3 nm Au NPs samples exhibited a
volcano shape dependence on Pd SC (Fig. 2.3a). Maximum TCE HDC activity (TOF ~
2.4 s-1) was measured at 40 SC%, though the peak of the volcano curve appeared to lie
between 40 and 60 SC%. The TOF values and peak location were somewhat similar to
those of Pd-on-Au NPs synthesized with 4 nm Au NPs described in our earlier work.9
Above 100 SC%, Pd dispersion was expected to be less than 100%. Calculated
using total surface Pd atoms, the samples at 110 and 150 SC% had TOF values of 1.3 and
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0.95 mol-TCE·mol-Pdsurface-1s-1, respectively, which were higher than those of Pd NPs
(0.12 mol-TCE·mol-Pdsurface-1s-1) and Pd/Al2O3 (0.057 mol-TCE·mol-Pdsurface-1s-1).
Pd-on-Au NPs synthesized with 7 nm Au NPs showed the highest TCE HDC
activity (TOF = ~7.3 s-1), with the volcano curve peaking between 60-70 SC% (Fig.
2.3b). The samples at 110 and 150 SC% had surface-Pd-normalized TOF values of 1.5
and 1.3 mol-TCE·mol-Pdsurface-1·s-1, respectively, somewhat similar to values for the 3 nm
NPs with >100 SC%.
Pd-on-Au NPs synthesized with 10 nm Au NPs had maximum activity at 50 SC%
(TOF ~ 5.3 s-1), with the volcano peak centered roughly between 30 and 60 SC% (Fig
2.3c). The samples at 110 and 150 SC% had surface-Pd-normalized TOF values of 2.3
and 0.6 mol-TCE·mol-Pdsurface-1·s-1, respectively. The large difference between these
TOFPdsurface values could be due to an artifact of the magic cluster model or a real
difference in Pd dispersion or oxidation state at the highest Pd coverage for the 10 nm
case.
Regardless of NP size, the activity of the Pd-on-Au NPs varied with a volcanoshape dependence upon the Pd surface coverage (Fig 2.3d). The variation in the TOF
with Pd SC indicated that the surface Pd atoms were not isolated from each other as
"monomers." If they were isolated from one another at all Pd SC's, then the particle TOF
should not change as a function of Pd SC. As we proposed previously, the observed
volcano curves could be due to the formation of 2-D and 3-D Pd ensembles on the NP
surface formed with increasing Pd SC.9 Particle activity increased with Pd SC due to the
increased population of highly active 2-D Pd ensembles and decreased as 3-D Pd
ensembles formed, reducing access to all Pd content, i.e., lower Pd dispersion. As shown
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in Fig 2.3d, the larger NPs (7 and 10 nm) likely exhibit higher maximum activities than
the smaller NPs due to the formation of more dispersed (i.e., smaller) 2-D Pd islands on
the NP surface. We next used X-ray absorption spectroscopy (XAS) to verify the Pd-rich
shell/Au-rich core structure for Pd-on-Au NPs of all Au sizes and representative Pd
surface coverages, and to infer information about the catalytically active sites on these
NPs.
2.3.3 XAS Analysis of 3 nm Pd-on-Au Nanoparticles.
XAS is a powerful spectroscopic technique that provides atomic-scale structure
information of materials (Pd-on-Au NPs, in our case) by examining how X-rays are
absorbed and how photoelectrons are scattered by neighboring atoms after being ejected
from the absorbing atomic element by impinging X-rays.39,50-54 All Pd-on-Au NPs were
supported on carbon powder for analysis. The scattering paths analyzed for each sample
in the 3 nm Pd-on-Au NP series were Au-Au, Au-Pd, Pd-Cl, Pd-O, Pd-Pd, and Pd-Au
(notation: first atom is the absorber; second atom is the scatterer). The bond distances,
coordination numbers, Debye-Waller factors (DWF’s), and threshold absorption energies
are reported in Tables A5-A6. All of these values are in good agreement with our
previous XAS study of 4 nm Pd-on-Au NPs with 60 SC%.11
The coordination numbers (CN's) for the two Pd scattering paths (Pd-Au and PdPd) indicate how many Au atoms (Pd-Au CN) and Pd atoms (Pd-Pd CN) each Pd atom
contacts, on average, for a given Pd-on-Au NP sample. Similarly, the CN's for the two
Au scattering paths (Au-Pd and Au-Au) indicate how many Pd atoms (Au-Pd CN) and
Au atoms (Au-Au CN) each Au atom contacts. It is noted that the Au-Pd CN's do not
necessarily equal the Pd-Au CN's. Both values describe extent of Au and Pd atom
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coordination, except the Au-Pd CN represents the number of Pd atoms in contact with
one Au atom, and the Pd-Au CN represents the number of Au atoms in contact with one
Pd atom.
Conceptually, Pd atoms can deposit on top of the Au surface atoms (Fig. 2.4a) or
into the first layer of Au surface atoms to form a PdAu surface alloy (Fig. 2.4b). The
latter comes from the place-exchange of deposited Pd atoms with Au atoms at edge
dislocations, which has been observed in room-temperature STEM surface studies of Pdon-Au films.31 The lower coordination and bond strength of Au atoms at a dislocation
make such a surface defect an entry point for deposited Pd atoms migrating into and
under the Au surface layer. This migration is thought to minimize overall surface
stress/energy and is possible at the defects due to the similar atomic radius and lattice
constants of Pd and Au.30,31 If the surface were that of Au(111), the maximum Pd-Au CN
values are 3, 9, and 12 for a Pd adatom, surface atom, or subsurface atom, respectively. If
the surface were that of a Au NP, Pd atoms can have Pd-Au CN values of 5 and 7 for
corner (vertex) and edge sites, respectively.55
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Figure 2.4. Representations of (a) a whole 3 nm Pd-on-Au NP and (b) side and top views
of a NP cross-section to show the three possible configurations of Pd atoms after Pd salt
reduction and deposition on the Au NP surface.
Coordination Number Results: XAS spectra were obtained for roughly half the NP
samples tested for TCE HDC, before and after hydrogen treatment at 200 °C, and were
analyzed in terms of CN's. The Pd-Au CN of untreated 3 nm Pd-on-Au NPs decreased
uniformly from ~9 (30 SC%) to ~4.5 (150 SC%) with increasing Pd SC (Fig. 2.5a, open
squares). This trend was consistent with each Pd atom coming into contact with a
relatively decreasing number of Au atoms, on average, as the Pd SC increased. Following
hydrogen treatment at 200 °C, a small increase (i.e., within error) in the Pd-Au CN was
seen at most Pd SC’s (Fig. 2.5a, filled squares).
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Figure 2.5. Changes in (a) Pd-Au and Pd-Pd CN's and (b) Au-Pd and Au-Au CN's as a
function of Pd SC for 3 nm Pd-on-Au NPs, before and after hydrogen treatment at
200 °C. Catalytic activity data (TOF) is shown as rectangular bars. (c) Percentage of
oxidized Pd (% Pd2+) at different Pd SC's. "ND" = no detection of scattering signal.
The Pd-Pd CN was roughly constant at ~3 above 30 SC% for the untreated NPs
(Fig. 2.5a, open circles). Following H2 treatment, the Pd-Pd CN slightly decreased to ~2
(though within error) at 50 SC% and increased up to ~5 above 50 SC% (Fig. 2.5a, filled
circles). The Pd-Pd CN at 30 SC% was not detected due to the Pd-Pd scattering signal
being too small to analyze, indicating the Pd content of this particular carbon-supported
Pd-on-Au NP sample was in the form of either isolated Pd atoms and/or small 2-D Pd
ensembles in undetectable quantities. Close to this 30 SC% value is the maximum Pd
surface coverage on a Au(111) surface at which all Pd are exclusively isolated Pd atoms
(~25 SC%).
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The Au-Au CN of untreated 3 nm Pd-on-Au NPs did not change with Pd SC, as
expected (Fig 2.5b, open circles). The Au-Au CN (~9-10) corresponded to an average NP
size of ~5.6 nm (larger than measured 3 nm), based on TEM-EXAFS size correlations
previously developed for supported Au materials.11,56 Hydrogen treatment at 200 °C did
not change the Au-Au CN's, indicating the NPs’ size did not change (Fig 2.5b, filled
circles). The Au-Pd CN of untreated NPs increased with increasing Pd SC, from ~2 (at 30
SC%) to ~3 (at 150 SC%), which was consistent with increased contact by Au atoms with
Pd atoms (Fig. 2.5b, open squares) due to the increased number of deposited Pd atoms.
Following hydrogen treatment, no significant change in the Au-Pd CN’s was observed at
any Pd SC (Fig. 2.5b, filled squares).
Pd Oxidation State Results: The fraction of Pd atoms in the +2 oxidation state (as PdO
or PdCl2) in untreated NP samples was detectible in all samples except those with 0, 30
and 50 SC% Pd coverage (Fig. 2.5c). Hydrogen treatment at 200 °C reduced all oxidized
Pd atoms in all the samples, coincident with the increase in Pd-Pd CN's. The %Pd2+ at 70,
90, 110, and 150 SC% corresponded to values of 15, 35, 30, and 40% of the total Pd
atoms that were oxidized, respectively. These values were consistent with our previous
experiments showing that unreduced 4 nm Pd-on-Au NPs with 60 SC% had 20% of the
surface Pd atoms in oxidized form.11 As a comparison, unreduced 4 nm Pd NPs had
~100% of all surface Pd atoms in oxidized form.11
Taking the Pd oxidation state and coordination number data together, we propose
that Pd-Pd CN's is a reasonable measure of metallic Pd ensemble size. No Pd2+ was
detected in Pd-on-Au NPs with 30 SC% and Pd-Pd CN = 0, indicating the Pd content was
mostly in the form of isolated, metallic Pd atoms (before and after hydrogen treatment).

47
Direct contact of Pd atoms with the Au NP surface appears to prevent Pd oxidation,
which has been experimentally observed by others.57-60
The sample of Pd-on-Au NPs with 50 SC% was unlike the others. Before or after
H2 treatment, Pd2+ was also not detected. The Pd content was in the form of Pd
ensembles, as indicated by a non-zero Pd-Pd CN of ~3, which did not significantly
change in size after H2 treatment. Untreated Pd-on-Au NPs with >50 SC% contained Pd2+
species and Pd ensembles (Pd-Pd CN ~ 3), which then became larger due to Pd2+
reduction after H2 treatment.
We conclude that untreated Pd-on-Au NPs with >50 SC% contain partially
oxidized 3-D Pd ensembles, in which the topmost Pd atoms are oxidized. We infer that
untreated Pd-on-Au NPs with 50 SC% contain metallic 2-D Pd ensembles, and that
untreated Pd-on-Au NPs with 30 SC% contain isolated, metallic Pd atoms.
Pd-shell/Au-core Structure: Additional analysis of the metal CN's confirmed the Pdshell/Au-core structure of the NPs through a comparison of the measured Au and Pd CN's
with calculated values of theoretically alloyed PdAu NPs of the same particle size and
metal composition (or equivalently, the total Au CN and total Pd CN).11 To assess the Pdon-Au NP structure in a convenient manner, we use a "Punnett square" representation of
the measured and calculated CN's (Fig. 2.6). As an example, the measured CN values of
3 nm Pd-on-Au NPs with 70 SC% from Fig. 5 are shown in Punnett square format (Fig.
2.6a). The total Au CN is 9.2 + 2.1 = 11.3, and the total Pd CN 7.8 + 3.6 = 11.4.
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Figure 2.6. (a) XAS-measured CN's for 3 nm Pd-on-Au NPs with 70% Pd SC and
(b) calculated CN's for alloyed Pd-Au NPs with the same metal content (30.2 mol% Pd),
total Au CN (11.3), and total Pd CN (11.4). Experimental CN’s were those of NPs after
hydrogen reduction at 200 °C.
The CN's of alloyed PdAu NPs are calculated using the total Au and total Pd CN's
and metal molar composition using Equations 2.5-2.8 (Fig. 2.6b).11
Au-Aualloy CN = total Au CN × mol% Au = 7.9

(2.5)

Au-Pdalloy CN = total Au CN × mol% Pd = 3.4

(2.6)

Pd-Pdalloy CN = total Pd CN × mol% Pd = 3.4

(2.7)

Pd-Aualloy CN = total Pd CN × mol% Au = 8.0

(2.8)

The 9.2 value for the measured Au-Au CN is larger than the 7.9 value for AuAualloy CN, and the 7.8 value for the measured Au-Pd is slightly smaller than the 8.0
value for Au-Pdalloy CN, which indicates that our 3 nm Pd-on-Au NPs have a Au-rich
core. The 3.6 value for the measured Pd-Pd CN is slightly larger than the 3.4 value for
Pd-Pdalloy CN, and the 2.1 value for the measured Pd-Au CN is smaller than the 3.4 value
for Pd-Aualloy CN, which indicates that our NPs have a Pd-rich surface.11 Analysis of NPs
with other Pd SC's (before and after hydrogen treatment at 200 °C) led to the same
general nanostructure conclusion. The differences in measured and calculated Pd-Au and
Pd-Pd CN's for NPs with 30 SC% were small, which can be interpreted as the particle
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surface being a PdAu alloy (Fig. A2). Such surface alloying of deposited Pd atoms onto
Au(111) surfaces has been observed by others using STEM analysis.30,61
Correlation to Catalytic Activity: We hypothesize that 2-D Pd ensembles are responsible
for the catalytic activity peak (~50 SC%) for 3 nm Pd-on-Au NPs. The Pd atoms of these
ensembles are metallic, are in direct contact with the supporting Au surface, and are all
exposed, accessible, and active for TCE HDC reaction (i.e., 100% Pd dispersion). Lower
SC's favor the formation of isolated Pd atoms, which are 100% dispersed but have lower
per-atom activity. 2-D ensembles could also be present at these low Pd SCs below the
XAS detection limit. Between Pd surface coverages of 50 and 100 SC%, the Pd
dispersion is definitively <100% due to the presence of 3-D ensembles, which can
partially explain the decrease in TOF values above 50 SC%. In addition, the decrease in
TOF values could be due to the presence of oxidized Pd atoms, which are presumably
less active than metallic Pd. Above 100 SC%, the effect of <100% Pd dispersion on TOF
values can be accounted by using the magic cluster model. There are currently no
experimental measured values for Pd dispersion at any SC, such as those from carbon
monoxide adsorption infrared spectroscopy, which would give truer TOF values.
2.3.4 XAS analysis of 7 nm Pd-on-Au Nanoparticles.
The 7 nm Pd-on-Au NPs were at least twice as active as the 3 nm ones, particularly at 5070 SC% (Fig. 2.3). XAS data confirmed the Pd-shell/Au-core structure for the 7 nm NPs
and pointed to several atomic-level differences (Fig. 2.7, Tables A7-A8). "Punnett
square" analysis confirmed the Pd shell/Au core structure of the NPs.
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Figure 2.7. Changes in (a) Pd-Au and Pd-Pd CN's and (b) Au-Pd and Au-Au CN's as a
function of Pd SC for 7 nm Pd-on-Au NPs, before and after hydrogen treatment at
200 °C. Catalytic activity data (TOF) is shown as rectangular bars. (c) Percentage of
oxidized Pd (% Pd2+) at different Pd SC's. "ND" = no detection of scattering signal.
The Pd-Au CN value of ~11 at 30 SC% indicated a large proportion of Pd atoms
were detectible as subsurface atoms. The generally higher Pd-Au CN's than those of the 3
nm NPs (before and after H2 treatment) suggested that subsurface Pd atoms were present.
Subsurface Pd atoms have maximum contact with Au atoms, and do not oxidize (Fig.
2.7c).
Untreated and treated 7 nm NPs with 30 SC% had a Pd-Pd CN of 0, like the 3 nm
NP case. However, unlike the untreated 3 nm NPs (in which Pd-Pd CN was constant at
~3), Pd-Pd CN = 0 at 50 SC% and slowly increased from ~1 at 70 SC% to ~4 at 150
SC%. This indicated the 7 nm NPs had smaller-sized Pd ensembles than those in 3 nm
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NPs at the lower Pd surface coverages. After hydrogen treatment at 200 °C, the Pd-Pd
CN of 7 nm NPs increased for all surface coverages. This increase corresponded
somewhat to the reduction of Pd2+. The relatively large increase in Pd-Pd CN at 50 and
70 SC% could be due to migration of subsurface Pd atoms to Pd ensembles at the particle
surface, corresponding to the observed decrease in Pd-Au CN's or could be due to
reduction of XAS-undetectable Pd2+. The Pd-Pd CN's in the 90-150 SC% range (~3-5)
and presence of oxidized Pd were indicative of 3-D Pd ensembles.
The Au-Au CN of the 7 nm NPs did not vary with Pd SC or hydrogen treatment
(Fig. 2.7b). This CN value of ~10.8 corresponded to 7.0 nm,11,56 agreeing with the 7 nm
NP diameter determined from TEM analysis. The Au-Pd CN of untreated and hydrogen
treated NPs was constant at ~2, from 50 SC% to 150 SC%. The CN value was smaller
than the CN value for 3 nm NPs (~3), indicating the average Au atom in larger Au
particles contacted a smaller number of Pd atoms. Larger Au NPs have a larger fraction
of Au atoms that do not contact Pd atoms, leading to a smaller Au-Pd CN value. The AuPd CN can be zero even though Pd is present, as is the case of Pd-on-Au NPs with 30
SC% (Table 2.1).
The 7 nm Pd-on-Au NPs generally had less oxidized Pd compared to the 3 nm
NPs. No oxidized Pd was detected on 7 nm NPs with 70 SC%, unlike the 3 nm case (Fig.
2.7c). The 7 nm particles with 110 SC% sample had much less oxidized Pd compared to
the 90 and 150 SC% cases (somewhat similar to the 3 nm samples), but the reason is not
clear. Hydrogen treatment at 200 °C reduced all oxidized Pd.
We propose that 7 nm Pd-on-Au NPs with 70 SC% are the most active due to the
presence of smaller 2-D Pd ensembles and absence of oxidized Pd. The Pd-Pd CN for
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NPs with 70 SC% was ~1, indicating smaller Pd ensembles than those of the most active
3 nm Pd-on-Au NPs at 50 SC% (which had Pd-Pd CN of ~3). The Pd dispersion is
<100%, suggesting the true TOF value is underestimated.
2.3.5 XAS analysis of 10 nm Pd-on-Au Nanoparticles.
The 10 nm NPs had TCE HDC activities between those of the 3 nm and 7 nm NPs
(Fig. 2.3). XAS analysis confirmed the Pd-shell/Au-core structure (Tables A9-A10).

Figure 2.8. Changes in (a) Pd-Au and Pd-Pd CN's and (b) Au-Pd and Au-Au CN's as a
function of Pd SC for 10 nm Pd-on-Au NPs, before and after hydrogen treatment at
200 °C. Catalytic activity data (TOF) is shown as rectangular bars. (c) Percentage of
oxidized Pd (% Pd2+) at different Pd SC's. "ND" = no detection of scattering signal.
The larger Au NPs led to some differences from the 7 nm NPs, especially for the
NPs with 150 SC%. Subsurface Pd atoms were present, indicated by the high Pd-Au CN
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values and consistent with the lack of oxidized Pd (Fig. 2.8c). These CN values increased
slightly (i.e., within error) after the NPs were hydrogen treated. The Pd-Pd CN values of
untreated 10 nm particles were similar to those of untreated 7 nm NPs. Unlike the latter
case though, the Pd-Pd CN values did not change after hydrogen treatment (Fig. 2.8a).
For NPs with 150 SC%, almost 40% of the Pd atoms were oxidized, and their reduction
after hydrogen treatment corresponded to the Pd-Au CN increasing from ~5 to ~8 and the
Pd-Pd CN increasing from ~2 to ~4.
The Au-Au CN of 10 nm NPs also did not change significantly with Pd SC or
hydrogen treatment (Fig. 2.8b). This CN value of ~11.3 corresponded to 8.0 nm, which
was less than the TEM measured diameter of 10.0 nm, and can be attributed to Au-Au
CN values not being accurate for particle sizing at the larger diameters.11,56 Only NPs
with Pd SCs of 50 and 70 SC% had detectable Au-Pd CN's, before or after hydrogen
treatment (Fig. 2.8b). Compared to the 3 and 7 nm cases, the 10 nm Au core has an even
larger fraction of Au atoms that do not contact Pd atoms, which was responsible for the
small-to-zero Au-Pd CN values.
The correlation of Pd structure to catalysis was not as clear for the 10 nm case as
for the other two particle sizes. This could be due to distortion of the XAS Pd surface
scattering path signals due to the large particle size.62,63 This could also be due to
limitations of our magic cluster model calculations at the larger particle sizes, which are
based on the assumption of 0% size distribution of the actual Au NPs and the use of a Au
atom diameter value of 0.270 nm. Concerning the latter point, a Au atom diameter value
of 0.288 nm is often used also.64 For a magic cluster to approximate a 10 nm Au particle,
the total number of atoms/NP decreases from 21126 atoms/NP (using the 0.270 nm
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value) to 17855 atoms/NP (using the 0.288 nm value). For a magic cluster to approximate
a 7 nm particle, the total number of atoms/NP decreases from 8217 to 6525. The total
number of atoms/NP remains the same for a magic cluster of 3 nm. The small difference
in Au atom size thus leads to differences in calculated Au NP sizes and Pd surface
coverages that accentuates for the larger particle sizes.
Having considered the aforementioned effects, we concluded that the 150 SC%
sample has 3-D Pd ensembles based on a relatively large Pd-Pd CN and the presence of
oxidized Pd. The 110 SC% could be concluded to have 2-D Pd ensembles because there
is no oxidized Pd and the Pd-Pd CN is >2. Decreasing the surface coverage below 110
SC%, the average Pd ensembles became smaller as Pd-Pd CN's decreased. HDC TCE
activity had the highest value at 50 SC%, however. To be consistent with the 3 and 7 nm
cases, we suggest that 2-D Pd ensembles are responsible for the peak activity at 50 SC%
even though Pd-Pd CN = 0. It may be that a significant amount of isolated Pd atoms are
present as subsurface Pd atoms and/or in a surface alloy with Au, and that there are XASundetectible 2-D ensembles that provide the high catalytic activity.
2.3.6 STEM Analysis.
We performed aberration-corrected STEM analysis to visualize the Pd surface structures
of the most catalytically active (7 nm Pd-on-Au NPs with 70 SC%) and a less-active
material with the same particle size and a Pd surface coverage in excess of 100% (7 nm
Pd-on-Au NPs with 150 SC%). Representative images of individual NPs at the two
different coverages are shown in Fig. 2.9.
Spread over the surface of the 70 SC% material were isolated Pd atoms and small
clusters of Pd atoms (Fig. 2.9a,b). Determining the number of atoms within a cluster and
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identifying subsurface Pd atoms were not possible. The 150 SC% material had few single
Pd surface atoms but more clusters of Pd atoms (Fig. 2.9c,d). These Pd structures,
observed at the periphery of the Au particles, presumably cover the rest of the particle
surface (but are unobservable in transmission images). These are the first STEM images
that illustrate the differences in Pd metal structure above and below 1 calculated
monolayer of Pd atoms.

Figure 2.9. STEM images of 7 nm Pd-on-Au NPs with Pd surface coverages of (a,b) 70
and (c,d) 150 %. Panels (a) and (c) are shown in pseudo-colored versions (b and d,
respectively) to enhance the image contrast between Pd and Au atoms. No other image
processing was performed. Some individual Pd atoms (solid orange circles) and Pd
ensembles (dashed green circles) are marked.
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The observed STEM structures are in reasonably good agreement with EXAFS
analysis. The Pd-Pd CN and Pd-Au CN of the NPs with 70 SC% are ~1 and ~10,
respectively, consistent with the observed small, dispersed Pd ensembles located on the
Au surface. The presence of isolated and different-sized clusters of Pd atoms is
compatible with these CN's, which represent the average coordination environment for all
atoms of a given element. The Pd clusters observed in the 150 SC% material is good
evidence of the Pd 3-D ensembles implicated by the larger Pd-Pd and Pd-Au CN values
of ~4 and ~7, respectively.
2.4 Conclusions.
Batch-reactor studies showed that all Pd-on-Au NPs exhibited hydrodechlorination
activity ~1-2 orders of magnitude higher than pure Pd NPs and the conventional
Pd/Al2O3 HDC catalyst. The NPs exhibited volcano-shape catalytic activity dependence
on both Au particle size and Pd surface coverage. The 7 nm Pd-on-Au NPs with Pd SC of
~70% were most active due to the presence of metallic 2-D Pd ensembles consisting of
~2-3 Pd atoms in contact with ~8-10 Au atoms. The 3 nm Pd-on-Au NPs were most
active with a Pd SC of ~50 SC% due also to metallic 2-D Pd ensembles, though these
ensembles were larger and less active than those of the most active 7 nm NPs. The 10 nm
Pd-on-Au NPs had maximum catalytic TCE HDC activity with Pd SC of ~50 SC%,
speculated to be from XAS-undetectible 2-D ensembles. 2-D ensembles were detected at
a Pd SC of ~110 SC%, matching a second, smaller volcano peak. As the Pd SC increased
on the Au NPs, XAS analysis revealed that the oxidation state and dispersion of Pd
changed from isolated, metallic Pd atoms to metallic 2-D Pd ensembles of varying
coordination numbers or sizes, and finally to partially oxidized 3-D Pd ensembles. STEM
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analysis of 7 nm NPs with 70 and 150 SC% directly confirmed the presence of isolated
and clusters of Pd atoms. This evolution of Pd species occurred regardless of particle
size, but the Au NP size affected the Pd SC at which these transitions occurred and the
size/dispersion of these Pd ensembles. At a given Pd SC, the 7 nm Au NPs had
smaller/more disperse Pd surface ensembles compared to the 3 nm NPs, and the 10 nm
NPs had more subsurface Pd atoms. This evidence of Au particle size affecting the nature
of Pd surface species of Pd-on-Au NPs illustrates a new approach to control and modify
metal active sites of bimetallic NP catalysts.
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Chapter 3
Three-dimensional Pd Surface Ensembles Improve Au Nanoparticle Catalysis for
Nitroarene Reduction
3.1 Introduction.
The catalytic reduction of the nitro-group of nitroaromatics is a rapidly expanding field of
study. Aromatic amines produced from such reactions have widespread industrial
application, being used to synthesize medicines, dyes and stains, rubbers, pesticides, and
explosives.1-3 Either Bechamp reduction or catalytic hydrogenation of nitroaromatics is
currently used for commercial synthesis of aromatic amines.1,4-7 Using Bechamp
reduction, the nitroaromatic is mixed with an acidic slurry of metallic iron (Fe0) and
heated to ~75-100°C such that the nitro-group is reduced and iron is oxidized to iron
oxide.8 A noted drawback of Bechamp reduction is that ~4 mol of undesired metal oxide
waste is produced per mole of aromatic amine.1,5,7 Alternatively, using catalytic
hydrogenation, the nitroaromatic is reduced by hydrogen in the presence of a metal
catalyst (such as Pt, Pd, or Rh) typically under pressure (~20-60 atm) and high
temperature T ≤100- 110°C.6
Reduction of 4-nitrophenol (4-NL) to 4-aminophenol by aqueous sodium
borohydride is a model nitroaromatic reduction reaction used to evaluate the potential of
catalytic materials for nitroarene reduction(Eqn. 3.1).9-11

OH

OH

+ NaBH4
NO2

4-nitrophenol

+ H2 + NaBO2

1 atm
Alkaline water
T ~ 25 C
NH2

4-aminophenol

(3.1)
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This reaction is catalyzed under ambient conditions (room temperature and atmospheric
pressure) and is usually monitored by following the absorption of 4-aminophenol and 4nitrophenol with an ultraviolet-visible spectrophotometer. Several studies have shown
that 4-aminophenol is the only aromatic product synthesized10,12,13 and that the reaction
does not significantly occur without a catalyst (under the specified reaction conditions)
due to kinetic restraints.14,15
Unsupported and supported monometallic nanocatalysts, such as Pd, Au, Cu, Pt,
and Ag, have been used to catalyze 4-nitrophenol reduction.1,14-20 In general, bimetallic
nanomaterials, such as Pt-Ni,19 Au-Ag,21 Pd-Ag,22 and Pd-Au,23 exhibit higher catalytic
activity than monometallics. The enhanced activity of bimetallics has been ascribed to
electron donation between the two metals, creation of electron-rich bimetallic interfaces,
and the unique structure of aggregated surface atoms.19,24-26 Kaiser et al. recently showed
that the surface composition of alloyed Pd-Au NPs influenced their 4-nitrophenol
catalytic activity.11 In their study, Pd-Au alloy NPs with 75 mol% Au and 25 mol% Pd
exhibit ~10x higher activity than pure Pd and pure Au NPs. The size of the pure Pd, pure
Au, and Pd-alloy NPs was different which could have influenced the activity results
obtained. The authors postulate that the Pd-Au NPs exhibit higher activity due to a much
higher reactivity of adsorbed reactants caused by structure-related electronic surface
properties.11
In this work, we explore how the arrangement of surface Pd ensembles on 3 nm
Pd-on-Au NPs affects their ability to catalyze 4-nitrophenol reduction. This work extends
prior studies and provides further insight into the structure-activity properties of
bimetallic nanocatalysts for 4-nitrophenol reduction. By increasing the Pd surface
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coverage of the NPs from 30-150%, we have previously shown that one-dimensional
(1D), 2-D, and 3-D Pd ensembles progressively form on the Au NP surface.27 Twodimensional Pd ensembles consist of at least two Pd atoms which extend in two
directions. Alternatively, three-dimensional Pd ensembles are surface Pd atom aggregates
which extend in three directions with the topmost Pd atoms being oxidized. The
dispersion of the Pd atoms and oxidation state was previously shown to affect the NPs
activity for trichloroethene hydrodechlorination.27-29 NPs with 2-D Pd ensembles were
observed to exhibit the highest activity.

27,30,31

Using density functional theory

calculations, Andersin and Honkala showed that the enhanced activity of these 2-D Pd
ensembles could be explained by their unique TCE and H2 adsorption energies.32
In this work, batch reactor studies reveal a volcano-shape dependence of Pd-onAu NP activity on the Pd surface coverage, such that NPs with partially oxidized 3-D Pd
ensembles (~150% Pd SC) exhibit a maximum TOF of ~3.7 s-1. Further activation energy
analysis of the NPs confirm that pure Pd NPs, pure Au NPs, and Pd-on-Au NPs with Pd
SC<175% exhibit compensation behavior, which occurs as a consequence of the
Langmuir-Hinshelwood kinetics of the reaction. The compensation behavior by the
particles suggests that the surface coverage and adsorption enthalpy of reactants likely
influences their activity. We infer that 3-D Pd surface ensembles enhance the activity of 3
nm Au NPs due to structure-related electronic properties that influence reactant
adsorption and reactivity of adsorbed reactants. Lastly, X-ray absorbance spectroscopy
analysis of NPs with 200% Pd SC reveals that at Pd SC>150% Pd SC, 3-D Pd ensemble
growth and increased Pd-Au surface alloying occurs. Collectively, these results provide
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further insight into the design and structure-activity properties of bimetallic catalysts for
nitroarene reduction reactions.
3.2 Experimental Methods.
3.2.1 Materials.
Palladium(II) chloride (PdCl2; >99.99%), gold (III) chloride trihydrate (HAuCl4∙3H2O,
99%), tannic acid (>99.5%), potassium carbonate (>99.5%), and 4-nitrophenol (>99%),
were purchased from Sigma-Aldrich. Sodium citrate dihydrate (>99.5%) was obtained
from Fischer Scientific. Sodium borohydride (>98%) was purchased from Acros (Lot
number: B0116503). Sodium hydroxide (1.0M ±0.001) was obtained from EMD
Chemicals. Amorphous carbon powder (Vulcan XC-72 and Monarch 700) was purchased
from Cabot. Ultra-high purity argon gas, nitrogen gas, and hydrogen gas were obtained
from Matheson Tri-gas. Deionized water from a Barnstead NANOpure Diamond purifier
(resistivity > 18 MΩ/cm) was used for all experiments. All chemicals were used asreceived unless otherwise noted.
3.2.2 Au Nanoparticle Synthesis.
The Slot and Gueze method was used to synthesize the 3 nm Au NPs as previously
described.27,33 Briefly, a 0.32 mM chloroauric acid (HAuCl4) solution was added to a
second reducing solution (1.5 mM tannic acid, 7.0 mM trisodium citrate dihydrate, and
6.3 mM potassium carbonate for the 3 nm NPs) at 60 °C. The resulting brown sol was
vigorously stirred and heated to boiling. After boiling for two minutes the sol was cooled
to room temperature and the total sol volume was adjusted to 100 mL with water. The
size of the NPs was verified using transmission electron microscopy.27 Au NPs were
stored up to 1 week at 4 °C.
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3.2.3 Pd-on-Au Nanoparticle Synthesis.
Pd-on-Au NPs with Pd SCs between 10 and 200% were synthesized by reducing aliquots
(13-265 µL) of a 2.47 mM chloropalladic (II) acid (H2PdCl4) solution with hydrogen gas
onto the Au NP sols under ambient conditions as previously described (see Table C1).27
The volume of 2.47 mM H2PdCl4 needed for a specific Pd SC was calculated using the
magic cluster model, in which each Au NP is viewed as a central Au atom surrounded by
consecutive shells of Au atoms.28,34,35 A 3 nm Au NP, for example, would consist of 5
consecutive Au shells, 561 total Au atoms, and 252 surface Au atoms (see Table C2). The
Pd SC of 100% would be modeled as a 6th consecutive shell on the NP since Pd and Au
atoms are nearly the same size. Pd SCs>100% were modeled as filling the subsequent 7th
consecutive shell of the NP, such that at 200% Pd SC each Pd-on-Au NP consisted of 7
consecutive shells (i.e., 5 Au shells + 2 consecutive Pd shells).27
The concentration of NPs in the 3 nm Au NP sol was calculated to be 2.7×1014
NPs/mL assuming complete HAuCl4 reduction (previously verified by elemental
analysis).27 We have verified reduction and deposition of H2PdCl4 (>90%) on the Au NPs
using elemental analysis.27 TEM confirmed no significant change in particle size (i.e.,
beyond the initial Au particle size distribution) or size distribution when Pd was
deposited on the Au NP surface.27
3.2.4 Pd Nanoparticle Synthesis.
The activity of Pd-on-Au NPs was compared to those of pure 3 nm and 4 nm Pd NPs. Pd
NPs (d ~ 4 nm)28 were synthesized similarly to the Au NPs except that a 0.32 mM PdCl42solution (12 mL of 2.39 mM PdCl42- diluted with 68 mL H2O) was used. Pd sols were
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heated to boiling for ~25 min prior to cooling to room temperature under ambient
conditions.27
3.2.5 Catalytic Testing.
A 10 mM 4-nitrophenol stock solution was made by adding 41.7 mg of 4-NL to 30 mL of
water and sonicating for 20 min. An alkaline 0.1 M NaBH4 stock solution was made by
dissolving 0.038 g of NaBH4 in 10 mL of an ice-cold 0.1 mM NaOH solution (100 uL of
0.01 M NaOH diluted with 9.9 mL water). A fresh NaBH4 stock solution was made every
3 h. Catalytic testing was conducted using cuvette batch reactors. A screw-cap quartz
cuvette (1 cm pathlength) with 2.7 mL water, 30 uL of 10 mM 4-NL stock solution, and
200 uL of 0.1 M NaBH4 stock solution was sealed with a PTFE-silicone septum. The
sealed cuvette was purged with an inert gas (either Ar or N2) for 1 min to displace
dissolved oxygen and fill the headspace (~1 atm). An aliquot (51 uL) of as-prepared 3 nm
Pd-on-Au NP sols was diluted with 9.94 mL of water to prepare a diluted NP sol (total
Au concentration = 1.3×10-6 M; 0.26 ppm and total Pd concentration = 8.4×10-8 M;
0.0089 ppm - 1.7×10-6 M; 0.18 ppm). After purging, 100 µL of diluted NP sol was
injected into the quartz cuvette at t = 0 min. The final concentration of Pd-on-Au NPs in
the reactor was 4.5×1010 NPs/mL. No UV-Vis absorbance by the NPs was detected at this
concentration. The final concentration of total Au in the reactor was 4.2×10-8 M while the
total concentration of Pd ranged from 2.7×10-9 M to 5.5×10-8 M, depending on the NP
surface coverage.
Monitoring of 4-NL reduction was started 30 sec. after NP injection by following
the absorbance of the nitro group of 4-NL at λ=400 nm (red-shifted from ~313 nm due to
basic reaction conditions).36 Initial concentrations of 4-NL and NaBH4 in the quartz
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cuvette reactor were 9.7×10-2 mM (~13.5 ppm) and 6.5 mM (~246 ppm), respectively.
These initial reactant concentrations were selected based on prior studies.9-12 All reactions
were monitored for total t = 26.5 min using a Shimadzu 2450 UV-Vis spectrophotometer.
Sample reaction spectra were acquired every 2 min. Between spectra scans, the quartz
cuvette was vortexed using a Fisher Scientific mini vortexor set at ~7.
Since the concentration of NaBH4 greatly exceeds (~65×) that of 4-NL, the
reaction rate constants were calculated from the pseudo-first order rate law with respect
to 4-NL, as previously reported:9,10,12,21,37
-dC4-NL/dt = kmeasC4-NL

(3.2)

where C4-NL is the 4-NL concentration in the cuvette reactor and kmeas is the measured
pseudo-first-order rate constant. According to previous studies, the reaction proceeds via
a Langmuir-Hinshelwood type mechanism in which adsorbed 4-nitrophenol and
borohydride

species

react

to

form

4-aminophenol,

metaborate

(BO2-),

and

hydrogen.11,12,38,39 Catalyst turnover frequency (TOF) was calculated by normalizing the
measured rate to the total concentration of surface Au atoms (CAu

surface atoms)

and total

concentration of surface Pd atoms (CPd surface atoms):
TOF = (kmeas C4-NL/[(CPd surface atoms)+(CAu surface atoms)])

(3.3)

For Pd SC<100%, the CPd surface atoms comes from the number of Pd atoms in the 6th shell
of the magic cluster model. The CAu surface atoms is based on the number of Au atoms in the
5th shell that are theoretically covered by the Pd atoms in the 6th shell. For Pd SC> 100%,
CPd surface atoms depends on the number of Pd atoms in the 7th shell and the Pd atoms in the
6th shell that are not covered by the Pd atoms in the 7th shell. The concentration of Pd and
Au surface atoms used for reported TOFs is provided in Table C3. We verified that the
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observed reaction rate constants varied linearly with respect to the concentration of Pd
and Au surface atoms used for our studies (Fig. C1-C4). The pH of the reaction solution
(~10.4) did not change during the reaction. No reaction was observed in the absence of
catalyst NPs.
Control experiments with monometallic Pd and Au NPs were performed as
follows. Approximately 100 µL of a diluted~4 nm Pd NP sol (446 µL as prepared Pd NP
sol diluted with 9.54 mL H2O) was injected into the sealed quartz reactor (final Pd
concentration in reactor = 4.4×10-7 M; 0.047 ppm). A diluted 3 nm Au NP sol (206 µL as
prepared Au NP sol diluted with 9.78 mL H2O) was prepared and 100 µL of the diluted
sol was injected into the quartz reactor (final Au concentration in reactor = 1.7×10-7 M;
0.034 ppm). At these particle concentrations, no significant UV-Vis absorbance by the
NPs was detected.
3.2.6 Activation Energy Analysis.
An activation energy analysis of pure 3 nm NPs, pure 4 nm Pd NPs, and representative 3
nm Pd-on-Au NPs was conducted by measuring the reaction rate of each catalyst at 30
°C, 40 °C, 50 °C, and 60 °C. The sample chamber in the UV-Vis can be temperaturecontrolled using an external water bath. The maximum variation of the temperature in the
batch reactor during the reaction was ± 1 °C. Thermal equilibration between the batch
reactor and sample chamber occurred within ~30 sec. No significant change in batch
reactor temperature (>1 °C) was observed due to vortexing between scans. The activation
energy and frequency factor of each catalyst was determined using the Arrhenius
equation.
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3.2.7 XAS Analysis.
X-ray absorption spectroscopy of carbon-supported 200% Pd NPs was conducted at the
Advanced Photon Source at Argonne National Laboratory. Details concerning the XAS
experiment protocol used can be found in our previous publications and will not be
described here.27,29
3.3 Results and Discussion.
3.3.1 4-nitrophenol Reduction Activity of Pd-on-Au Nanoparticles.
UV-Vis absorbance spectra of 3 nm Au NPs, 4 nm Pd NPs, and Au NPs with 150% Pd
SC are shown in Figure 3.1. No change in 4-NL absorbance was observed in the absence
of metal nanoparticles.
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Figure 3.1. UV-Vis absorbance spectra of (a) pure 3 nm Au NPs, (b) pure 4 nm Pd NPs,
and (c) 3 nm Pd-on-Au NPs with 150% Pd SC. The red and blue arrows in panel a show
the decreasing absorbance of 4-NL and increasing absorbance of 4-AP, respectively, as
the reaction progresses.
Spectra were collected every 2 min for a total reaction time of 26.5 min. All three
spectra exhibit isobestic points at ~280nm, ~240 nm, and ~220 nm. The principal
absorbance wavelengths of 4-nitrophenol and 4-aminophenol are 400 nm and 293 nm,
respectively. The absorption coefficient of 4-aminophenol is significantly lower than 4nitrophenol leading to significantly lower 4-aminophenol absorbance. Several studies
have confirmed that isobestic points in the UV-Vis spectra indicate the selective
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formation of 4-aminophenol.10,12,13,19 Similar UV-Vis spectra were observed for the other
Pd-on-Au NPs tested. Unlike previous studies, no induction time was observed for any of
our catalysts. This strongly suggests that no rearrangement of the particles’ structure
occurs.12,40
To verify that the reaction was not diffusion-limited under our experiment
conditions, we calculated the Damköhler number, Da, as shown in Equation 3.4:
Da =

n−1
kC4NL
βa

(3.4)

where k is the reaction rate constant (1/s), n the reaction order, β is the mass transport
coefficient, and a is the interfacial area.40,41 The mass transport coefficient is given by the
molecular diffusion coefficient of 4-NL (~6.92 × 10-10 m2/s at 20 °C in water)40,42 divided
by the characteristic length scale, δ, over which mass transport occurs.40 The interfacial
areas of pure 3 nm Au NPs, 3 nm Pd-on-Au NPs, and 4 nm Pd NPs were calculated as
5.2×10-3 m-1, 1.3×10-3 1/m-1, and 9.4×10-3 m-1, respectively. Even if a value of 300 nm is
used for δ, the Da of all the NPs tested is <1×10-17. This indicates that under our
experiment conditions, the reaction is not diffusion-limited and the rate-limiting step is
the surface chemical reaction.40,41
The catalytic activity of 3 nm Pd-on-Au NPs for 4-NL reduction and the overall
structure of the NPs is shown in Figure 3.2. The structures of the Pd-on-Au NPs with Pd
SC<150% is based on XAS analysis that we previously published.27 The structure of the
Pd-on-Au NPs with Pd SC = 200% is based on the XAS structural analysis which we
describe below.
The activity of the NPs varies with a volcano-shape dependence on Pd surface
coverage (SC) at Pd SC≥90%, such that NPs with partially oxidized 3-D Pd ensembles
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displayed higher activity. The activity of 3 nm NPs with Pd SC> 70% exceeded that of
pure Pd NPs (TOF ~ 0.28 mol 4-NL mol Pdsurface atoms-1 s-1) and pure Au NPs (TOF ~ 0.67
mol 4-NL mol Ausurface atoms-1 s-1). The catalytic activity of NPs with Pd SC≤70% did not
vary significantly with Pd SC and was similar to the activity of pure Au NPs. The highest
activity (TOF~3.7 s-1) was exhibited by Pd-on-Au NPs that have partially oxidized 3-D
Pd ensembles, consisting of ~4-5 Pd atoms (Pd SC=150%). At Pd SC>150%, the TOF of
the NPs decreased with increasing Pd SC to ~2.0 s-1 at 200% Pd SC. The TOFs of our
NPs (pure Au, pure Pd, and Pd-on-Au) are within the range of TOFs previously reported
for similar nanoparticles (Tables C4-C5). The activity of additional 3 nm Pd-on-Au NPs
was also measured to verify the activity trends shown in Figure 3.2 (Figure C5). Studies
using 7 nm Pd-on-Au NPs also support these activity trends and indicate that quantum
size effects do not significantly influence Au particle catalysis for 4-nitrophenol
reduction (Appendix D).

Figure 3.2. Turnover frequencies (TOFs) of 3 nm Pd-on-Au NPs with Pd surface
coverages from 0 to 200% Pd SC. Representative schematics of overall NP structures are
shown. NPs with 0% Pd SC are pure 3 nm Au NPs. The TOF of pure 4 nm Pd NPs is
included for comparison. Error bars represent the standard deviation of at least three
replicate experiments.
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The enhanced activity of NPs with partially oxidized 3-D Pd ensembles is likely
due moreso to the spatial arrangement (dispersion) of the surface Pd atoms than the
presence of oxidized Pd. The majority of the surface Pd atoms of the pure 4 nm Pd NPs
are oxidized27,29; hence, if simply the presence of Pd oxide resulted in significantly higher
activity, we would expect the pure 4 nm Pd NPs to exhibit maximum activity. While it is
thermodynamically possible for Pd oxide to be reduced by borohydride under our
experimental conditions (see Eqn. C1-C3),43 we do not believe that significant particle
structure changes occur since we do not observe any induction time.
3.3.2 XAS Analysis of Pd-on-Au NPs with 200% Pd SC.
Here, we report the XAS analysis of the 200% Pd-on-Au NPs which was used to
determine the structure of these NPs as shown in Figure 3.2. A detailed explanation of
this XAS analysis can be found in our previous publication.27 The structure of the Pd-onAu NPs is based on the XAS-measured Pd and Au coordination numbers. The Punnett
square analysis of the NPs with 200% Pd SC is shown in Figure 3.3. The coordination
numbers, bond distances, threshold absorption energies, and Debye-Waller factors
(DWF’s) for 3 nm Pd-on-Au NPs with 200% Pd SC is provided in Tables C6-C7. The
NPs with 200% Pd SC did not have any XAS-detectible Pd2+, which indicates that likely
no 3-D Pd ensembles are present.27
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Figure 3.3. (a) XAS-measured CN's for 3 nm Pd-on-Au NPs with 200% Pd SC and
(b) calculated CN's for alloyed Pd-Au NPs (see Eqn. C4-C7) with the same metal content
(56.3 mol% Pd), total Au CN (Au-Au CN + Au-Pd CN = 11.2), and total Pd CN (Pd-Pd
CN + Pd-Au CN = 11.4). Experimental CN’s are those of as-prepared nanoparticles.
The Pd-Au, Pd-Pd, Au-Pd, and Au-Au CN (first atom is the absorber second atom is the
scatterer) of theoretical alloy particles were calculated based on the total Pd and total Au
CN and the mol% of Pd and mol% of Au in the particle (see Eqn. C4-C7).27 A relative
comparison of the measured and calculated alloy coordination numbers provides insight
into the average structure of the NPs.27,29 The measured Au-Au CN (~9.1) is higher than
the calculated alloy Au-Au CN (~4.9) while the measured Au-Pd CN is lower (~ 2.1)
than the calculated alloy Au-Pd CN (~6.3). Alternatively, the measured Pd-Pd CN (~3.6)
is lower than the calculated alloy Pd-Pd CN (~6.4) while the measured Pd-Au CN is ~7.8
which is higher than the calculated alloy Pd-Au CN (~5.0). These results indicate that the
general nanostructure of the NPs with 200% Pd SC is a Pd-rich surface and Au-rich core,
which is consistent with the other Pd-on-Au NPs. The Pd CN results for the NPs with
200% Pd SC indicate that the surface of the NPs, while more rich in Pd than the core, is
likely a PdAu surface alloy. The Pd-on-Au NPs with 30% Pd SC have a similar PdAu
surface alloy.27
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The XAS structural analysis provides further insight into the way that the
structure of the Pd surface ensembles varies with the Pd surface coverage. We
hypothesize that once the Pd surface coverage exceeds 150%, the 3-D Pd surface
ensembles begin to coalesce and grow. Coalescence and growth of Pd ensembles (or
islands) on Au surfaces has been previously observed through STEM and is a known
method

of

ensemble/island

growth.44,45

As

such

ensembles

grow,

Pd-Au

interdiffusion/alloying can concomitantly occur and has been experimentally observed
even at room-temperature.44,46 Indeed, Pd-Au alloy formation has been experimentally
observed when 5 ML of Pd was deposited on Au surfaces.46 This alloy formation can
occur due to place-exchange between deposited Pd atoms and Au surface atoms. The
migration of Pd either into or under the Au surface layer is thought to minimize overall
surface stress/energy and is possible at surface defects because Pd and Au have similar
atomic radii and lattice constants.44,47 Several experimental studies have shown that direct
contact between Pd and Au atoms can prevent oxidation of surface Pd due to electronic
effects of Au.48-51 As a result of such Pd-Au surface alloying and island growth, the
activity of the 3 nm NPs with Pd SC>150% likely decreases becoming more similar to
the activity of pure Au and Pd NPs.
3.3.3 Activation Energy Analysis of Pd-on-Au NPs.
Herves et al. previously observed that the measured activation energy of metal
nanoparticles for 4-nitrophenol reduction can be influenced by temperature-dependent
reactant surface coverages of reactants or changing adsorption enthalpies.39 According to
Wunder et al., such a change in reactant surface coverage with temperature is a
consequence of the Langmuir-Hinshelwood kinetics of catalyzed 4-nitrophenol
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reduction.40 A consequence of this phenomenon is that the activation energy and
frequency factors of many metal nanoparticles for 4-nitrophenol reduction have been
shown to display a compensation effect, in which an empirical linear relationship is
observed between the lnA and the measured activation energy39,52 (Eqn. 3.5),
lnA = aEa + b

(3.5)

where a and b are constants.53
To determine if our metal NPs display such compensation behavior, we measured
the pseudo-first order rate constant (kmeas) of the pure 3 nm Au NPs, pure 4 nm Pd NPs,
and representative Pd-on-Au NPs at 30°C, 40°C, 50°C, and 60°C. The measured
activation energy and frequency factors were calculated using the logarithmic form of the
Arrhenius equation (Eqn. 3.6):
lnkmeas = lnA – (Ea/RT)

(3.6)

in which A is the frequency factor, Ea the measured activation energy, R the molar gas
constant (8.31 Jmol-1K-1), and T is the temperature (K). No induction time was observed
for any of the NPs at the reaction temperatures tested. We recently observed that the
structure of similar 4 nm Pd-on-Au NPs supported on carbon powder does not change
after being exposed to an alkaline aqueous solution (pH~13) at 60 °C for ~2h.54
Therefore, we do not expect the structure of the NPs to change at the experiment
temperatures used.
The Arrhenius plots of the pure 3 nm Au NPs, pure 4 nm Pd NPs, and Pd-on-Au
NPs with 150% Pd SC are shown in Figure 3.4. The natural log of the measured rate
constant (ln kmeas) varied with a linear dependence on the inverse reaction temperature
(1/T). This behavior was observed for all NPs tested (see Fig. C6).
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Figure 3.4. Arrhenius plot (lnkmeas as a function of 1/T) of 3 nm Au NPs, 4 nm Pd NPs,
and Pd-on-Au NPs with 150% Pd SC. Error bars represent the standard deviation of at
least three replicate experiments.
The measured activation energies are within the range of activation energies (7.5 kJ/mol
– 115 kJ/mol) reported in previous studies.9,10,16,39,55-57
As shown in Figure 3.5, we plotted the lnA of our NPs as a function of their
measured Ea to determine if they exhibit compensation behavior.
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Figure 3.5. Compensation
effect of 3 nm Au NPs, 4 nm Pd NPs, and representative PdMeasured Activation Energy (kJ/mol)
on-Au NPs. The particles’ activation energy and frequency factors were experimentally
determined using the Arrhenius equation. Horizontal and vertical error bars represent the
standard deviation of at least three replicate experiments.
A compensation effect was observed for pure 3 nm Au NPs, pure 4 nm Pd NPs,
and Pd-on-Au NPs with Pd SC ≤ 175% Pd SC. This suggests that the surface reaction on
these NPs follow Langmuir-Hinshelwood kinetics similar to other metal nanoparticles
that have been tested for 4-nitrophenol reduction.39,40 We can infer that the measured
activation energies for our NPs likely differ significantly from the true activation energy
because the reactant surface coverages of reactants or adsorption enthalpies are
changing.39,52 With exception of the Pd-on-Au NPs with 70% Pd SC and pure Pd NPs,
the nanoparticles that exhibit higher catalytic activity typically have higher measured
values of lnA and Ea. This suggests that the surface coverage and adsorption enthalpies of
reactants may influence the catalytic activity of our NPs.
The 3 nm Pd-on-Au NPs with 200% Pd SC did not display a compensation effect.
The pre-exponential factor of the NPs with 200% Pd SC remains the same as the particles
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with 150% Pd SC but their activation energy decreases. We explain these effects by
inferring that these NPs have electronic properties different than the other Pd-on-Au NPs
which affect the reaction kinetics.52,58 These altered electronic properties are likely
related to the alloyed surface structure of these NPs.
3.3.4 Explanation for Catalytic Effect of 3-D Pd Surface Ensembles.
We propose that the 3-D Pd surface ensembles increase the catalytic activity of Au NPs
due to structure-related electronic properties that affect the adsorption affinity and
reactivity of reactants. Kaiser et al. previously reported that the adsorption equilibrium
constants of nitrophenol (KNip) and borohydride (KBH4) for pure Pd, pure Pt, pure Au, and
Au75Pd25 alloy NPs differ, but are of the same order of magnitude and cannot explain
their different catalytic activities.11 Kaiser et al. ascribe the ~10× higher activity of
Au75Pd25 NPs’ to structure-related electronic properties that enhance the reactivity of
adsorbed reactants.11
It is well known that the dispersion of Pd atoms deposited on Au surfaces
influences their electronic properties, such as the d-band density of states (DOS), which
affects their catalytic activity.32,59-61 Using density functional theory calculations, Liu and
Nørskov show that with increasing neighboring Au atoms, the d-band states of a Pd atom
move away from the bulk Pd Fermi level and decrease in energy.62 Interestingly, Escaño
et al. recently predicted that dissociative adsorption of borohydride increasingly occurs as
a 3d transition metal’s d-band DOS approaches the Fermi level.63 Such dissociative
adsorption of borohydride would be necessary for 4-nitrophenol reduction and is
predicted to occur on Pd(111) but not on pure Au(111) or alloyed Au (111) surfaces.63,64
Tanaka et al. and Erol et al. alternatively demonstrated that 4-NL adsorption on Ag
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particles is a Coulombic interaction in which electron density is transferred from the Ag
surface to the 4-NL molecule. Stronger adsorption of 4-NL would be expected with
increasing d-band DOS near the catalyst Fermi level. However, Corma et al. suggests that
if the nitro group of a nitroarene binds too strongly to a catalyst, the adsorbed molecule
will not react.65 The d-band DOS resulting from the 3-D Pd ensembles likely results in 4NL adsorption such that catalyst surface poisoning is minimized. Erol et al. also recently
showed that the orientation of nitrophenol (i.e., perpendicular vs. parallel to the surface)
adsorbed on silver nanoparticles depends on the nitrophenol surface coverage.66
Changing the adsorbed 4-NL orientation likely affects the reaction between adsorbed
nitrophenol and adsorbed borohydride species. Hence the adsorption affinity of 4-NL on
3-D Pd ensembles could result in 4-NL binding configurations more suitable for 4-NL
reduction to occur.
3.4 Conclusions.
We have used model Pd-on-Au NPs of controlled size and surface composition to probe
how the surface structure of a bimetallic nanomaterial influences its ability to catalyze 4nitrophenol reduction. The activity of 3 nm Pd-on-Au NPs with Pd SCs between 10 and
200 % varies with a volcano-shape dependence as a function of Pd SC, with maximum
activity (TOF ~3.7 s-1) being exhibited by NPs with 3-D Pd ensembles (~150% Pd SC).
We infer that 3-D Pd ensembles enhance the activity of Au NPs by affecting the
adsorption efficiency and reactivity of adsorbed reactants due to their unique structurerelated electronic properties. Extended X-ray absorption fine-structure spectroscopy of
the 200% Pd on Au NPs provided insight into the role of Pd surface at Pd SC >150%. At
these surface coverages, we provide strong evidence that alloying of the Pd-on-Au NP
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surface occurs. The collective results from this study provide further insight into the
structure-activity relationship of bimetallic catalysts for nitroarene reduction reactions.
Particularly for industrial applications where nitroaromatics are used, improving catalyst
activity through structure control would be economically and environmentally
advantageous.
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Detailed synthesis methods of Pd-on-Au NPs (Table C1), magic cluster of Au NPs (Table
C2), surface atom concentrations of NPs (Tables C3), TOFs of Pd, Au, and Pd-Au
catalysts studied by others (Tables C4-C5), details of XAS fitting and results for 3 nm
NPs with 200% Pd SC (Tables C6-C7), Au, Pd, and Pd-on-Au NP concentration studies
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Arrhenius plot of Pd-on-Au NPs (Fig. C6), chemical equations for reduction of PdO(s) by
BH4-(aq) (Eqn. C1-C3), and equations used to calculate the alloy coordination numbers of
3 nm Pd-on-Au NPs with 200% Pd SC (Eqn. C4-C7).
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Chapter 4
Light-triggered Biocatalysis Using Thermophilic Enzyme-Au Nanoparticle
Complexes
4.1 Introduction.
Gold (Au) nanoparticles have been used in a wide-variety of biological applications to
date,

including

drug/oligonucleotide

delivery,

bioimaging,

gene

therapy,

and

photothermal therapy.1-6 The most prominent properties of Au nanoparticles that can be
exploited to achieve these applications are their ease of surface functionalization, their
biocompatibility, and their surface plasmon-derived optical properties.1,7,8 Plasmonic Au
nanoparticles such as Au nanorods (NRs) have collective electronic oscillations that can
be utilized to convert optical energy to thermal energy with high efficiency upon resonant
optical illumination.7,9 This photothermal response is tunable, based on nanoparticle size
and geometric configuration, and is particularly important for biological applications
because the particles can be designed to have an absorption efficiency in the near-infrared
region (NIR) (690−900 nm).8 Biological reactions and cells are maximally transparent in
this “water window”, and light can penetrate to depths of several centimeters, even in
more complex tissues.10
Thermophilic enzymes are obtained from thermophiles, archaea or eubacteria that
thrive at high temperatures (i.e., 50-120 °C).11 These organisms survive due to proteins
that have been highly selected for robust functioning in this elevated temperature range.
Many thermophilic enzymes are heat-responsive, in other words, they have dramatically
lower activity at ambient temperatures than standard enzymes and increase in function up
to or beyond their native temperature(s). When combined with plasmonic nanoparticles,
the resulting enzyme-nanoparticle complex should be light-triggerable: the local heating
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induced by resonant illumination of the nanoparticle will activate the attached heatresponsive enzymes.
Currently, control of biochemical pathways, in vivo or in vitro, is largely achieved
by the addition of chemical/biochemical signals or constituents that are difficult to
remove once added.12 Biomolecule-nanoparticle complexes that are designed to be
responsive to light could provide an easy means of controlling a biochemical reaction in a
less intrusive manner than traditional biochemical signals, simply by illuminating with an
appropriate light source. To turn off the reaction, one would simply remove the light
source. This latter attribute is a critical feature, since the remote control of biological
reactions could be useful in a multitude of applications. Potential uses would include
minimizing operations for industrial biological products, or modulating biochemical
pathways in vivo for therapeutic outcomes. With current conventional approaches, the use
of chemical/biochemical signals to control reaction rates can be invasive, more readily
introducing contaminating agents such as certain gases or infectious particles into the
reactor, or resulting in the unwanted synthesis of dangerous byproducts. Indeed, remote
control of biological systems inside or outside of cells through the use of nanotechnology
has been a novel and exciting forefront of recent studies.13-17
In this study, we describe the fabrication of light-responsive, thermophilic
enzyme-photothermal gold nanoparticle complexes (TE-PGNs) useful for the lightdependent activation of a biochemical reaction under traditional bulk reaction
temperatures (~50 °C). This extends previous studies involving confined heating of DNA
with nanoparticles18,19 and is in direct contrast to recent studies, including elegant ones
employing the use of magnetic nanoparticles and magnetic fields that activate
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biochemical pathways through bulk heating.13,16,17 The goal here is to minimize such bulk
heating so that we can provide proof of concept that could eventually lead to remote
triggering of biochemical reactions under standard nonthermophilic conditions utilizing
thermophilic enzyme nanoparticle complexes. Our particles consist of a Au nanoparticle
core with a monolayer coating of thiol-conjugated heat-responsive enzyme. Au NRs (~30
× 10 nm) were chosen for their optical response in the desired ‘water window’ (800 nm),
while our chosen model thermophilic enzyme is Aeropyrum pernix glucokinase (Glk), a
key enzyme in sugar degradation via the glycolysis pathway in bacteria and eukarya.20
The TE-PGNs were encapsulated in a calcium alginate matrix to sequester the heat
generated by the Au NR cores excited by a continuous wave laser, such as those used in
medical practice. As a result, a temperature gradient sufficient to increase the temperature
in the nanometer scale vicinity of the enzyme and activate it without significantly
affecting the bulk temperature of the system is formed. The concept of light-dependent
activation of a biochemical reaction utilizing our novel encapsulated thermophilic
enzyme-photothermal gold nanoparticles is demonstrated in Fig. 4.1.
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Figure 4.1. Schematic of thermophilic enzyme-photothermal gold nanoparticles (TEPGNs) synthesis and laser-induced activation.
Gold-thiol chemistry provides both a robust and highly convenient means of
binding thermophilic enzymes to Au nanoparticles, with high bond strengths of ~45
kcal/mol and thermal resistances well past 100 °C.21 It is already well known that Au
nanoparticle surfaces can be readily functionalized with a wide variety of thiolated
molecules including oligonucleotides,1 chemotherapeutic agents,22 and polypeptides.23
Attachment is as straightforward as mixing reduced sulfur moieties with the
nanoparticles. While many types of functional Au nanocomplexes have been reported,
including those with proteins, attachment of a heat-responsive (thermophilic) enzyme has
not previously been reported.
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4.2 Experimental Methods.
4.2.1. Cloning of A. pernix Glk With N-terminal Tags.
Genomic DNA of A. pernix (NBRC 100138G) was obtained from NITE Biological
Resource Center, Japan. PCR amplification of glk was performed with the following
primers:5-TACCATGGGTTGCGGTGGTCATCATCATCATCATCACGGTGGTGGTG
TGGCGGAGGTTGTTGCT-3 and 5-GCAAGCTTGCTGCTAGAAGATTGGGAGGT-3
in which the forward primer contained additional coding information for both a Nterminal cysteine (Cys) residue tag and a His6 tag. After digestion of the ends with NcoI
and HindIII (New England Biolabs, the PCR product was cloned into the pET28a
expression vector (Novagen). After restriction and sequencing analysis, the resulting
pET28a-cyshis6glkAP vector was transformed into the BL21(DE3) expression strain
(Novagen). All techniques were performed according to the manufacturer or as
previously described.24,25
4.2.2. Preparation of Cell Extracts and Purification of A. pernix Tagged Glk.
E. coli BL21(DE3) [pET28a-cyshis6glkAP] cells were aerobically grown in 75 mL of
Luria-Bertani medium containing 40 μg/mL of kanamycin at 37 °C to an optical density
at 600 nm of ~0.8 at which expression of the cyshis6glkAP gene was initiated with the
addition of 1 mM IPTG. After 3 h of further growth, the cells were pelleted (160 OD
equivalents) by centrifugation at 4 °C and stored at −80 °C. Cell extracts were prepared
from the pellets by cell disruption with a Disruptor Genie (Scientific Industries, Inc.) of
cell suspensions in 4 mL of NPI-10 buffer (Qiagen) containing 5 mM -mercaptoethanol
(0.5 g glass beads + 1 mL cells in a 1.5 microcentrifuge tube, 4 total). After
centrifugation (16,000 × g for 10 min at 4 °C), the solution was heat precipitated at 85 °C
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for 25 min and centrifuged again at 4 °C. A near homogeneous Cys-His6-GlkAP enzyme
preparation was achieved by use of affinity Ni-NTA resin spin columns at 15 °C
according to the manufacturer’s protocol for native conditions (Qiagen) with a final
suspension volume of 400 µL in NPI-500. When necessary, dialysis against PBS buffer
was performed once overnight at 4 °C to remove the imidazole using Slide-A-Lyzer
dialysis cassettes (7,000 MWCO, Thermo Scientific). If warranted, eluate was stored at 4
°C. Under these conditions, activity remained constant for several days. Protein
concentration was determined by the use of the Lowry assay with BSA as the standard.
Analysis of protein expression was performed via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using NuPAGE® Novex 12% Bis-Tris 10-well gels
(Invitrogen), as described by the manufacturer. Once electrophoresis was completed, the
gel was washed and stained with SimplyBlue TM SafeStain (Invitrogen), according to the
manufacturer protocol.
4.2.3 Gold Nanorod Fabrication.
Materials Used for Au NR Synthesis: Gold (III) chloride trihydrate (HAuCl4∙3H2O,
99%)

and

L-ascorbic

acid

(99+%)

were

purchased

from

Sigma-Aldrich.

Cetyltrimethylammonium bromide (CTAB, ≥96%) was purchased from Fluka and
sodium borohydride (NaBH4) was obtained from Acros. Silver nitrate (AgNO3, ≥99%)
was purchased from Strem Chemicals. Deionized water from a Barnstead NANOpure
Diamond system (resistivity ≥18 MΩ/cm) was used for Au NR synthesis. All chemicals
were used as-received unless otherwise noted.
Au NR Synthesis: Au NRs were synthesized using the method of Sau et al.26 Briefly, a
127 mM HAuCl4 stock solution was prepared by dissolving 5 g of HAuCl4∙3H2O in 95
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mL of water. A 0.01 M HAuCl4 solution was prepared by diluting 0.79 mL of the
HAuCl4 stock solution with 9.21 mL of nanopure water. A stock 0.10 M CTAB solution
was prepared by dissolving 2.19 g of CTAB with vigorous stirring and low heat in 60 mL
of water. An ice-cold 0.01 M NaBH4 solution was prepared by diluting an ice-cold 0.1 M
NaBH4 solution (0.038 g of NaBH4 in 10 mL of ice-cold water). The Au seed sol was
synthesized by adding 0.60 mL of ice-cold 0.01 M NaBH4 to a vigorously stirred solution
of 0.32 mM HAuCl4 (0.25 mL of 0.01 M HAuCl4 solution) and 96.8 mM CTAB (7.5 mL
of 0.1 M CTAB). The seed sol was vigorously stirred for 2 min following addition of
NaBH4 and was stored in a 27 °C water bath for no more than 10 min. Au NR growth
solution was prepared by first adding 0.30 mL of a 0.01 M AgNO3 solution (0.017 g of
AgNO3 in 10 mL of water) to a gently stirred solution of 0.40 mM HAuCl4 (2 mL of 0.01
M HAuCl4 solution) and 96.0 mM CTAB (47.5 mL of 0.1 M CTAB). The resulting
solution was vigorously stirred and 0.32 mL of a 0.1 M ascorbic acid (0.18 g ascorbic
acid in 10 mL water) was quickly added to make the final NR growth solution. The NR
growth solution was equilibrated in a 27 °C water bath and 0.38 mL of the Au seed sol
was added. The resulting Au NR (Au NR) sol was gently stirred for ~4 h at 27 °C. The
final Au NR sol was washed twice by centrifuging at 12,000 rpm for 10 min. The cleaned
sol was diluted such that the absorbance of the Au NR longitudinal surface plasmon (λ
~770 nm) was 1.41.
4.2.4 Enzyme Functionalization of Au Nanorods.
Conjugation of Cys-His6-GlkAP to the gold NRs was initiated immediately after Ni-NTA
spin column elution (to prevent any disulfide bond formation). Briefly, 375 µL of extract
was added to 1,425 µL of NRs in a microcentrifuge tube, gently mixed, and placed in a
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rotisserie shaker overnight at room temperature. The next morning, the conjugates were
pelleted at 13,400 x g for 30 min and the pellet was washed 3 times with 1 mL of PBS
buffer to remove all free, unbound enzyme. To resuspend the pellet, 4 brief sonication
pulses were performed with a Branson Sonifier 250 at the lowest settings with a final
suspension volume of between 50-200 µL. The resulting conjugates were kept at room
temperature throughout the day with intermittent vortexing where the activity remained
constant.
4.2.5 Enzyme Entrapment in Calcium Alginate Beads.
Cys-His6-GlkAP or the Cys-His6-GlkAP functionalized Au NRs were entrapped in Caalginate beads by mixing equal volumes of the enzyme or conjugates with 1.5 % w/v of
medium viscosity sodium alginate salt (MP Biomedicals, LLC). The mixture was
vortexed and 10 µL was pipetted and dropped into 15 mL of 0.5 M CaCl2 solution at an
appropriate height so that spherical Ca-alginate beads were formed. After a minimum of
10 min of hardening in the same solution, the CaCl2 solution was removed and replaced
with Tris buffer (pH 7.5). The beads were stable for at least several days.
4.2.6 Enzyme Assay for Glucokinase Activity and Laser Setup.
The Cys-His6-GlkAP activity (glucose + ATP → G6P + ADP) was measured by coupling
the ATP-dependent formation of glucose-6-phosphate (G6P) to the reduction of NADP+
via G6P dehydrogenase (GPD) from yeast as previously reported.20 Briefly, the initial
assay mixture (500 μL) contained 100 mM Tris-HCl (pH 6.2, 90 °C), 5 mM glucose, 2
mM ATP, and 4 mM MgCl2. After preincubation in a microcentrifuge tube, the reaction
was started with the addition of the free enzyme, conjugates, or beads. This mixture was
then incubated anywhere from 1 min to 25 min at the temperature of interest or irradiated
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with the laser (see below), and the reaction was quenched by addition of EDTA to a final
concentration of 10 mM and cooling in ice water for a minimum of 2 min. In the
secondary reaction, the G6P concentration was quantified by addition of 0.6 mM NADP+
and 0.5 units of GPD in 100 mM Tris (pH 7.5) to a final volume of 1 mL and incubation
at 40 °C. The reduction of NADP+ at 365 nm was determined 5 min later. This coupled
assay was used as the basis for all activity work determined in this study.
For all laser studies and respective controls, a constant temperature quartz cuvette
(Starna Cells, Inc.) with a nominal volume of 825 µL (not including neck volume), a 13
mm sample chamber diameter, and a depth/path length of 10 mm, connected to a water
bath/immersible pump when appropriate, was used. The laser utilized was an 800 ± 20
nm Diomed 15 Plus model. The end of the fiber was placed vertically above both
focusing lenses and the cuvette (laid sideways, water surface tension in the neck
prevented spillage) to provide a spot size the same as the cuvette window (power 15 W,
spot size diameter = 13 mm, optical intensity = power/beam cross section = 11 W/cm2).
Temperatures were monitored by a thermocouple. Mixing was achieved with a 2 mm
spherical stir bar placed in the cuvette spun with a magnetic stir plate at 1500 RP (Sunset
Model, IKA works). After laser treatment of 850-900 µL samples, a 500 µL aliquot was
taken for each and processed as above for the thermal reactions. For diagram of laser
setup see Figure 4.4.
4.2.7 Physical Characterization Methods.
Ultraviolet-Visible Spectroscopy (UV-Vis): The absorbance of cleaned Au NR sols and
prepared Au NR-protein conjugates between wavelengths of 400 and 900 nm was
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measured on a Shimadzu UV-2401 PC spectrophotometer. Polystyrene cuvettes (Fischer
Scientific) with a path length of 1 cm were used.
Transmission Electron Microscopy (TEM): The length and width of Au NRs was
determined using transmission electron microscopy (TEM) images collected on a JEOL
2010 transmission electron microscope operating at 100 kV. The NR sol was deposited
onto 200-mesh carbon/Formvar grids by evaporating a drop of sol at room temperature
(23 °C). The number-average size distribution for each sample (width and length) was
determined by measuring 400+ particles using ImageJ Software.
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES): Inductively
coupled plasma optical emission spectroscopy (ICP-OES) (Perkin-Elmer Optima
4300 DV) of the AuNR-protein conjugates was used to determine the total Au
concentration so that the AuNR:protein ratio of the conjugates could be calculated.
AuNR-protein conjugates were dissolved in 2 mL of concentrated aqua regia for at least 1
h. The resulting solution was syringe-filtered (VWR 0.2 µm polypropylene) and diluted
with water to a volume of 5 mL such that the total Au concentration was <20 ppm Au.
Thermogravimetric Analysis (TGA): Thermogravimetric analysis of Au-protein
conjugate calcium alginate beads was done using a Q600 TA instrument to verify water
content in alginate beads. All TGA experiments were done using air (Matheson Trigas,
flow rate = 40 mL/min) with a temperature ramp rate of 10 °C/min from ~ 30 °C to
700 °C.
Scanning Electron Microscopy (SEM): The structure of TE-PGN Ca-alginate beads was
analyzed using a JEOL 6500F scanning electron microscope with the electron gun
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operating at 15 kV. The beads were dried at 60 °C under vacuum, placed on an aluminum
stub, and sputter-coated with 20 nm of Au prior to analysis.
4.3 Results.
4.3.1 Cloning, Purification, and Characterization of A. pernix Glk.
The model thermophilic enzyme we chose to use in this proof of principle study is the
Aeropyrum pernix glucokinase (Glk).20 Glucokinase can serve as an initial and key
enzyme (glucose + ATP → G6P + ADP) in glucose degradation via the glycolysis
pathway found in nearly all bacteria and eukarya, including humans.27 Besides its central
position in an important metabolic pathway, A. pernix glucokinase has many ideal
characteristics that permit its use in creating TE-PGNs, including: O2 insensitivity,
monomeric character, excellent heat response and very high temperature resistance, low
sulfur content, stability in reducing agents, the ability to be heated and cooled repeatedly,
and the ability to harbor N-terminal modifications20 (demonstrated in this study).
Genomic DNA of A. pernix was obtained and the glucokinase (glk) gene was PCR
amplified. The forward PCR primer contained additional coding information for an
optimal ATG start codon, a His6 tag, and a sulfur-containing cysteine (Cys) residue.
These latter elements would permit affinity purification on Ni+2 columns and N-terminal
gold-thiol attachment, respectively. The cyshis6glkAP PCR product was subsequently
cloned into pET28a vector and expressed in an appropriate E. coli host. Cell extracts
were prepared via cell disruption in the presence of -mercaptoethanol to maintain
reduced sulfur groups (cysteines) for later gold-thiol chemistry. Subsequently, the heat
precipitation of native nonthermophilic E. coli proteins and metal ion affinity purification
utilizing the His6 tag were performed. As seen in Figure 4.2a (middle column), a high
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specific activity (mol mg-1 min-1 for glucose-6P formation) at 80 °C was obtained after
the affinity purification step.
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Figure 4.2. Thermal characterization of purified and TE-PGN-conjugated A. pernix
glucokinase activity. (a) Specific GlkAP activity at 80 °C for successive stages of enzyme
purification, after TE-PGN formation (Au NR + enzyme), and of Ca-alginate
encapsulated TE-PGNs. Error bars denote standard deviation of 3 replicates each. (b)
SDS-PAGE showing purity of A. pernix glucokinase (GlkAP, 35.19 kDa) in extracts after
Ni+2 affinity chromatography. (c) Specific activity vs. bulk temperature kinetics of GlkAP
either nonconjugated (circles), in TE-PGNs (squares), or in Ca-alginate encapsulated TEPGNs (triangles). Inset displays the encapsulated TE-PGNs data at a smaller scale.
(d) UV-Vis absorbance spectra of Au NRs (NR) and TE-PGNs (Au NR + enzyme).
While the heat precipitation step did not yield large increases in purification, it had the
added benefit of inactivating native proteases that could inhibit TE-PGN activity in
subsequent use. In agreement with the activity obtained after Ni+2 affinity
chromatography, SDS-PAGE showed that the major polypeptide constituent in the
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purified extract was at or near the 35.19 kDa expected size of the Cys-His6-GlkAP protein
(for ease referred to as GlkAP here out) (Fig. 4.2b). Furthermore, the affinity-purified
GlkAP displayed the desired heat responsiveness for TE-PGN synthesis, with lower
activity from room temperature to ~50°C where larger exponential increases occur in
response to rising temperatures (Fig. 4.2c). It was observed that GlkAP was not active at 4
°C and the observed kinetics were nearly identical to those previously reported. 20 With
adequate purity of GlkAP achieved, this final extract was used in the functionalization of
Au NRs to create thermophilic enzyme-photothermal gold nanoparticles.
4.3.2 Attachment of Glucokinase to Au NRs and Characterization of the Resulting
Conjugates.
Au NRs (33 nm x 10.4 nm) were fabricated by standard wet chemistry methods and
functionalized with thermophilic GlkAP polypeptides via gold-thiol bond formation. The
cleaned Au NRs were incubated with the reduced GlkAP extract overnight at room
temperature. After centrifugation and washing the resulting pellet to remove all free,
unbound enzyme, the TE-PGNs were resuspended by brief sonication and diluted so that
the absorbance at 800 nm for a 1/6 dilution was 1.1. The concentration of the NRs in the
TE-PGN suspension was 4.2±0.06 x 1012 NRs/mL, calculated using the average
dimensions NR dimensions from TEM and total Au concentration in the TE-PGN
suspension measured via ICP-OES. A protein loading efficiency of 20±4% was achieved
resulting in a TE-PGN protein concentration of 0.210±0.02 mg/mL. With these
concentrations and an Au NR surface area of ~1,250 nm2, around 850 GlkAP polypeptides
(35.19 kDa) are conjugated to the Au NR surface. This agrees with theoretical
calculations assuming average specific protein density (0.73 cm3/g),28 cubic geometry or
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spherical geometry, and a linear N-terminus linker of 10 to 20 amino acids (i.e,. Cys-His6
residues) for 100% surface coverage with protein.
Characterization of the localized surface plasmon resonance shift (LSPR) of the
Au NRs before and after protein functionalization was performed by UV-Vis
spectroscopy and the extinction spectra of TE-PGNs and Au NRs in solution are shown
in Figure 4.2d. The large LSPR shift observed is consistent with a dense protein
monolayer functionalized to the Au NR surface.
While the resonance wavelengths for the transverse plasmon is similar to that for
Au NRs and the TE-PGNs (~520 nm), the higher longitudinal resonance wavelength
(~750-850 nm, from the increased aspect ratio) is substantially broader/flatter for the TEPGNs. This broadening of the longitudinal resonance wavelength and overall increase in
absorbance could be due to electronic coupling between the TE-PGN’s at the longitudinal
wavelength and/or to some aggregation of TE-PGN’s in suspension. Indeed, over time,
the TE-PGN’s are observed to visibly aggregate; however, this is easily reversed by
gentle vortexing prior to use.
Thermal, non-laser testing of these novel thermophilic enzyme-photothermal gold
nanoparticles revealed robust specific activity. At 80 °C, the TE-PGNs displayed ~20%
greater specific glucose phosphorylation activity than the unbound free enzyme (Fig.
4.2a, for assay see Experimental Methods). This increased activity was also evident in the
activity vs. temperature profile where the TE-PGN’s displayed similar enzymatic kinetics
to the unbound GlkAP (Fig. 4.2c). The increased specific activity of the TE-PGNs could
reflect a gold-thiol binding selection for more properly folded GlkAP amongst the total
pool of GlkAP and minor contaminating polypeptides. Another possibility is that Au NR
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bound GlkAP vs. unbound enzyme could more readily adopt the right conformation for
activity in response to heat by virtue of being conjugated to a scaffold.
4.3.3 Encapsulation of TE-PGNs in Ca-alginate Matrix.
To make the TE-PGNs compatible with continuous wave (cw) laser excitation, we
encapsulated concentrated amounts of TE-PGNs in a Ca-alginate matrix to sequester the
complexes and enhance the temperature gradient between the nanoparticle-enzyme
complex and the bulk solution. Enzyme entrapment within a calcium alginate gel is
recognized as a versatile method for not only enhancing stability, but also allowing
enzyme reuse and separation from the reaction mixture.29-31
To encapsulate the complexes, 1.5 % w/v sodium alginate and the TE-PGNs were
mixed in a 1:1 ratio and dropped in 10 µL aliquots into a solution of 0.5 M CaCl2. This
resulted in consistent and uniform TE-PGN Ca-alginate beads (average diameter = 1.9 ±
0.1 mm) easily visible due to their crimson color (Fig. 4.3a).
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Figure 4.3. Characterization of thermophilic enzyme-photothermal gold nanoparticles
encapsulated in a Ca-alginate matrix. (a) Scanning electron microscopy (SEM) image of
the TE-PGN Ca-alginate bead surface. Inset shows visual image of LTNB Ca-alginate
bead. (b) Specific GlkAP activity of the LTNB Ca-alginate beads at 80 °C for freshly
prepared beads vs. untested and reused beads 72 h later. Error bars denote the standard
deviation of 3 replicate experiments.
Scanning electron microscopy (SEM) revealed the TE-PGN loaded Ca-alginate beads
were indeed porous (Fig. 4.3a), with a pore size of a few µm instead of 10-30 nm:31,32
however, it is possible that the pores were enlarged due to changes induced during
sample preparation prior to imaging. This larger-than-expected enhanced porosity could
be advantageous since porosity is critical for the transfer of reactants and products to and
from the TE-PGNs. Thermogravimetric analysis revealed that ~90 wt% of the beads
consisted of water, which agrees with the porosity seen in the SEM analysis (Figure E1).
The TE-PGN alginate beads (5 beads/rxn) were enzymatically active under bulk
heating with the glucokinase specific activity displaying the expected heat-responsive
kinetics (Fig. 4.2a,c). The specific activity was ~8-fold lower than the unencapsulated
TE-PGNs, however, which may well be due to the mass transfer limitations of the Caalginate matrix. Possible heat transfer limitations into the matrix could also be a factor, as
the Ca-alginate encapsulation was performed to reduce bulk heat flow and sustain high
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temperatures at the TE-PGNs (see below). This lowered specific activity would not be
critical for industrial use since this limitation would be offset by the benefit of repeated
enzyme bead use. To test re-usability, TE-PGN stability and reuse was examined over a
3-day period, and no significant change in enzyme activity was observed (Fig. 4.3b).
Furthermore, the TE-PGN alginate beads retained their color, shape, and consistency over
multiple weeks, further suggesting their stability and reuse potential.
4.3.4 Laser-dependent activation of the encapsulated TE-PGNs.
To test whether TE-PGN complexes could control a biochemical reaction via light
activation while maintaining standard nonthermophilic bulk temperatures, the
experimental geometry diagrammed in Figure 4.4 was employed (see also Experimental
Methods).

Figure 4.4. Schematic of laser setup used in this study (further details in the method
section).
Laser treatment consisted of placing 5 TE-PGN-Ca-alginate beads into the cuvette
containing reaction buffer and illuminating the stirred sample with a continuous wave
NIR laser (λ = 800 ± 20 nm, 15 W). Calcium-alginate beads (5) containing only
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nonconjugated glkAP, reaction buffer, or pure Au nanorods were also analyzed as
controls. The laser wavelength chosen for illumination was near the peak longitudinal
plasmon resonance of the Au NR TE-PGN core (Fig. 4.2d). An integrated water jacket of
the cuvette, connected to a water bath/immersible pump, was used to maintain bulk
reaction temperatures at standard conditions (i.e nonthermophilic, 35-50 °C). We chose
working temperatures of 40-45 °C, since this range was just slightly cooler than the
temperature range where the larger GlkAP displays a strong, exponentially increasing
temperature-dependent activity response (Fig. 4.2c). Following laser irradiation, the
samples were aliquoted and the reactions quenched with EDTA and put on ice until they
could be measured. As seen in Figure 4.5a, laser-treated Ca-alginate beads encapsulating
enzyme only (enzyme + alginate, left two bars) did not display any laser-dependent
activity: the observed glucokinase activity matched the activity of bulk temperature
controls.
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Figure 4.5. Laser activation of the encapsulated thermophilic enzyme-photothermal gold
nanoparticles. (a) Specific activity of glucokinase Ca-alginate beads (enzyme + alginate)
and the TE-PGN Ca-alginate beads (Au NR + enzyme + alginate) with laser irradiation
vs. no laser irradiation (respective bulk temperature controls). 5 beads were used per
reaction run. (b) Specific activity of unencapsulated glucokinase only (enzyme) and the
TE-PGNs (Au NR + enzyme) with laser irradiation vs. no laser irradiation (respective
bulk temperature controls). For both panels, error bars denote the standard deviation from
3 replicates. Bulk temperatures were 42 °C for all enzyme experiments and 44 °C for all
TE-PGN experiments. The laser power was 15 W for all laser irradiation experiments. Au
NR-only and reaction buffer-only controls (with and without Ca-alginate) were also run,
showing no laser-induced or bulk thermal activity (Specific activities = 0).
No activity was observed for NP-only and buffer-only Ca-alginate beads, as expected. In
contrast, for the laser-irradiated TE-PGN Ca-alginate beads, the observed glucokinase
activity substantially exceeded the analogous bulk temperature controls, showing a 60%
increase (Fig. 4.5a, Au NR + enzyme + alginate, right two bars). This laser-dependent
increase in enzyme activity shows that Ca-alginate encapsulation of the complexes is
critical to this response, most likely due to heat trapping by the alginate matrix which
assists in the formation of a temperature gradient around the illuminated NR-enzyme
complexes.
To further investigate the role of the Ca-alginate matrix, catalytic amounts of
unencapsulated enzyme or TE-PGNs (1/100 dilution, absorbance at 800 nm of 0.066)
were tested under the same laser conditions as above. As seen in Figure 4.5b, no laser-
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dependent activation of the TE-PGNs was seen; both the laser irradiated unbound enzyme
(enzyme, left two bars) and TE-PGNs (Au NR + enzyme, right two bars) displayed the
same specific activity as their respective bulk temperature controls. For the
unencapsulated TE-PGNs, we suspect that a nanoscale temperature gradient was not
being established (i.e., the heat from the Au NR core surface is diffusing to the
surrounding media such that GlkAP is not significantly activated33) (See Discussion).
4.4 Discussion.
In this study, we investigated the process of light-induced activation of a heat-responsive,
thermophilic enzyme to remotely control a biochemical reaction while maintaining
mesophilic bulk temperatures of ~20-50 °C. This is in contrast with some conventional
photothermal applications where the photothermal response of Au nanoparticles is used
for bulk heating.1,7,16,34 To achieve our goal, we created thermophilic enzymephotothermal gold nanoparticle complexes by conjugating a heat-responsive enzyme, A.
pernix glucokinase, to plasmonic Au NRs, then encapsulating the TE-PGNs in a Caalginate matrix. Here the goal was to retain the photothermal heat generated from the Au
NR cores such that the temperature around the NP surface is sufficient to activate the
attached GlkAP peptides while bulk heating of the reactor volume was minimized.
Ultimately, when the TE-PGN Ca-alginate beads were laser irradiated with a continuous
wave laser, their glucokinase activity exceeded the analogous bulk temperature controls
by 60% showing validity of the light-activation concept.
Encapsulation of the TE-PGNs in Ca-alginate provided an initial means of
validating our thermophilic enzyme-photothermal gold nanoparticles using a continuous
wave laser amenable to industrial and practical applications. Two recent studies have
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successfully encapsulated unfunctionalized Au-NRs in Ca-alginate,32,35 such that the
desired properties of the Ca-alginate matrix and Au-NRs were retained. In one of these
studies,35 single Au NR Ca-alginate clusters were continuously irradiated and
successfully heated from 25 °C to over 60 °C using a laser irradiation regime similar to
that employed in this study. Importantly, the collective effect of heating nanoparticle
clusters, similar to our conjugates encapsulated in calcium alginate, has been observed
previously and provided local temperature increases of several tens of degrees over that
of the bulk temperature.36,37 For our observed 60% increase in glucokinase activity, it can
be inferred from Fig. 4.2c that, at a minimum, a ~20 °C temperature differential (i.e., ~64
°C inside the beads) was achieved between the TE-PGN Ca-alginate bead and the bulk
solution, approaching the 35 °C seen by Jo et al.35 Our setup ensured that the
encapsulated TE-PGN’s remained submerged during the experiments, thus allowing
uniform mass and heat-transfer between the bead and the bulk water. The bulk
temperature was observed to increase from 42 °C (water bath temperature) to 44 °C
following laser irradiation of the encapsulated TE-PGNs.
We observed a 60% increase in glucokinase activation when the encapsulated TEPGNs were laser irradiated, but the activation was below the maximum of ≥8-fold
activation based on the activity vs. temperature profiles (Fig. 4.2c). The encapsulation
does introduce inherent complications that could limit enzyme activity, despite successful
photothermal heating. For example, establishing a higher temperature gradient by
sequestering the TE-PGNs together could have a negative impact on mass transfer of
reactants and products. The separate ~8-fold lower specific activity the TE-PGN Caalginate beads display over the unencapsulated TE-PGNs in bulk thermal studies suggest
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this (see Fig. 4.2a,c). However, these bulk thermal studies could also present heat transfer
limitations, in that, here the insulation effects of the Ca-alginate could work opposite to
the desired direction seen when photothermal heating occurs. However, we attempted to
minimize this effect by allowing bulk thermal controls to equilibrate at the desired
temperature. The lowered specific activity could also be compounded further during
photothermal heating as the beads shrink somewhat due to an expulsion of air and water
(which may also indicate inhibition of mass transfer of reactants to the enzymes). As
stated earlier, the lower specific activity due to encapsulation would not be a significant
drawback, since the Ca-alginate encapsulate beads are reusable multiple times.
The principal limitation of unencapsulated TE-PGNs in this application is the
creation of a proper nanoscale temperature gradient originating from the gold surface,
permitting enzyme activation. Theoretical and semi-empirical modeling suggest
achieving a high temperature gradient (>10 °C) at the gold nanoparticle surface may
require high optical densities, on the order of 104-105 W/cm2.7,34,38,39 Our experimental
regime and use of a continuous wave laser at 15W provides an optical density at least
1,000-fold below this, which explains the lack of any observed laser-dependent activation
without encapsulation. It should be noted that many conventional applications of Au
nanoparticles (i.e., tumor treatment) are believed to exploit relatively small temperature
gradients compared to the bulk temperature.34,40 These sustained, albeit small,
temperature gradients can rapidly produce high bulk temperatures if enough Aunanoparticles are irradiated. Since focusing the beam size down to micron levels is not
desirable for a biochemical reactor application, the best approach for light-dependent
activation of unencapsulated TE-PGNs may be to employ pulsed lasers sources.39,41
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However, use of such lasers provides unique challenges as the pulse energy, duration, and
frequency must be fine tuned so that the gold-thiol bonds are not broken and the Au NR
cores, as well as the attached proteins, are not fragmented.41,42 Conversely, the pulses
would have to be frequent enough to sustain a permanent temperature gradient, enabling
the attached enzyme in the TE-PGNs to achieve and maintain an active conformation.
Encapsulation, which enables the use of a simple cw laser source, is appealing in
its simplicity; however, our current fabrication method provides beads not amenable to in
vivo use due to their size. Thus fabrication methods involving microfluidics, and/or other
encapsulation materials would be warranted to greatly reduce the current dimensions.
Perhaps, more ideally, the encapsulation material could be eliminated and TE-PGN
clusters could be possibly made through molecular-protein linkers to provide the needed
heat generation using a cw laser with completely nanoscale materials. Future fine tuning
of all parameters including: encapsulation materials/bead coating, heat generation/type of
laser employed, transfer limitations, as well as mixing could significantly improve TEPGN performance and eventually shrink our current system to the nanoscale for in vivo
use.
4.5 Conclusions.
Thermophilic enzyme-photothermal gold nanoparticle complexes have the potential to be
used in a wide variety of ground-breaking applications. For example, TE-PGNs using a
thermophilic polymerase (i.e., Taq polymerase) could further refine the concept of “laserassisted” PCR.43 Engineering TE-PGNs for the incorporation of thermophilic
hydrogenases could take advantage of the thermodynamic benefits of elevated
temperature (from Gibbs equation G = H - TS) for the production of an important
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biofuel, H2, under more standard nonthermophilic temperatures (≤50 °C).44,45 Ultimately,
remote light-driven control of an entire biological system could be achieved using TEPGNs, utilizing a global regulator after subsequent incorporation of TE-PGNs in vivo.
With a plethora of thermophilic enzymes available and being discovered,46 the
applications are nearly limitless. Extension of this study to other thermophilic enzymes,
materials, fabrication techniques, and/or lasers (such as pulsed) could result in the
synthesis of additional TE-PGNs that would significantly change how biochemical
pathways are studied and controlled in the future.
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Chapter 5
Controlled Growth of Sub-10 nm Gold Nanoparticles Using Carbon Monoxide
Reductant
5.1 Introduction.
Au nanoparticles (NPs) have been synthesized for centuries.1 They are made by
physically breaking bulk Au and by reducing molecular or ionic Au precursors to Au0
atoms,1-5 with the latter method leading to more monodisperse NPs.2,6 The general
approaches to the liquid-phase synthesis of monodisperse Au NPs by reducing molecular
or ionic Au precursors involve homogeneous nucleation and heterogeneous nucleation.
Well controlled particle size distributions are readily achieved if nucleation (i.e.,
formation of ultrasmall particles or nuclei consisting of a few Au atoms) is relatively
slow; if subsequent particle growth is fast; and if these processes are sequential and
separated from one another in time.7-9 For homogeneous nucleation routes, this is
accomplished by nucleating and growing NPs in one pot at specific temperatures,
reactant and stabilizing agent concentrations, and synthesis time.1 For heterogeneous
nucleation (also called seeded-growth) routes, monodisperse Au NPs are produced by
carefully reducing gold salt onto smaller, monodisperse NPs (commonly referred to as
seeds).10,11 Post-synthesis approaches to narrow a particle size distribution include
centrifugation,12,13 electrophoresis,14,15 etching,16,17 chromatography,18,19 and “digestive
ripening,” in which alkanethiol-coated Au NPs with a broad size distribution are refluxed
in toluene.20,21
The controlled synthesis of Au NPs in the 1-10 nm range is desirable, since the
most significant particle size effects appear in this range,1,22-25 leading to unique optical,
electronic, and chemical properties potentially useful in catalytic, sensing, electronic, and
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medical applications.26-30 Sub-10 nm Au NPs (hereafter referred to as "small" NPs) are
often synthesized through homogeneous nucleation methods, such as the Brust method,
in which chloroauric acid, HAuCl4, is reduced by sodium borohydride in the presence of
an alkanethiol in a nonpolar organic solvent. The thiols covalently bind to the NP as
surface ligands through the sulfur head, and the hydrocarbon tails extend from the surface
to sterically stabilize the suspended NPs.1,23,30,31
In addition to their hydrophobic form, small Au NPs can be synthesized in water,
using amino acids,32 thiol-containing molecules,15,33-35 polymers,26,29,36 phosphonium
ligands,37,38 polyphenols,39 dendrimers,24,40 and citrate41,42 as surface ligands. A recent
report indicated that monodisperse and stable NPs (d = 3.2-5.2 nm) were synthesized
through the reduction of gold chloride using sodium borohydride.43 Resulting sols were
stable for approximately one year without requiring stabilizing agents. Several groups
have demonstrated that such small colloidal Au NPs can be catalytically active,44-47 while
others have conducted catalytic studies using small Au NPs either modified with a second
metal and/or deposited on a support.1,48-53
The seeded-growth approach has been used to prepare Au NPs in various
solvents,28,54 with a limited number of reports on aqueous-based synthesis of Au NPs in
the 1-10 nm range. Jana et al. reported in 2001 that ~3.5 nm Au seeds formed by
reducing HAuCl4 with ascorbic acid in the presence of cetyltrimethylammonium bromide
(CTAB) can grow into Au NPs in the 5-40 nm size range.23 Tsunoyama et al. later
reported the use of ~1.3 nm Au seeds stabilized by poly(N-vinyl-2-pyrrolidone) (PVP) to
grow into NPs with diameters in the 2-10 nm range, by reducing AuCl4- with Na2SO3 and
adding excess PVP.26 The synthesis took ~3 h and required freeze-pump-thaw cycles,
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dialysis, and a N2 atmosphere. These NPs were found to be catalytically active for the
aerobic oxidation of benzylic alcohols. Henglein and co-workers alternatively used γradiation to reduce KAu(CN)2 onto ~2 nm Au NPs to grow NPs in the 10 nm size
range.55,56 The irradiation step was conducted in a nitrous oxide atmosphere for 3 h, and
ion-exchange was required post-synthesis to remove excess cyanide ions.
In this work, we report a new water-based synthesis method for small Au NPs
with tunable particle sizes in a relatively broad range (d = 3 – 12 nm) using a seededgrowth approach. Gold hydroxide-chloride ions are reduced onto Au seeds, using carbon
monoxide gas (CO) as the reducing agent. While not commonly used as a reducing agent
in the preparation of NPs57 (e.g., Au,58-61 Pd,62 and Pt63 NPs), CO is used to prepare
submicron-sized Au-coated silica particles called Au nanoshells.64-67 We find that our
synthesis method can be carried out at room temperature and atmospheric pressure to
generate Au sols that are colloidally stable for at least 1 month, even though no additional
surface ligands are used. Ultraviolet-visible absorbance spectroscopy and small angle Xray scattering of the sols and transmission electron microscopy of the dried NPs were
used to determine particle diameters and size distributions, which were consistent with
values predicted from magic cluster modeling. We propose a formation mechanism in
which the Au seeds catalyze the oxidation of CO into CO2 and, in the process, Au
hydroxide-chloride ions reduce and deposit onto the seed surface as Au0 atoms.
5.2 Experimental Methods.
5.2.1 Materials.
All

chemicals

were

used

as

received

unless

otherwise

noted.

Tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80% aqueous solution by
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weight), gold (III) chloride trihydrate (HAuCl4•3H2O, 99%), and anhydrous potassium
carbonate (K2CO3, ACS reagent) were obtained from Sigma-Aldrich. Sodium hydroxide
solution (NaOH, 1 M) was purchased from Fisher Scientific. Carbon monoxide gas
(99%) was obtained from Specialty Chemical Products. Deionized water from a
Barnstead NANOpure Diamond system (resistivity > 18 MΩ/cm) was used for all
experiments.
5.2.2 Synthesis of Au Seeds.
The method used to synthesize the Au seeds has been reported elsewhere.37,65 Briefly, a 1
wt% (~25 mM) chloroauric acid (HAuCl4) solution was made by diluting 2.7 mL of a
127 mM solution (~5 g of HAuCl4·3H2O in 95 mL of H2O) with 10.8 mL of H2O. 1.2 mL
of a 1M NaOH solution and 4 mL of a 1.2 mM THPC solution (0.4 mL of 80% THPC
solution diluted in 33 mL of H2O) were added to 180 mL of water with vigorous stirring.
After 5 min, 6.75 mL of the 1 wt% HAuCl4 solution was quickly added and the resulting
liquid immediately turned brown indicating that NPs were formed. Stirring was continued
for another 10 min after the noted color change. The entire synthesis was carried out at
room temperature (23 °C). The resulting sol was kept at room temperature for three
weeks prior to any use; it was subsequently kept in a refrigerator at 4 °C for storage. The
concentration of NPs was calculated to be ~9.6 × 1017 NP/L = ~0.002 mM, assuming all
the Au salt reduced to metal and modeling the 2.8 nm Au NPs as a ~3.0 nm "magic
cluster" containing 561 Au atoms.68
5.2.3 Growth of Au Seeds.
A Au salt solution (pH ~ 7.5) was prepared by dissolving 50 mg of K2CO3 in 203 mL of a
0.38 mM HAuCl4 solution (3 mL of 1 wt% HAuCl4 diluted with 200 mL H2O), and aging
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for at least 24 h before use.65 Ten samples with 0.05 mL of the seed sol and different
volumes (0.30-3.0 mL) of the Au salt solution were prepared and diluted with water such
that the total volume of each sample was 3.05 mL and the total Au3+ concentration
increased by ~0.04 mM with increasing sample number. Deaerated water was not
necessary for successful growth of Au seeds. The final Au NP concentration of each
sample was estimated to be ~2.0×1016 NP/L or ~0.03 µM; the salt:seed molar ratios are
listed in Table 1. Subsequently, CO was bubbled into each sample at an average flow rate
of 3.3 mL/sec for 30 sec. The gas was bubbled into each sample for 30 sec again, 1 hr
later, to ensure complete reduction of the Au salt. The samples were analyzed no earlier
than 1 hr after the second CO bubbling step. Each sample was synthesized at least three
times, to ensure reproducibility of synthesis and to assess any batch-to-batch variations.
Caution: CO is toxic and all experiments should be performed in a ventilated hood.
Table 5.1. Molar ratio of Au salt ions to Au NP seeds prior to CO treatment.
Total Au atom/Au
Sample
Au salt concentration
Au salt/Au NP
NP molar ratio
number
(mM)
molar ratio
(ntot)a
1
0.04
1415
1976
2
0.07
2829
3390
3
0.11
4243
4804
4
0.15
5658
6219
5
0.19
7072
7633
6
0.22
8486
9047
7
0.26
9901
10462
8
0.30
11315
11876
9
0.34
12729
13290
10
0.37
14144
14705
a
Calculated total number of Au atoms per particle after CO treatment
5.2.4 Control Experiments.
To determine if particle growth could occur without the Au seeds, ten samples were
prepared in the same manner as indicated earlier, but water (0.05 mL) was used instead of
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the Au seed sol. To determine if particle growth could occur without the CO, ten
additional control samples were prepared as indicated earlier, but CO bubbling steps were
not carried out.
5.2.5 Characterization of Au Sols.
UV-Vis absorption spectra (UV-Vis) of the samples were collected from 400 to 900 nm
using a Shimadzu UV-2401 PC spectrophotometer; polystyrene cuvettes (Sarstedt AG &
Co.) with a path length of 1 cm were used. Transmission electron microscopy (TEM)
images were collected using a JEOL 2010 transmission electron microscope operating at
100 kV. Au NPs were deposited onto 200-mesh carbon/formvar grids by evaporating ~8
µL of a sample at room temperature. The number-average size distributions of 400+
particles were determined for each sample using ImageJ Software. For small angle X-ray
scattering (SAXS), sample sols were sealed in borosilicate glass capillaries (1 mm
diameter and 10 µm wall thickness) and analyzed using a Riguku SmartLab X-ray
Diffractometer (CuKα radiation, λ = 1.54 Å). All measurements were taken in
transmission mode at maximum power (40 kV and 44 mA). Number-average particle
sizes and distributions were determined by simulating the particle scattering profiles from
2θ values of 0.2 to 4.0 degrees using Nanosolver software (Rigaku). The pH of NP
suspensions was measured at room temperature using a Phoenix Co. 5533501 pH
electrode.
5.3 Results and Discussion.
5.3.1 Size Analysis of Au Sols.
UV-Vis spectroscopy can provide size information about the Au NPs while they are in
suspension. The UV-Vis spectra for each sample showed a systematic increase in
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absorbance, correlated to the amount of Au salt available for chemical reduction (Fig.
5.1). Three separate batches were prepared and analyzed for each sample. The nearly
overlapping absorbance spectra for each sample indicated the seeded-growth procedure
was robust and repeatable. The sols produced did not require additional stabilizing agents
and were stable for at least one month.
1.4
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Figure 5.1. (a) UV-Vis absorbance spectra and (b) corresponding photograph of Au sol
samples after CO treatment. Each sample was prepared three times and an absorbance
spectra of each batch was collected.
By accounting for the particle size effect on the conduction electron mean free
path in gold, one can accurately determine average Au NP size using surface plasmon
resonance (SPR) peak position and absorbance. For Au NPs with diameters in the 35-110
nm range, Haiss et al. developed the following correlation (with an error of 3%) between
experimental absorbance results for citrate-stabilized Au NPs and Mie scattering theory:
D = ln[(λSPR-512)/6.53]/0.0216

(5.1)

where D is the mean NP diameter from TEM measurements and λSPR is the SPR peak
position (ranging from 525 to 585 nm).69 More appropriate for our study was the
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following size correlation (with an error of 11%) based on the relative absorbance for Au
NPs in the 5-80 nm size range:
D = exp([B1×(Aspr/A450)]-B2)

(5.2)

where ASPR is the absorbance of the SPR peak, A450 is the absorbance at 450 nm, and B1
(= 3.00) and B2 (= 2.20) are fitted parameters using experimental data.69
Application of Eqn. 5.2 provided mean NP diameters that ranged from 2.5 nm for
the seed particles to 8.6 nm for the Au NPs of Sample 10 (Table 5.2). Standard error
propagation analysis based on the triplicate syntheses of each sample indicated high
reproducibility, with the maximum error, or relative standard deviation, found to be 7%
(one standard deviation divided by mean diameter = relative standard deviation = RSD).
The diameters of the seed particles and NPs of Samples 1 and 2 were outside the
operational range of Eqn. 5.2, and so these extrapolated UV-Vis-derived sizes, while
precise, may not be accurate.
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Table 5.2. Sample particle diameters (nm) determined through different methods.
Sample #
UV-Visa Predictedc TEM
TEM SAXS Meand
SAXS
Meand
Mode
Mode
e
Seed particles
2.4
3.0
3.0 ±
2.8
3.6 ± 1.3
3.1
(4.0%)b
0.9
1
4.0
4.5
−
−
5.7 ± 2.0
4.9
(5.0%)b
2
4.7
5.4
−
−
6.1 ± 2.2
5.3
(2.0%)b
3
5.3
6.1
−
−
6.8 ± 2.5
5.8
(3.0%)
4
5.9
6.6
−
−
7.2 ± 2.6
6.2
(1.0%)
5
6.7
7.1
7.3 ±
7.1
7.7 ± 2.8e
6.7
(7.0%)
1.6
6
7.0
7.5
−
−
8.5 ± 3.1
7.3
(1.0%)
7
7.4
7.9
−
−
8.6 ± 3.2
7.5
(1.0%)
8
7.9
8.2
−
−
9.2 ± 3.4
7.9
(1.0%)
9
8.3
8.6
−
−
9.4 ± 3.4
8.1
(1.0%)
10
8.6
8.9
11.9 ±
10.1
9.7 ± 3.6e
8.3
(1.0%)
4.6
a
Sizes calculated from absorbance spectra using Eqn. 5.2. RSDs (%) represent
experimental error between three separate syntheses.
b
Values outside the size range for Eqn. 5.2.
c
Sizes predicted using a power fit to the magic cluster model, Eqn. 5.4.
d
Size distributions represent one standard deviation.
e
Particle sizes and distributions averaged for three separate syntheses.
These absorbance-derived size values were compared with particle sizes predicted
using the magic cluster model. With this model,25,70,71 a Au NP is approximated as a
single Au atom surrounded by closed shells of Au atoms,68 such that the total number of
atoms, ntot, is exactly known for a magic cluster of ns number of closed shells: ntot =
(10ns3+15ns2+11ns+3)/3.68 With a Au atom diameter of 0.27 nm, an analytical
relationship between magic cluster diameter Dmc and ntot, can be derived (Eqn. 5.3),
which simplifies to a power-law equation showing a 1/3 dependence of diameter on
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number of atoms (Eqn. 5.4):
Dmc = 0.27×(1+2ns), where ns = (0.265×f - 4.41)/(f - 0.5) and
f = [8,100×ntot+30×(5,145+72,900×ntot2)1/2]1/3

(5.3)

Dmc ≈ 0.359×ntot0.334

(5.4)

Interestingly, Eqn. 5.4 correlates well with the expected relationship between particle
diameter and total number of atoms for a fcc-packed metal atom. Assuming that all of the
Au salt precursor for a given sample completely reduces and deposits onto the Au seeds
after CO treatment, the Au salt/Au NP molar ratio (Table 5.1) represents the additional
atoms added to one seed particle and the Au atom/Au NP molar ratio is the total atoms
per particle after growth is complete. As shown in Table 5.2, the absorbance-derived
diameters of sample sols were in good agreement with the diameters predicted by Eqn.
5.3 in which each seed particle is assumed to consist of 561 Au atoms (Dmc = 2.97 nm).
Having determined the size of the different Au NPs from their absorbance spectra,
we estimated the NP concentration in NP/mL, N, in our samples using another fit
developed by Haiss et al.,
N = (A450 × 1014) / (d2 × [-0.295 + 1.36exp(-((d-96.8)/78.2)2)]

(5.5)

where d is the NP diameter (nm).69 Application of Eqn. 5.5 gave NP concentrations that
ranged from 2.6×1013 (for Au seeds) to 1.5×1013 (for sample 10) NP/mL, with the
apparent concentration differences being within error (Table 5.3). These results are also
within error of the estimated concentration of Au seeds (~2.0×1016 NP/L) assuming
complete reduction of gold chloride to form monodisperse ~3.0 nm Au seeds.
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Table 5.3. Sample particle concentrations estimated from NP diameter and absorbance.a
NP Concentration (×1016 NP/L)
Sample
Seed particles
2.6 ± 0.7
1
2.2 ± 0.3
2
2.3 ± 0.4
3
2.2 ± 0.7
4
2.0 ± 0.5
5
1.7 ± 2.3
6
1.7 ± 0.3
7
1.7 ± 0.3
8
1.6 ± 0.7
9
1.5 ± 0.7
10
1.5 ± 2.8
a
Absorbance measured at 450 nm.
TEM was performed on selected samples to quantify the Au particles in the dried
state (Fig. 5.2). The seed particles had a mean diameter of 3.0 nm and a mode diameter
(i.e., the most frequent diameter exhibited by the particles) of 2.4 nm. The seeds were
unimodal in size but were broadly distributed, with a RSD of 30%, which is close to
previously reported values.37 Samples 5 and 10 showed systematic growth in diameter
size, after CO treatment (Table 5.2). The RSD's (22% and 39%, respectively) were
variable and moderately large, which could be due to the broad size distribution of seed
NPs or drying effects and electron beam damage during TEM analysis.72 The mean
diameters were at least 17% larger than the mode diameters for these 3 suspensions,
indicating a positive skew to the size distributions for all samples.
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Figure 5.2. TEM images and size distributions of (a) the Au seed particles, and (b,c) the
resulting Au NPs of Samples 5 and 10 after CO treatment. Short red and long blue arrows
represent the mode and mean NP diameters, respectively. Au salt/Au NP molar ratio was
7,072 for Sample 5 and 14,144 for Sample 10. At least 400 particles of each sample were
measured.
Small-angle X-ray scattering (SAXS) was used to determine the diameter and size
distribution of the NPs dispersed in water (Fig. 5.3). A small aliquot of our samples was
sealed in a glass capillary tube and irradiated with X-rays. With the particles having a
higher electron density than water, the collected scattered X-ray spectra contain
information about the number-average size and shape of the NPs, which can be extracted
by comparison with simulated scattering spectra of model NP suspensions.73,74
Reliability factor (R factor) values between 1 and 10% indicate an acceptable match with
lower values (<10%) being preferred. For all of our samples, the R factors were ~3-4%
between the experimental and simulated scattering data (Fig. 5.3).
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Figure 5.3. (a) Experimental and (b) simulated SAXS scattering profiles of seed NPs and
selected samples.
The diameters of our NPs and their associated size distributions determined from
SAXS analysis are provided in Table 5.2. For all of the sample sols, the RSDs were
~37% which was in good agreement with the reported RSD of the seed sol (~38%).37 The
mean diameters were ~14% larger than the mode diameters for all samples, agreeing with
the positive skew of the size distributions determined via TEM.
Figure 5.4 shows the comparison of the diameters determined from UV-Vis,
SAXS, and TEM analyses with predicted values in relation to the total number of Au
atoms per particle (ntot). Overall, SAXS mode diameters matched predicted diameters the
best, followed by the UV-Vis mean diameters and then TEM mode diameters. Because of
the presence of larger particles giving the positive skew to the distribution, the SAXS-
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derived and TEM-derived mean diameters deviated the most from the other values.
Nonetheless, these size measurements indicated the seeded growth of Au NPs was
accomplished reproducibly in the size range of 4-12 nm, with a resolution of ~0.5 nm.
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Figure 5.4. Calculated and measured diameters of sample Au NPs. Error bars for SAXS
and TEM measurements represent RSD values. Error bars for UV-Vis measurements are
not visible.
5.3.2 Chemistry of Au3+ Reduction Using CO.
The speciation of the Au in the Au salt precursor solution is more complicated than what
is typically assumed in Au nanomaterial synthesis chemistry.23,65,75,76 Specifically, the
AuCl4- ionic species can form gold hydroxide-chloride species depending on solution
pH.77,78 Visually, the HAuCl4/K2CO3 solution (pH~7.5) appears colorless after 24 h as
compared to the pure HAuCl4 solution aged for the same time (Fig. F1).79,80 AuCl4absorbs in the UV-violet range in a ligand-to-metal charge transfer process, and
substitution of the chloride ligands by hydroxide groups decreases this absorption.81
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The high pH resulting from the potassium carbonate induces AuCl4- hydrolysis, as
established through Raman,82 extended X-ray absorbance fine structure83 and UV-Vis
spectroscopies,79,81 and ion chromatography studies84:
AuCl4- + OH- ↔ AuCl3(OH)- + Cl-

(logK = 7.9)

(5.6)77

AuCl3(OH)- + OH- ↔ AuCl2(OH)2- + Cl-

(logK = 6.9)

(5.7)77

AuCl2(OH)2- + OH- ↔ AuCl(OH)3- + Cl-

(logK = 6.0)

(5.8)77

AuCl(OH)3- + OH- ↔ Au(OH)4- + Cl-

(logK = 5.7)

(5.9)77

The different hydrolyzed forms of AuCl4- are collectively referred to here as gold
hydroxide-chloride, [AuCl4-x(OH)x]-. At pH 7.5, ~90% of these Au salt species are
present as AuCl2(OH)2- (x = 2) and AuCl(OH)3- (x = 3) in roughly equal amounts, such
that x = 2.5 on average. The remaining ~10% are in the form of AuCl3OH- (x = 1) and
Au(OH)4 (x = 4) species.79,85
The reduction of gold hydroxide-chloride species by CO can be written as
2[AuCl4-x(OH)x]- + 3CO + 3H2O → 2Au0 + 3CO2 + 6H++ 2xOH- + 2(4-x)Cl-

(5.10)

The reaction is thermodynamically favored, according to its standard reduction potential
of E° = 0.64 V calculated using the following half-reactions 77:
[AuCl4-x(OH)x]- + 3e- → Au0 + (4-x)Cl- + xOH-

(E° = 0.53 V)84

(5.11)

CO2 + 2H+ + 2e- → CO + H2O

(E° = -0.106 V)86

(5.12)

A control study in which CO was introduced into the gold salt solution without
seed particles indicated that the reduction reaction can occur without the seeds to produce
Au NPs (Fig. F2-F4). In contrast, though, these particles had larger average sizes and
wider size distributions than the corresponding NP samples prepared using seed particles
(Table F1). For example, Sample 5 (with Au seeds) had a mean diameter of 7.3±1.6 nm
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(Table 5.2) and the absence of seeds led to Au NPs with a mean diameter of 23.9±6.1 nm
(Table F1). Sample #10 (with Au seeds) had a mean diameter of 11.9±4.6 nm (Table 5.2)
and the absence of seeds led to Au NPs with a mean diameter of 19.4±5.6 nm (Table F1).
This observation of homogeneous nucleation and growth of Au NPs indicated that
formation of new particles could have occurred during our seeded growth experiments.
Our rough calculations of Au NP concentrations did not support this possibility though
(Table 5.3). One argument for this is that the activation energy for Au metal deposition
onto a pre-existing Au surface is smaller than that for the creation of a Au surface, i.e.,
heterogeneous nucleation is energetically favored over homogeneous nucleation.68,87 In
other words, the growth rate dominates over the nucleation rate. Another argument
follows the Watzky and Finke work on iridium NP formation.8 They proposed that Ir
seed NPs autocatalyze the reduction of Ir salt species, thereby causing the growth rate to
be faster than the nucleation rate. The seeded-growth of Au NPs may involve the
autocatalytic reduction of Au salt also.
Seeded Growth Mechanism: The seeded-growth of gold NPs using CO is proposed to
proceed through a series of surface reactions that involve the gold-catalyzed oxidation of
CO to CO2 in water (Fig. 5.5). CO2 was detected through gas chromatography after the
seeded-growth synthesis was carried out (Appendix 6).
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Figure 5.5. Reaction schematic for the seeded growth of Au NPs by reducing gold
hydroxide-chloride species with CO. Reduced gold atoms are represented as Au0 while
[AuCl4-x(OH)x]- and intermediate gold (I) species are shown as Au3+ and Au1+,
respectively without the ligands.
The mechanism of CO oxidation in water on a Au electrode and supported Au
NPs has been debated.88-91 It is hypothesized that either a water molecule and/or its
hydroxyl form can react with adsorbed CO.88,90 Given the dearth of experimental
evidence for water oxidation on gold electrodes to form hydroxyl surface species, we
follow the mechanism proposed by Weaver and coworkers in which a water molecule is
involved in CO oxidation.91 A H2O molecule reacts with a CO species weakly
adsorbed92,93 on the Au seed surface to form a carboxyhydroxyl species, free proton, and
an electron which is donated to the Au NP. Au NPs can temporarily store and release
electron charge.94,95
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To balance the reaction stoichiometry for the CO reduction of Au salt (Eqn. 5.10),
three CO molecules are needed to adsorb to the surface of a NP. Reaction of two CO with
two free water molecules creates two carboxyhydroxyl species, two protons, and two
electrons.88,90 The two free electrons migrate to the NP and then to one physisorbed
[AuCl4-x(OH)x]- species to form a Au1+ intermediate. While Au2+ could be formed, it is a
rare96 and unstable97,98 gold oxidation state, and therefore quickly reduces further to form
the more stable Au1+. One of the carboxyhydroxyl species dissociates to give CO2, a
proton, and an electron. This single electron transfers to the adsorbed Au1+ intermediate
to complete the reduction to Au0.97 The formation of CO2 from the other
carboxyhydroxyl species releases another electron. The third CO reacts with one H2O
molecule to generate a proton, an electron, and a carboxyhydroxyl that, in turn, generates
CO2, another proton, and another electron. The three electrons allow for the reduction of
a second [AuCl4-x(OH)x]- species. The gold atoms reduced are added to seed NPs so that
reduction of [AuCl4-x(OH)x]- controllably increases the size of the seed NPs.
This proposed mechanism is not meant to indicate a particular sequence of
reaction events, but rather, to show the minimum number of surface reaction steps needed
to reduce two Au3+ species (i.e., [AuCl4-x(OH)x]-) stoichiometrically with three CO and
three H2O molecules. The mechanism assumes that CO oxidizes into CO2 via the
formation and subsequent decomposition of carboxyhydroxyl surface species. The Au
NPs can thus be thought to catalyze the Au3+ reduction by acting as a conduit for electron
flow from CO (as it converts into CO2) to the Au salt during the NP growth process. A
control experiment in which no CO was introduced to a seed NP/Au salt solution
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confirmed that Au salt reduction was not possible in the absence of CO (Fig. F5-F8;
Table F2).
The seeded growth process is expected to be accompanied by a pH change,
depending on the extent of chloride substitution by hydroxyl ligands in the Au salt (Eqn.
5.10). If x < 3, the pH would decrease because more protons are generated than hydroxyl
anions. The pH for all ten samples prior to Au salt reduction was less than 7.5, and so it
was expected that x < 2.5 for the Au salt in all samples and therefore the pH would lower
after Au reduction. Indeed, the pH of sample sols was observed to decrease after contact
with CO (Table F3). As a note, CO2 formed during Au salt reduction suspension could
also lower the suspension pH due to formation of carbonic acid (and bicarbonate and
carbonate species) in water:
CO2(aq) + H2O ↔ H2CO3

(pK = 2.89)

(5.13)

H2CO3 + H2O ↔ HCO3- + H3O+

(pKa = 3.8)

(5.14)

HCO3- + H2O ↔ CO32- + H3O+

(pKa = 10.3)

(5.15)

Due to the low pK of Eqn. 5.13 and the small amount of CO2 formed, an even smaller
amount would be present as carbonic acid; CO2 would not be expected to be a major
contributor to lowering the pH after seeded growth.
5.4 Conclusions.
Stable water suspensions of gold NPs with controlled particle sizes were successfully
synthesized in the 3 to 12 nm range by using 2.8 nm Au NPs as seeds and by controlling
the reduction chemistry of gold(III) hydroxide-chloride species using CO as the
reductant. Compared to TEM and UV-Vis measurements, SAXS provided particle sizes
closest to predicted values. A detailed reaction mechanism for the growth process was
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presented, in which the high-pH hydrolysis of chloroauric acid and stoichiometry among
the reactants were considered. Compared to other reducing agents used to generate
metallic NPs, CO can be used at room temperature and its oxidized form does not
interfere with the colloidal stability of the NPs. This seeded method of growing NPs
should be extendable to other monometallic and multimetallic compositions and shapes,
and can be improved by using seed particles with a narrower size distribution.
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Chapter 6
Summary and Recommendations for Future Work
6.1 Research Summary.
This work investigates the relationships between structure and catalytic properties of
synthesized Au and Pd-on-Au model transition metal nanocatalysts, even Au-enzyme
biocatalysts.

In

Chapters

2

and

3,

catalysis

of

aqueous

trichloroethene

hydrodechlorination (TCE HDC) and 4-nitrophenol (4-NL) reduction by Pd-on-Au
nanoparticles (NPs) of specific size and surface composition was found to depend on the
dispersion and oxidation state of surface Pd atoms. In-depth scanning transmission
electron microscopy (STEM) and extended X-ray absorption fine-structure spectroscopy
(EXAFS) structural analyses of the Pd-on-Au NPs revealed that Pd surface coverage and
Au particle size directly influence Pd surface atom aggregation and oxidation. The Au NP
size affected the Pd surface coverage (SC) at which metallic Pd monomers, metallic twodimensional (2-D) and partially oxidized 3-D Pd ensembles were formed, thus changing
the Pd dispersion and oxidation state. Correlation of Pd-on-Au NP activity and structural
analyses provide strong evidence that 2-D Pd surface ensembles are important for TCE
HDC whilst partially oxidized 3-D Pd ensembles are important for 4-nitrophenol
reduction. The use of Au particle size to control the nature of Pd surface species of Pdon-Au NPs illustrates a new approach to control and modify active sites of bimetallic NP
catalysts.
In Chapter 4, the light-triggered biocatalysis of model thermophilic enzymephotothermal gold nanorod complexes (TE-PGNs) was demonstrated as a means to
control biochemical reactions in a less intrusive manner than traditional biochemical
signals. The activity of alginate-encapsulated TE-PGNs exposed to a laser beam (λ~800
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nm) was ~60% higher than the activity of analogous controls that were not illuminated.
The encapsulated TE-PGNs were reusable and stable for several days, making them
commercially viable. This approach could significantly improve how biochemical
pathways are controlled for in vitro and, quite possibly, in vivo use.
In Chapter 5, Au NP sols with particle diameters of 3 nm to 12 nm were prepared
using a new CO oxidation seeded-growth synthesis method. Particle size was controlled
by varying the initial concentration of gold(III) hydroxide-chloride ions ([AuCl4-x(OH)x]-)
and was confirmed using three independent analytical techniques (Ultraviolet-visible
spectroscopy (UV-Vis), small-angle x-ray scattering (SAXS), and transmission electron
microscopy (TEM)). This synthesis method could be done under ambient conditions and
did not require additional stabilizing agents. This seeded method of growing NPs should
be extendable to other monometallic and multimetallic compositions and shapes and can
be improved by using seed particles with a narrower size distribution.
Collectively, the studies presented in this work provide further insight into
structure-activity properties of Au and Pd-on-Au nanocatalysts, thereby enabling the
design and preparation of more efficient transition metal (T-metal) catalysts. The
synthesis and characterization techniques used in these studies should be extendable to
other t-metal nanomaterials. The correlations observed between particle structure and
activity are anticipated to serve as a guide to design highly active nanocatalysts for
similar chemical reactions. Tuning the activity of a T-metal nanocatalyst by altering its
structure is an expedient means of obtaining desired catalytic properties. Transition metal
catalyzed chemical reactions are already key processes in environmental, medicinal,
petrochemical, and electrical/optics fields. Hence, methods to improve the activity and
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lifetime of transition metal nanocatalysts should yield significant economic and
environmental rewards.
6.2 Recommendations for Future Work.
6.2.1. X-ray Absorption Near-Edge Spectroscopy (XANES) of Pd-on-Au Nanoparticles.
In Chapter 2, EXAFS was used to show that the dispersion and oxidation state of Pd
surface atoms changes as a function of the Pd surface Au particle size. Further insight
into the reason that NPs with 2-D and 3-D Pd surface ensembles exhibit high catalytic
activity can be provided by probing the XANES spectra, specifically of the LIII Pd and
Au absorption edges. The LIII edge occurs when incident X-rays have sufficient energy to
excite core p electrons to unoccupied valence d states (2p to 4d; ~3,157 eV for Pd and 2p
to 5d; ~11,918 eV for Au).1-3 While the electronic configuration of a Pd and Au atom is
4d105s0 and 5d106s1, respectively, orbital hybridization in the pure bulk metals results in a
Pd electronic configuration of 4d10-x5s0+x and Au electronic configuration of 5d10-x6s1+x,
such that unoccupied d states are present.4,5 The intensity of the LIII edge varies directly
with the unoccupied density of d-states, or number of d-holes.1,6
Several studies have shown that the Au LIII edge white-line intensity (first sharp
feature of the rising edge)4 of bimetallic Pd-Au NPs has a lower intensity than pure Au
nanoparticles.2,5-7 Dash et al. reported that the Au LIII edge intensity of Pd-Au NPs
decreased with increasing Pd content but similar studies by Reifsnyder and Lamb and
Davis et al. showed that the Au LIII edge intensity did not significantly change with Pd
content.2,8,9 Nahm et al. noted that the Pd LIII edge white-line intensity decreases as the
Au content in Pd-Au alloys is increased.5 These changes have been ascribed to both
charge transfer between Pd and Au atom valence orbitals and intra-atomic valence orbital
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rehybridization.2,6 According to electronic structure calculations, intra-atomic d band
rehybridization is the main cause for the observed Pd and Au LIII edge changes.2,10
Our study will extend prior studies by probing how the geometry of specific Pd
ensembles (i.e., 2-D vs. 3-D Pd ensembles) on Au NPs influences the d-band of Pd and
Au atoms comprising Pd-on-Au NPs. In this manner, we can further explore the
geometric and electronic effects of the ensembles on catalyst activity, which is
anticipated to result in the synthesis of more efficient bimetallic nanocatalysts. We have
already collected XANES spectra of the LIII Au edge (Fig. 6.1) showing that the edge
shape changes with the addition of Pd and that the white-line intensity of the 3 nm Pd-onAu NPs is slightly lower than pure Au NPs and bulk Au. XANES spectra of the Pd LIII
edge of representative 3 nm Pd-on-Au NPs has been collected and is currently being
analyzed by Dr. Randall J. Meyer at the University of Illinois at Chicago and Dr. Jeffrey
T. Miller at Argonne National Laboratory.
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Figure 6.1. (a) XANES spectra of the Au LIII edge of bulk Au (Au foil), pure 3 nm Au
NPs, and representative Pd-on-Au NPs. (b) Magnification of the edge white-line intensity
showing the lowered intensity of the Pd-on-Au NPs in comparison to the bulk Au and
pure Au NPs (marked by dotted arrow).
6.2.2. In-Situ X-ray Absorption Spectroscopy of Pd-on-Au Nanocatalysts.
An advantage of XAS over other characterization methods, such as x-ray photoelectron
spectroscopy (XPS), is that measurements can be acquired under the conditions of a
chemical reaction (in-situ XAS).11 In-situ XAS analysis of several nanocatalysts, such as
Au (water-gas shift reaction),12 NiPt (ethylene glycol reforming),13 CoNi (oxidative
steam reforming of ethanol),14 and Pd and PdBi (liquid phase oxidation of 1phenylethanol)15 has been performed under a variety of reaction conditions. In-situ XAS
of Pd-on-Au NPs under either TCE HDC or nitrophenol reduction reaction conditions
would provide further insight into the catalyzed reaction mechanisms. A reaction cell has
already been designed by Dr. Jeffrey T. Miller and his research team at Argonne National
Laboratory for such experiments (Fig. 6.2).
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Figure 6.2. (a) Picture of the polyether ether ketone (PEEK) reactor and holder (can be
connected to temperature-controlled bath) for future in-situ XAS experiments. b) Picture
of the reactor and inlet/outlet ports. (c) Close-up picture of the reactor and fittings. The
reactor and holder were designed and assembled by Dr. Jeffrey T. Miller and his research
team at Argonne National Laboratory.
Specifically, by monitoring the LIII absorption edge of Pd and Au, the interaction
between NP surface atoms and adsorbates could be explored. Following adsorption of an
adsorbate, changes in the LIII metal edges can occur due to charge transfer, orbital
rehybridization, metal-adsorbate scattering, and differences in metal-metal scattering.1
Surface enhanced raman spectroscopy (SERS) could be used as a complimentary
independent analytical technique to verify/clarify the XANES results obtained.
Previously, the hydrodechlorination of dichloroethene was successfully monitored over
Pd-on-Au nanoshells using SERS.16 SERS has also been used to investigate adsorption of
4-nitrophenol on Ag powders and films.17,18 Collectively, these XANES and SERS
analyses could further clarify the reaction mechanisms of Pd-on-Au NP catalyzed TCE
HDC and 4-NL reduction.
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6.2.3. Au-Metal Carbide Nanocatalysts for TCE HDC and 4-NL Reduction.
Pd-on-Au bimetallic NPs have previously been demonstrated to be more cost-effective
than pure Pd NPs (particularly for TCE HDC).19 Nevertheless, the development of less
expensive, yet highly active catalysts is desirable. Metal carbides, such as molybdenum
carbide, have been shown to have electronic and catalytic properties similar to Pt-group
metals.20 Recently, Schweitzer et al. showed that the ability of Pt particles to catalyze the
water-gas-shift reaction significantly improves when they are supported on molybdenum
carbide (Mo2C).21 Consuegra et al. recently showed that Mo2C supported on SiO2
exhibited

high

catalytic

activity

(52.8

molClmolMo2C-1h-1)

for

the

gas-phase

hydrodechlorination of chlorobenzene.22 Metal carbides are significantly less expensive
than Pt-group metals but synthesizing nano-sized metal carbides in a systematic and
scalable fashion is challenging.23 Recent studies, summarized in a review article by
Giordano and Antonietti, show that metal carbide and metal nitride NPs
(diameter <50 nm) can be synthesized using sol-gel chemistry and provide motivation for
further study.23
The substitution of the Pd in the Pd-on-Au NPs with metal carbides, such as
Mo2C, is an interesting idea. Potapenka et al. demonstrated that Mo2C nanoparticles
(d ~5 nm) could be deposited on a Au(111) surface and used to catalyze cyclohexene
dehydrogenation.24,25 Using periodic density functional calculations, Florez et al. propose
that Au nanoparticles on ZrC would be able to dissociatively adsorb hydrogen, an
important adsorption process for TCE HDC.26 Perret et al. alternatively demonstrated that
Au supported on Mo2C could be used to catalyze the gas-phase reduction of the nitro
groups of nitroarenes (para-chloronitrobenzene and meta-dinitrobenzene) to their
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respective aromatic amines.27 The synthesis of Au-metal carbide nanoparticles
(d~1-50 nm) has not yet been reported but such catalysts would be expected to exhibit
unusual, and, perhaps, highly efficient catalytic activity for both TCE HDC and 4-NL
reduction.
6.2.4 Preparation of Pd-carbide Nanoparticles
EXAFS of the 4 nm Pd nanoparticle controls (see in Chapters 2 and 3 for further details)
suggests that such particles consist of Pd-carbide. This conclusion is supported by
preliminary EXAFS analysis. For EXAFS experiments, the tannic acid-citrate Pd particle
sols were immobilized on carbon powder as described in Chapter 2. As shown in Table
A6 (Appendix A), the Pd-Pd bond length of as-prepared and hydrogen-treated (at 200 °C)
carbon-supported Pd particles is ~2.79 Å. This is larger than the expected bond length
between Pd-Pd atoms in bulk Pd (~2.74 Å).6 Incorporation of carbon atoms in the Pd
lattice to form Pd-carbide could explain the increased Pd-Pd bond length observed. If
such Pd-carbide were formed, Pd hydride formation should not significantly occur.
To evaluate the particles’ propensity to form Pd-hydride, the carbon-supported
samples were treated with hydrogen gas at 400 °C. After this high temperature treatment,
the samples were cooled to room temperature and analyzed under H2 gas. Under these
conditions, Pd hydride should be formed if Analogous control experiments were
conducted using He. As shown in Table 6.1, the Pd-Pd bond length did not significantly
change after treatment under hydrogen at 400 °C.

147
Table 6.1 4 nm Pd NPs EXAFS fit parameters-Pd Edge.a
Analysis
Scattering
CNc
R, Åd
DWFe
Treatment
Conditionsb
Path
(±10%)
(±0.02 Å) (×103 Å2)
H2, RT
Pd-Pd
9.9
2.81
2.0
H2, 400°C
He, RT
Pd-Pd
9.8
2.80
2.0
H2, RT
Pd-Pd
10.0
2.81
2.0
He, 400°C
He, RT
Pd-Pd
9.9
2.80
2.0
a. 4 nm Pd NP sol supported on carbon powder
b. Gas and temperature under which EXAFS analysis was conducted
c. CN:coordination number
d. R: bond distance
e. DWF: Debye-waller factor
f. E0: threshold absorption edge energy

E0, eVf
1.4
0.7
1.6
1.6

Furthermore, the Pd-Pd bond length under hydrogen was similar to analogous controls
under He. The Pd-Pd CN of the samples treated at 400 °C was slightly higher than those
analyzed at 200 °C, possibly due to particle sintering (particle diameter increased to ~5.5
nm after treatments under H2 and He at 400 °C). These EXAFS results are consistent
with Pd-carbide formation. Further EXAFS experiments should be conducted to further
verify this conclusion and explore the possible role of the carbon support in Pd-carbide
formation.
6.2.5. BioHydrogen Production Using Thermophilic Enzyme-Photothermal Gold
Nanoparticle Complexes
There is a current global need for the development of more clean, sustainable energy
sources. Hydrogen has been proposed as a viable alternative to fossil fuels as it has the
highest gravimetric energy density of any fuel, could be compatible with current energy
conversion processes, and would not generate undesired carbon-based emissions.28
Currently, most hydrogen is synthesized through electrolysis of water or methane steam
reforming. The production of hydrogen using microorganisms is an attractive alternative
given the wide range of renewable resources (i.e., plant-derived) that these organisms can
potentially use to make hydrogen.28
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Hyperthermophiles are microorganisms, typically from Archae or Bacteria, that
optimally grow at temperatures >80 °C.29 Enzymes from such organisms, or thermophilic
enzymes, are stable at relatively high reaction temperatures and have recently been used
to produce biofuels, such as hydrogen, ethanol, and methane.29,30 Thermophilic
hydrogenase enzymes can catalyze the reversible reduction of protons to hydrogen using
renewable sources, such as glucose, starch, and lignocellulose.31,32 For these experiments,
the bulk reaction temperature had to exceed 50 °C (~70-100°C) which can limit this
technology’s industrial scalability.
Light-triggered

activation

of

thermophilic

hydrogenases

conjugated

to

photothermal Au nanorods would be an interesting and viable alternative to this problem.
In Chapter 4, it was demonstrated that a thermophilic glucokinase conjugated to Au
nanorods can be activated at non-thermophilic bulk reaction temperatures (<50 °C)
through localized surface plasmon resonance heating in the presence of a suitable light
source (λ~ 800 nm).33 By conjugating thermophilic hydrogenase enzymes to
photothermal gold nanorods and exposing to a laser (λ ~800 nm), biohydrogen could
conceivably be generated from biomass at bulk reaction temperatures <50 °C. Operation
at lower reaction temperatures would improve the energy efficiency of the overall
biohydrogen synthesis process. Furthermore, encapsulation of the thermophilic enzymegold complexes in alginate would simplify post-reaction catalyst sequestration and likely
decrease enzyme degradation, making this technology more commercially viable.
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Appendix A
Supporting Information for Chapter 2
A1 Tables.
Table A1. Volumes of PdCl42- used to synthesize 3 nm Pd-on-Au NPs.a
Pd metal content
Pd surface coverage (SC%) Volume of PdCl42- precursor (µL)b
(mol%)c
6.1
10
13
11.4
20
27
16.2
30
40
20.5
40
53
24.4
50
66
27.9
60
80
30.2
70
89
34.0
80
106
36.7
90
119
39.2
100
133
41.5
110
146
49.2
150
199
a
All calculations are based on the magic cluster model.
b
Volumes shown are for a 2.47 mM PdCl42- solution added to 2 mL of Au NP sol.
c
Composition of one nanoparticle.
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Table A2. Volumes of PdCl42- used to synthesize 7 nm Pd-on-Au NPs.a
Pd metal content
Pd surface coverage (SC%) Volume of PdCl42- precursor (µL)b
(mol%)c
2.3
10
5
4.6
20
10
6.7
30
15
8.7
40
20
10.7
50
25
12.5
60
29
13.8
70
33
16.0
80
39
17.7
90
44
19.3
100
49
20.8
110
54
26.4
150
74
a
All calculations are based on the magic cluster model.
b
Volumes shown are for a 2.47 mM PdCl42- solution added to 2 mL of Au NP sol.
c
Composition of one nanoparticle.
Table A3. Volumes of PdCl42- used to synthesize 10 nm Pd-on-Au NPs.a
Pd metal content
Pd surface coverage (SC %) Volume of PdCl42- precursor (µL)b
(mol%)c
1.7
10
4
3.3
20
7
4.9
30
11
6.4
40
14
7.9
50
18
9.3
60
21
10.3
70
24
12.0
80
28
13.3
90
32
14.6
100
35
15.8
110
39
20.4
150
53
a
All calculations are based on the magic cluster model.
b
Volumes shown are for a 2.47 mM PdCl42- solution added to 2 mL of Au NP sol.
c
Composition of one nanoparticle.
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Table A4. Calculated gold magic cluster sizes.
Shell number
(n)

Number of atoms in
shell (natom)a
1
12
42
92
162
252
362
492
642
812
1002
1212
1442
1692
1962
2252
2562
2892
3242
3612
4002

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
a
natom = 10n2 + 2
b
ntot = (10n3 + 15n2 + 11n + 3)/3

Total number of
atoms per NP (ntot)b
1
13
55
147
309
561
923
1415
2057
2869
3871
5083
6525
8217
10179
12431
14993
17885
21127
24739
28741

Calculated diameter
(nm)
0.27
0.81
1.35
1.89
2.43
2.97
3.51
4.05
4.59
5.13
5.67
6.21
6.75
7.29
7.83
8.37
8.91
9.45
9.99
10.53
11.07
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Table A5. 3 nm Pd-on-Au NPs EXAFS fit parameters-Au Edge.
Pd Surface
Scattering
CNa
R, Åb
DWFc
Treatment
Coverage (%)
Path
(±10%)
(±0.02 Å) (×103 Å2)
0
Air, RT
Au-Au
10.2
2.87
1.0
H2, 200°C
Au-Au
10.3
2.86
1.0
30
Air, RT
Au-Au
10.0
2.85
0.5
Au-Pd
1.7
2.80
0.5
H2, 200°C
Au-Au
10.1
2.85
0.5
Au-Pd
1.7
2.80
0.5
50
Air, RT
Au-Au
9.3
2.85
0.0
Au-Pd
2.0
2.79
0.0
H2, 200°C
Au-Au
9.2
2.84
0.0
Au-Pd
2.3
2.79
0.0
70
Air, RT
Au-Au
9.3
2.85
0.0
Au-Pd
2.0
2.79
0.0
H2, 200°C
Au-Au
9.2
2.86
0.0
Au-Pd
2.1
2.79
0.0
90
Air, RT
Au-Au
9.9
2.85
0.0
Au-Pd
2.1
2.79
0.0
H2, 200°C
Au-Au
9.6
2.86
0.0
Au-Pd
2.4
2.79
0.0
110
Air, RT
Au-Au
9.3
2.86
0.0
Au-Pd
2.1
2.79
0.0
H2, 200°C
Au-Au
9.2
2.86
0.0
Au-Pd
2.7
2.79
0.0
150
Air, RT
Au-Au
9.4
2.86
0.0
Au-Pd
2.2
2.79
0.0
H2, 200°C
Au-Au
9.1
2.86
0.0
Au-Pd
2.7
2.79
0.0
a. CN:coordination number
b. R: bond distance
c. DWF: Debye-waller factor
d. E0: threshold absorption edge energy

E0, eVd
-0.4
-0.5
-0.1
3.5
-0.1
3.3
-1.6
5.5
-0.8
4.3
-1.2
5.0
-0.5
5.1
-1.2
5.0
-2.3
5.3
-1.2
4.3
-1.3
4.9
-1.8
5.2
-1.1
4.3
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Table A6. 3 nm Pd-on-Au NPs EXAFS fit parameters-Pd Edge.
Pd Surface
Scattering
CNa
R, Åb
DWFc
Treatment
Coverage (%)
Path
(±10%)
(±0.02 Å) (×103 Å2)
30
Air, RT
Pd-Au
8.8
2.79
0.5
H2, 200°C
Pd-Au
8.5
2.80
0.5
50
Air, RT
Pd-Pd
2.7
2.80
1.0
Pd-Au
7.0
2.80
1.0
H2, 200°C
Pd-Pd
2.0
2.80
1.0
Pd-Au
9.2
2.80
1.0
70
Air, RT
Pd-Pd
2.9
2.76
0.5
Pd-Au
6.9
2.81
0.5
Pd-O
0.5
2.05
1.0
H2, 200°C
Pd-Pd
3.6
2.76
0.5
Pd-Au
7.8
2.81
0.5
90
Air, RT
Pd-Pd
2.9
2.76
0.5
Pd-Au
5.8
2.81
0.5
Pd-Cl
0.5
2.29
1.0
Pd-O
0.7
2.05
1.0
H2, 200°C
Pd-Pd
4.0
2.76
0.5
Pd-Au
6.9
2.81
0.5
110
Air, RT
Pd-Pd
3.0
2.76
0.5
Pd-Au
5.5
2.81
0.5
Pd-Cl
1.1
2.3
1.0
H2, 200°C
Pd-Pd
4.8
2.76
0.5
Pd-Au
6.4
2.81
0.5
150
Air, RT
Pd-Pd
2.7
2.79
1.0
Pd-Au
4.6
2.80
1.0
Pd-Cl
1.2
2.3
1.0
H2, 200°C
Pd-Pd
4.8
2.76
0.5
Pd-Au
6.5
2.81
0.5
e
Pd NPs
Air, RT
Pd-Pd
8.2
2.79
2.0
Pd-O
0.5
2.05
1.0
H2, 200°C
Pd-Pd
9.1
2.79
2.0
a. CN:coordination number
b. R: bond distance
c. DWF: Debye-waller factor
d. E0: threshold absorption edge energy
e. 4 nm Pd NP sol supported on carbon powder

E0, eVd
-5.6
-4.4
-1.1
-4.3
-1.5
-4.4
-5.4
-2.7
1.0
-5.3
-2.6
-3.4
-1.9
-1.7
4.5
-2.7
-2.0
-3.2
-1.4
-1.0
-3.2
-2.1
-1.5
-3.4
-0.1
-2.7
-2.1
-0.2
2.0
0.2
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Table A7. 7 nm Pd-on-Au NPs EXAFS fit parameters-Au Edge.
Pd Surface
Scattering
CNa
R, Åb
DWFc
Treatment
Coverage (%)
Path
(±10%)
(±0.02 Å) (×103 Å2)
0
Air, RT
Au-Au
10.8
2.86
1.0
H2, 200°C
Au-Au
10.7
2.86
1.0
30
Air, RT
Au-Au
10.9
2.86
0.5
H2, 200°C
Au-Au
11.0
2.86
0.5
50
Air, RT
Au-Au
10.2
2.86
0.0
Au-Pd
1.4
2.81
0.0
H2, 200°C
Au-Au
10.0
2.86
0.0
Au-Pd
1.4
2.81
0.0
70
Air, RT
Au-Au
10.1
2.86
0.0
Au-Pd
1.3
2.80
0.0
H2, 200°C
Au-Au
10.0
2.86
0.0
Au-Pd
1.5
2.80
0.0
90
Air, RT
Au-Au
10.4
2.86
0.0
Au-Pd
1.5
2.79
0.0
H2, 200°C
Au-Au
10.3
2.86
0.0
Au-Pd
1.7
2.79
0.0
110
Air, RT
Au-Au
10.3
2.86
0.0
Au-Pd
1.6
2.80
0.0
H2, 200°C
Au-Au
9.9
2.86
0.0
Au-Pd
1.8
2.79
0.0
150
Air, RT
Au-Au
10.5
2.86
0.0
Au-Pd
1.5
2.80
0.0
H2, 200°C
Au-Au
10.4
2.86
0.0
Au-Pd
1.7
2.79
0.0
a. CN:coordination number
b. R: bond distance
c. DWF: Debye-waller factor
d. E0: threshold absorption edge energy

E0, eVd
-0.3
-0.4
-0.8
-0.7
-0.7
5.5
-0.7
5.7
-1.1
5.9
-0.7
4.9
-1.0
4.8
-1.0
4.7
-0.5
5.2
-0.8
2.7
-1.1
5.0
-1.1
5.3
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Table A8. 7 nm Pd-on-Au NPs EXAFS fit parameters-Pd Edge.
Pd Surface
Scattering
CNa
R, Åb
DWFc
Treatment
Coverage (%)
Path
(±10%)
(±0.02 Å) (×103 Å2)
30
Air, RT
Pd-Au
11.1
2.81
0.0
H2, 200°C
Pd-Au
11.0
2.81
0.0
50
Air, RT
Pd-Au
11.0
2.80
0.5
H2, 200°C
Pd-Pd
1.1
2.79
1.0
Pd-Au
9.7
2.81
1.0
70
Air, RT
Pd-Pd
0.9
2.79
1.0
Pd-Au
9.6
2.81
1.0
H2, 200°C
Pd-Pd
2.3
2.76
0.5
Pd-Au
7.9
2.81
0.5
90
Air, RT
Pd-Pd
2.8
2.76
0.5
Pd-Au
7.0
2.81
0.5
Pd-O
0.9
2.05
1.0
H2, 200°C
Pd-Pd
3.4
2.76
0.5
Pd-Au
7.8
2.81
0.5
110
Air, RT
Pd-Pd
2.8
2.76
0.5
Pd-Au
7.2
2.81
0.5
Pd-Cl
0.4
2.30
1.0
H2, 200°C
Pd-Pd
3.4
2.76
0.5
Pd-Au
8.3
2.81
0.5
150
Air, RT
Pd-Pd
3.9
2.76
0.5
Pd-Au
6.9
2.81
0.5
Pd-Cl
0.4
2.30
1.0
Pd-O
0.4
2.05
1.0
H2, 200°C
Pd-Pd
4.7
2.76
0.5
Pd-Au
5.9
2.81
0.5
a. CN:coordination number
b. R: bond distance
c. DWF: Debye-waller factor
d. E0: threshold absorption edge energy

E0, eVd
-3.4
-3.2
-5.3
-1.6
-4.4
-1.4
-3.8
-4.5
-3.3
-6.0
-3.5
1.0
-5.7
-3.1
-5.9
-3.1
-3.0
-4.6
-3.3
-3.4
-2.9
-0.8
-0.04
-3.0
-2.4
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Table A9. 10 nm Pd-on-Au NPs EXAFS fit parameters-Au Edge.
Pd Surface
Scattering
CNa
R, Åb
DWFc
Treatment
Coverage (%)
Path
(±10%)
(±0.02 Å) (×103 Å2)
0
Air, RT
Au-Au
11.3
2.87
1.0
H2, 200°C
Au-Au
11.1
2.87
1.0
30
Air, RT
Au-Au
10.8
2.86
0.5
H2, 200°C
Au-Au
10.7
2.86
0.5
50
Air, RT
Au-Au
10.8
2.86
0.0
Au-Pd
1.2
2.81
0.0
H2, 200°C
Au-Au
10.8
2.86
0.0
Au-Pd
1.1
2.81
0.0
70
Air, RT
Au-Au
10.8
2.86
0.0
Au-Pd
1.2
2.81
0.0
H2, 200°C
Au-Au
10.8
2.86
0.0
Au-Pd
1.2
2.81
0.0
90
Air, RT
Au-Au
11.0
2.87
1.0
H2, 200°C
Au-Au
10.7
2.86
1.0
110
Air, RT
Au-Au
11.2
2.87
1.0
H2, 200°C
Au-Au
10.7
2.86
1.0
150
Air, RT
Au-Au
11.3
2.87
1.0
H2, 200°C
Au-Au
10.6
2.86
1.0
a. CN:coordination number
b. R: bond distance
c. DWF: Debye-waller factor
d. E0: threshold absorption edge energy

E0, eVd
-0.3
-0.2
-0.7
-0.9
-0.4
6.4
-0.8
6.1
-0.6
5.6
-0.5
5.5
-0.5
-0.8
-0.4
-0.6
-0.4
-0.5
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Table A10. 10 nm Pd-on-Au NPs EXAFS fit parameters-Pd Edge.
Pd Surface
Scattering
CNa
R, Åb
DWFc
Treatment
Coverage (%)
Path
(±10%)
(±0.02 Å) (×103 Å2)
30
Air, RT
Pd-Au
10.7
2.82
0.0
H2, 200°C
Pd-Au
11.3
2.82
0.0
50
Air, RT
Pd-Au
10.4
2.80
1.0
H2, 200°C
Pd-Au
10.9
2.80
0.5
70
Air, RT
Pd-Pd
0.9
2.80
1.0
Pd-Au
9.8
2.80
1.0
H2, 200°C
Pd-Pd
0.8
2.79
1.0
Pd-Au
10.5
2.80
1.0
90
Air, RT
Pd-Pd
2.2
2.76
0.5
Pd-Au
8.5
2.81
0.5
H2, 200°C
Pd-Pd
1.8
2.76
0.5
Pd-Au
9.9
2.81
0.5
110
Air, RT
Pd-Pd
2.6
2.76
0.5
Pd-Au
7.1
2.81
0.5
H2, 200°C
Pd-Pd
2.7
2.76
0.5
Pd-Au
8.6
2.81
0.5
150
Air, RT
Pd-Pd
2.0
2.76
0.5
Pd-Au
4.8
2.81
0.5
Pd-O
1.6
2.05
1.0
H2, 200°C
Pd-Pd
3.8
2.76
0.5
Pd-Au
8.0
2.81
0.5
a. CN:coordination number
b. R: bond distance
c. DWF: Debye-waller factor
d. E0: threshold absorption edge energy

E0, eVd
-2.7
-2.6
-5.1
-5.9
-2.2
-5.5
-1.5
-5.4
-3.5
-1.4
-3.5
-1.6
-4.4
-1.9
-3.2
-1.8
-4.5
-3.6
3.5
-5.6
-2.4

160
A2 Figures.

Figure A1. Typical product concentration-time profiles for 10 nm Pd-on-Au NPs with
50% Pd SC. DCE is dichloroethene and TCE is trichloroethene.
a)

A)

b)

XAS Measured CN’s

B)

Scattering atom
Absorbing
atom

Calculated Alloy CN’s
Scattering atom

Absorbing
atom

Figure A2. (A) XAS-measured CN's for 3 nm Pd-on-Au NPs with 30% Pd SC and (B)
calculated CN's for alloyed PdAu NPs with the same metal content (16.2 mol% Pd), total
Au CN (11.8), and total Pd CN (8.5). Experimental CN’s were those of NPs after
hydrogen reduction at 200 °C.
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Appendix B
Overview of Extended X-ray Absorption Fine-Structure Spectroscopy (EXAFS)
B1 General Introduction to X-ray Absorption Spectroscopy (XAS).
XAS is a powerful spectroscopic technique that provides atomic-scale structure
information of materials by examining how X-rays are absorbed and how photoelectrons
are scattered by neighboring atoms after being ejected from the absorbing atomic element
by impinging X-rays.1-4 XAS has several advantages; namely, it can be performed under
extreme pressure or temperature conditions, is independent of the physical state of the
absorbing element (i.e., can be used to analyze gases, liquids, and solids), and can be
measured for the majority of the elements (those lighter than phosphorous are usually
analyzed under vacuum).5,6 Depending on the energy of the X-ray beam, core-level
electrons are either excited to higher unoccupied valence electron states or to an
ionization continuum such that a photoelectron is generated.7-9 Core-level excitation of
electrons makes it possible to use XAS to distinguish between different elements. XAS is
therefore classified as an element-specific technique.10 When the energy of the X-ray
beam equals the binding energy of the relevant core-electron, a significant increase in Xray absorption occurs. This increase in absorption is often referred to as an absorption
edge and corresponds to photoelectron generation.6,8
Absorption edges are distinguished from each other based on the principle
quantum number of the core electron that is being excited. For example, a K absorption
edge refers to excitation of a core electron with n=1, L edge refers to excitation of a core
electron with n=2, and M edge refers to excitation of a core electron with n=3.6 The edge
may not be perfectly smooth and can have multiple absorption peaks due to spin- orbit
coupling.11 The kinetic energy of the photoelectron is the difference between the binding
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energy of the electron and the energy of the incident X-ray photon. As the energy of the
X-ray beam is increased beyond the binding energy of the electron, the generated
photoelectron has increasing kinetic energy.
Once the photoelectron has excess kinetic energy it can interact with surrounding
atoms. Such interaction results in constructive and destructive interference between the
photoelectron wave going out from the X-ray absorbing atom and the same wave
scattered by neighboring atoms.5,6,12 These interferences directly affect the absorption of
X-rays by the absorbing atom resulting in quasiperiodic oscillations of X-ray absorbance
as a function of X-ray beam energy.12 The nature of the interferences between the
outgoing and scattered photoelectron wave varies with the identity of the absorbing and
scattering atoms and their relative spatial configuration. By analyzing the quasiperiodic
oscillations of the X-ray absorbance resulting from these interferences, it is possible to
determine structural information, such as the number and identity of neighboring atoms
and the bond lengths between these atoms and the X-ray absorbing atom.5,6,12
B2 Description of Transmission XAS Measurement.
The absorption of an X-ray beam by a given sample can be determined by measuring the
intensity of the incoming and transmitted X-rays with ion beam chambers.8 The typical
set-up of such transmission XAS is provided in Figure B1.
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Monochromator
Sample

Ion Chamber
(I0)

Ion Chamber
(I)

Synchrotron
X-ray Source

Figure B1. Schematic of the general experimental set-up for transmission XAS.5,7
Each ion beam chamber consists of parallel plate capacitor that is filled with inert gas and
has a high-voltage across it.7 A monochromator is used to select specific X-ray
wavelengths.8 Crystalline silicon monochromators are often used since they provide high
energy resolution (~1 keV at 10 keV).5,7 The detection limit of transmission XAFS is
~500 ppm.6 This detection limit can be lowered by measuring the fluorescence of X-rays
by the sample instead of absorption. Further details concerning this XAS technique will
not be discussed here but can be found elsewhere.6,7 Sample absorption is typically
quantified as the absorption coefficient, µ, which is calculated using Beer’s Law (Eqn.
B1),7,13
ln

I0
= μt
I

(B1)

where I0 and I are the intensities incoming and transmitted X-rays, respectively, and t is
the sample thickness (cm). As shown in Eqn. B2, the absorption coefficient strongly
depends on the sample’s atomic mass, A, atomic number, Z, density, ρ, and the X-ray
beam energy, E.7

μ≈

ρZ4
AE 3

(B2)

For elements with Z >18, the K or L edge is evidenced at X-ray beam energies between 3
and 35 keV, which is within the range of most synchrotron X-ray sources.7
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A synchrotron X-ray source is required to generate the intense energy-tunable Xrays required for XAS. A synchrotron source generates X-ray radiation ~105 to 106 times
more intense than a conventional Mg or Al source.8 A synchrotron is a circular particle
accelerator consisting of an electron source, linear accelerator, booster ring, and storage
ring (Fig. B2).5,8
Booster
Synchrotron
Synchrotron
Radiation
Synchrotron
Storage Ring

Bending Magnet
or Insertion Device

Figure B2. Representation of the general set-up of a synchrotron (Adapted from Ref. 5).
Synchrotron X-ray radiation is generated when electrons traveling at relativistic energies
in a circular trajectory are passed through a magnetic field.5,6 As shown in Eqn. B3, the
intensity, Г, of the generated X-ray radiation depends on the accelerated particle’s mass,
m, and energy, Ep and on the velocity of light, c (~3.0 × 108 m/s).5

Г=

Ep
mc 2

(B3)

For a given energy, the intensity of the X-ray radiation is highest when particles with
very small masses, such as electrons or positrons, are accelerated. The energies to which
electrons are accelerated varies between synchrotrons.5,6,8 The energy specifications
described below are specific to the synchrotron at the Advanced Photon Source (APS) at
Argonne National Laboratory. This information is readily available on the APS website
(http://www.aps.anl.gov/About/APS_Overview/index.html).
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Synchrotron generation of X-ray radiation involves the generation of electrons,
which are subsequently accelerated by a linear particle accelerator prior to acceleration in
the synchrotron booster and storage rings. At the APS, electrons are first generated by a
cathode that is heated to ~1100 °C and injected into a linear particle accelerator. The
linear particle accelerator consists of alternating electric fields that accelerate the
electrons up to an energy of 450 MeV (at 450 MeV the electrons are traveling at
> 99.999% the speed of light). The electrons are then introduced into the booster
synchrotron ring where they are accelerated to 7 GeV in 0.5 sec by a ring of
electromagnets. These electrons are injected into the storage ring which consists of more
than 1,000 electromagnets that cause the electron beam to curve. The diameter of the
storage ring at APS is ~1104 m, which is similar to most synchrotron storage rings.6 Xray radiation is generated tangential to the electron beam and can be extracted at the
straight sections of the storage ring between the electromagnets.5 Extraction points are
referred to as beamlines. Such beamlines have equipment for various X-ray analyses such
as XAS, X-ray diffraction, X-ray photoemission spectroscopy, and small angle X-ray
scattering (SAXS). Each beamline is enclosed in an experiment hutch. At the APS, the
spacing between the electromagnets is such that ~40 beamlines can be positioned around
the storage ring. These beamlines and their experiment hutches are housed in the
experiment hall, which surrounds the synchrotron storage ring.
The intensity and energy range of the X-ray radiation obtained at a given
beamline can vary depending on the type of electromagnet used. The storage ring
electromagnets are either bending magnets or insertion devices.5 The X-ray beam
generated when insertion devices are used has higher intensity and energy range than X-
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ray radiation that is generated with a bending magnet. Two common types of insertion
devices are wigglers and undulators. Wigglers consist of ~3-5 superconducting magnets
which cause the electrons to travel in a local radius shorter than that of dipole bending
magnets. This increases the energy of the X-rays generated from the electrons. An
undulator is a multipole wiggler that uses either a transverse sinusoidal or helical
magnetic field to accelerate electrons. The resulting X-ray radiation that is generated has
the highest spectral intensity and power density.5
A typical XAS absorbance spectrum is provided in Figure B3. To simplify
interpretation, the spectra are separated into two regions: X-ray absorption near-edge
spectroscopy (XANES) and Extended X-ray absorption fine structure spectroscopy.6,7

A S

A S

Figure B3. Example of typical XAS spectra in which the normalized absorption
coefficient (µ) is plotted as a function of the X-ray beam energy (eV). XANES is X-ray
absorption near-edge spectroscopy and EXAFS is extended X-ray absorption finestructure spectroscopy. The callouts show the constructive and destructive interference
between the photoelectron wave going out from absorbing atom, A, and the incoming
photoelectron wave scattered by surrounding atom, S.7
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The XANES region extends to X-ray beam energies within ~20-50 keV of the absorption
edge.6,7 The absorption in this region can be used to probe vacant orbitals and provide
information concerning oxidation state and site symmetry of the absorbing atom.

10,14,15

The EXAFS region consists of absorbance at X-ray beam energies greater than 40 keV
above the absorption edge.5 In this region, quasiperiodic oscillations of X-ray absorbance
occur due to interferences between the outgoing and scattered photoelectron wave.
EXAFS provides information about the atomic number, coordination numbers, and
interatomic bond distances of the atoms surrounding the X-ray absorbing atoms.14,15
XANES analysis is generally qualitative while EXAFS analysis provides quantitative
structural parameters.6,7 A detailed explanation concerning the extraction of these
structural parameters from EXAFS data is provided in the following section.
B3 Brief Overview of the Theory of EXAFS.
X-ray absorption by a given sample can be described using the Beer-Lambert law
(Eqn. B1). The photoelectron wave vector, k, describes the photoelectron wave and can
be expressed in terms of the kinetic energy, Ek, of the photoelectron as shown in Eqn.
B4:12
2me Ek
k=
ħ

1

2

(B4)

where me is the mass of the electron (~9.1 × 10-31 kg) and ħ is the reduced Planck’s
constant. Equation B5 shows that the kinetic energy of the photoelectron is the difference
between the energy of the incoming photon (Ex-ray) and the binding energy of the corelevel electron (Eb).

Ek = EX−ray − Eb

(B5)
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The reduced Planck’s constant (ħ) is calculated by dividing Planck’s constant
(h~6.6 × 10-34 J/s) by 2π (Eqn. B6).
ħ=

h
2π

(B6)

The photoelectron wave vector is proportional to the photoelectron momentum (meʋ)
where ʋ is the velocity of the photoelectron wave. The de Broglie wavelength, λ, of the
photoelectron is inversely proportional to the photoelectron momentum as shown in
Equation B7.16

λ=

h
me ʋ

(B7)

The absorption coefficient of an absorbing atom in the sample and the same absorbing
atom in a free state (background absorption coefficient, µ0) are functions of the wave
vector, k, as shown in Eqn. B8.5,8,12 The photoelectron function, χ(k), is a mathematical
expression that refers only to the quasiperiodic modulations of the absorption coefficient,
µ, so that only the EXAFS region of the XAS spectrum is considered.16
χ k =

μ − μ0
μ0

(B8)

The increase in µ at the edge, which is referred to as the step height, is proportional to the
background absorption coefficient, µ0. The step height is the difference between the
minimum and maximum µ values at the same energy corresponding to the onset of the
edge.12 The absorption coefficient, µ0, is approximated by fitting a spline function
through the EXAFS data (quartic or cubic).6 Further details concerning this analysis are
available in reference 16.
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As shown in Eqn. B9, the scattering of the absorbing atom’s ejected photoelectron
by surrounding coordinated atoms is mathematically expressed by the photoelectron
function, χ(k), as:5-8,12
χ k =

Aj (k) sin 2kR j + 2δj (k)

(B9)

j

j indicates the number of coordination shells over which the function is summed, Rj is the
distance between the central absorbing atom and scattering atoms in the jth shell, δj(k) is
the phase shift which can occur when electrons are scattered, and Aj(k) is the amplitude
for a given j coordination shell.12 This amplitude is expressed (Eqn. B10) as:

Aj k =

Nj
kR2j

Fj k exp(−2k 2 σ2j )

(B10)

where Nj is the number of atoms in the jth coordination shell, σj is the root mean square
deviation of Rj, and Fj is a factor accounting for the inelastic scattering and backscattering
of electrons. The function exp (-2k2σj2) is the Debye-waller factor, which accounts for the
dampening effects of vibrational motion and structural disorder.12 A consequence of these
dampening effects is that EXAFS information is limited to atoms 4-5 Å from the X-ray
absorbing atom.6 EXAFS data is typically collected at low temperatures to minimize
temperature-dependent vibration described by σj2.16 As seen in Eqn. B11, the factor, Fj, is
element specific and is expressed as:12

Fj (k) = f(k) × exp

−2R j
λf

(B11)

where f(k) is the inherent back-scattering amplitude of the X-ray absorbing atom and λf is
the mean free path for photoelectron inelastic scattering.16 These scattering factors are
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typically calculated using the EXAFS data analysis programs described below. Such
programs use ab initio calculations.7
By taking the Fourier transform of Eqn. B9, the radial structure function shown
in Eqn. B12 can be derived.12
∅n R = 1 2 π

1

k max
2

k n χ k exp −2ikR dk

(B12)

k min

R refers to the distance from the central absorbing atom, kn is introduced to weight the
data (n=1-3)) and compensate for the dampening effects expressed by the Debye-waller
factor,16 and kmin and kmax are the minimum and maximum k values, respectively, from
the data.12
The EXAFS function, χ(k), is typically multiplied by the Hanning window
function (HW) to account for termination errors which occur due to taking the Fourier
transform over a limited range of k values (Eqn. B13). Only the regions of the EXAFS
function corresponding to k values in the first and last 10% of the range of k values
considered are multiplied with the Hanning window function.12

k − k min
HW = 1 2 1 − cos 2π
k max − k min

(B13)

The EXAFS contribution of a particular coordination shell can be ascertained by
taking the inverse Fourier transform of the radial structure function over a range of R
values corresponding to the desired coordination shell. For example, if the first
coordination shell is considered to have R values between R1’-∆R and R1’ + ∆R then the
inverse Fourier transform of Eqn. B12 would yield the EXAFS function kn × χ(k) for the
first coordination shell as shown in Eqn. B14.12
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2
k n χ1 k =
π

1

2

R 1 +∆R

∅n (R)exp( 2ikR)dR

(B14)

R 1 −∆R

Using the expression for χ1(k) in Eqn. B9, the EXAFS function knχ(k) can be written as
(Eqn. B15):12

χ1 k = k n A1 (k) sin 2kR i + 2δi (k)

(B15)

The phase shift, δ1, is a function (k) as shown below in Eqn. B16:
δ1 k = b + ak + a′ k 2 + a′′ k 3

(B16)

As seen in Eqn. B17, the amplitude, A1(k) for the first coordination shell is expressed as:

A1 k =

N1
F k exp(−2k 2 σ2 )
kR21 1

(B17)

The EXAFS signal for the first coordination shell is typically stronger than other
coordination shells. This occurs because of the inverse dependence of the scattering
amplitude on the distance, R, between the absorbing atom and scattering atoms.
The parameters in the last two equations are determined using an iterative least
squares procedure to fit the theoretical EXAFS function, knχ1(k) expressed by Eqn. B14,
to the experimentally derived EXAFS function. Using this fitting method, the EXAFS
function, χ1(k), is expanded about a set of assumed parameters. Parameter variation terms
higher than first order from the assumed parameter values are not included. The least
squares condition (minimization of the residual sum) is then used to determine the
parameter variations about the assumed value which give the best fit of the EXAFS
function derived from the data.6,7,12 There are currently more than 20 programs available
that can be used to perform this calculation. The three most widely used programs are
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FEFF, EXCURVE, and GNXAS. These programs use ab initio calculations to determine
the scattering parameters.6
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Appendix C
Supporting Information for Chapter 3
C1 Tables.
Table C1. Synthesis and Pd metal content of 3 nm Pd-on-Au NPs.a
Pd metal content
Pd surface coverage (SC%) Volume of PdCl42- precursor (µL)b
(mol%)c
6.1
10
13
16.2
30
40
24.4
50
66
30.2
70
89
36.7
90
119
39.2
100
133
41.5
110
146
49.2
150
199
53.0
175
232
56.3
200
265
a
All calculations are based on the magic cluster model.
b
Volumes shown are for addition of a 2.47 mM PdCl42- solution to 2 mL of Au NP sol.
c
Pd metal content of one nanoparticle.
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Table C2. Magic cluster model calculations for different sized Au particles.
Shell number
(n)

Number of atoms in
shell (natom)a
1
12
42
92
162
252
362
492
642
812
1002
1212
1442
1692
1962
2252

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
a
natom = 10n2 + 2
b
ntot = (10n3 + 15n2 + 11n + 3)/3

Total number of
atoms per NP (ntot)b
1
13
55
147
309
561
923
1415
2057
2869
3871
5083
6525
8217
10179
12431

Calculated particle
diameter (nm)
0.27
0.81
1.35
1.89
2.43
2.97
3.51
4.05
4.59
5.13
5.67
6.21
6.75
7.29
7.83
8.37
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Table C3. Concentration of Pd and Au surface atoms of nanocatalysts.a
Concentration of Pd
Concentration of Au
Pd surface coverage (SC%)
surface atoms
surface atoms (×10-8M)b
(×10-8M)b
0c
7.6
0.26
10
1.6
0.77
30
1.3
1.3
50
0.90
1.7
70
0.59
2.3
90
0.18
2.5
100
2.6
110
2.9
150
3.1
175
3.5
200
d
14.8
Pure 4 nm Pd NP control
a
All calculations are based on the magic cluster model.
b
Concentrations shown were used to calculate reported catalyst TOF values.
c
A larger volume of as-prepared particle sol (~206 µL) was used for the pure Au NP
control.
d
A larger volume of the as-prepared sol (~446 µL) was used for the pure Pd NP control.
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Table C4. Reported Au nanomaterial activity for 4-nitrophenol (4-NL) reduction.
Reference

Sample

Turnover Frequencya
(mol 4-NL/mol surface
atom/min)

This work

3 nm Au NPs

40.3

Kuroda, et al.; J. Molec.
Catal. A 298, (2009) 7.

6.9 nm Au NPs on
PMMA beadsb

31.7

Panigrahi, et al.; J. Phys.
Chem. C 111, (2007)
4596.

Au NPs on
resin beads

8 nm Au NPs: 0.22
20 nm Au NPs: 0.32
55 nm Au NPs: 0.17

Damato, et al.; Langmuir
web published

Au NPs on
TiO2 particles

12.2 nm Au NPs: 4.6
19.3 nm NPs: 7.4

Feng, et al., Colloid
Polym. Sci. web
published

2.45 nm Au NPs
inPAMAM dendrimersb

Gen. 1-37.3

Nemanashi, et al. J.
Colloid Interface Sci.
389, (2013), 260.

3.1 nm Au NPs in
PAMAM dendrimersb

402.3

Li, et al. J. Mater. Chem.
22, (2012), 8426.

16 nm Au NPs in
Au/graphene hydrogel

4.3

Jan, et al. Langmuir 27,
(2011), 2834.

5 nm Au NPs on
mesoporous silica tubular
nanostructures

16.7

Huang, et al. J. Phys.
Chem. C 113, (2009),
13636.

Cyclodextrin-capped Au
NPs

11 nm Au NPs: 11.0
20 nm Au NPs: 14.6
26 nm Au NPs: 16.2

Liu, et al. Chem. Eur. J.
12, (2006), 2131.

Glucose-stabilized
8 nm Au NPs

2.0

Lu, et al. J. Hazard.
Mater. 197, (2011), 320.

Au NPs on graphene
oxide nanosheets

6 nm Au NPs: 1.7
15 nm Au NPs: 4.1

Zeng, et al. Nano Lett.
10, (2010), 30.

Au NP suspensions from
Ted Pella

5 nm Au NPs: 63.2
50 nm Au NPs: 52.4

Lee, et al. Adv. Mater.
20, (2008), 1523.

Au NPs in Au@SiO2
yolk/shell structures

104 nm Au NPs: 103.8
67 nm Au NPs: 248.4
43 m Au NPs: 426.6

a
b

All calculations are based on the magic cluster model.
PMMA = poly (methyl methacrylate); PAMAM = Poly(amido amine)
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Table C5. Reported Pd and Pd-Au NP activity for 4-nitrophenol reduction.
Reference

Sample

Turnover Frequencya
(mol 4-NL/mol surface
atom/min)

This work

4 nm Pd NPs

16.7

This work

3 nm Au NPs with
150% Pd surface
coverage

222.4

Arora, et al.; Reac. Kinet.
Mech. Catal. 99, (2010), 157.

6.0 nm Pd NPs
on Al2O3

0.87

Bhandari, et al.; ACS Catal. 1,
(2011), 89.

2.6 nm Pd NPs
in peptide

4.9

Mei, et al. Chem. Mater. 19,
(2007), 1062.

2.4 nm Pd NPs in
polyelectrolyte brushes

2.4 nm Pd NPs: 0.50

Xue, et al. J. Colloid Interface
Sci. 379, (2012), 89.

2-4 nm Pd NPs in
nanocapsulesb

44.6

Yuan, et al. Polymer 53,
(2012), 43.

2.5 nm Pd NPs on
polymer brushes

273.5

Behrens, et al. Adv. Mater. 21,
(2009), 3515.

2.85 nm Pd NPs in
protein complexes

11.8

Esumi, et al. Langmuir 20,
(2004), 237.

1.6 nm Pd NPs in Gen.4
PAMAM dendrimersc

1.7

Morère, et al. J. Supercrit.
Fluids 56, (2011), 213.

6.0 nm Pd NPs in
mesoporous silica

4.4

Lu, et al. J. Mater. Chem. 22,
(2012), 12723.

2.0 nm Pd NPs on
polypyrrole-TiO2
nanofibers

4.4

Li, et al. Green Chem. 14,
(2012), 586.

Pd NPs on
carbon nanotubes

2.7 nm Pd NPs: 14.1
51 nm Pd NPs: 192.78

Tang, et al. J. Colloid
Interface Sci. 375 (2012), 125.

4 nm Pd-Au NPs on
carbon nanocomposites

0.174

Zhao, et al. J. Colloid
Interface Sci. 331 (2009), 104.

6 nm Pd-Au NP on
polymer nanocomposites

7.9

a

All calculations are based on the magic cluster model.
Nanoparticles were modeled as 3 nm Pd NPs.
c
PAMAM = Poly(amido amine)

b
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Table C6. 3 nm Pd-on-Au NPs with 200% Pd SC EXAFS fit parameters-Au Edge.
Scattering
CNb
R, Åc
DWFd
Treatment
E0, eVe
Path
(±10%)
(±0.02 Å) (×103 Å2)
H2, RTa
Au-Au
9.1
2.85
0
-0.1
Au-Pd
2.1
2.78
0
4.0
H2, 200°C
Au-Au
8.9
2.84
0
0.3
Au-Pd
2.4
2.78
0
3.1
a
1
No change in structure occurs under these conditions.
b
CN:coordination number
c
R: bond distance
d
DWF: Debye-waller factor
e
E0: threshold absorption edge energy

Table C7. 3 nm Pd-on-Au NPs with 200% Pd SC EXAFS fit parameters-Pd Edge.
Scattering
CNa
R, Åb
DWFc
Treatment
E0, eVd
Path
(±10%)
(±0.02 Å) (×103 Å2)
H2, RT
Pd-Pd
3.6
2.72
-1.0
-6.2
Pd-Au
7.8
2.78
-1.0
-3.7
H2, 200°C
Pd-Pd
4.0
2.72
-1.0
-4.1
Pd-Au
7.6
2.78
-1.0
-3.5
a
CN:coordination number
b
R: bond distance
c
DWF: Debye-waller factor
d
E0: threshold absorption edge energy
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C2 Figures.
0.20

kmeas (1/min)

0.16
y = 289258x
R² = 0.9946
0.12

0.08

0.04

0.00
0.0E+0

2.0E-7
4.0E-7
6.0E-7
CPd surface atoms (mol/L)

8.0E-7

Figure C1. Observed pseudo-first order rate constant (kmeas) of pure 4 nm Pd NPs as a
function of the concentration of Pd surface atoms (mol/L). The circle denotes the surface
concentration in the cuvette when 446 µL of as-prepared sol is used to prepare the diluted
sol. Error bars represent the standard deviation of at least three replicate experiments.
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Figure C2. Observed pseudo-first order rate constant (kmeas) of pure 3 nm Au NPs as a
function of the concentration of Au surface atoms (mol/L). The circle denotes the surface
concentration in the cuvette when 206 µL of as-prepared sol is used to prepare the diluted
sol. Error bars represent the standard deviation of at least three replicate experiments.
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Figure C3. Observed pseudo-first order rate constant (kmeas) of 3 nm Pd-on-Au NPs with
50% Pd SC as a function of the concentration of Pd and Au surface atoms (mol/L). The
circle denotes the surface concentration in the cuvette when 51 µL of as-prepared sol is
used to prepare the diluted sol. This was the as-prepared sol volume used for all 3 nm Pdon-Au NP experiments. Error bars represent the standard deviation of at least three
replicate experiments.
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Figure C4. (A) Observed pseudo-first order rate constant (kmeas) of 3 nm Pd-on-Au NPs
with 100 % Pd SC as a function of the concentration of Pd and Au surface atoms (mol/L).
(B) Panel a replotted showing linearity between total surface atom concentrations of
1.4×10-8 M and 5.4×10-8M. The circle denotes the surface concentration in the cuvette
when 51 µL of as-prepared sol is used to prepare the diluted sol. This was the as-prepared
sol volume used for all 3 nm Pd-on-Au NP experiments. Error bars represent the standard
deviation of at least three replicate experiments.
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Figure C5. TOF's of 3 nm Pd-on-Au NPs with Pd surface coverages from 0 to 200% Pd
SC. NPs with 0% Pd SC are pure 3 nm Au NPs. The TOF of pure 4 nm Pd NPs is
included for comparison. Error bars represent the standard deviation of at least three
replicate experiments.
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Figure C6. Arrhenius plot (lnkmeas as a function of 1/T) of Pd-on-Au NPs with Pd SC of
70%, 175%, and 200%. Error bars represent the standard deviation of at least three
replicate experiments.

C3 Equations.
BH4-(aq) + 8OH-(aq)  BO2-(aq) + 6H2O(l) + 8e-

(E° = 1.241V)

(C1)2

4PdO(s) + 8H+(aq) + 8e-  4Pd(s) + 4H2O(l)

(E° = 0.79 V)

(C2)2

BH4-(aq) + 4PdO(s)  4Pd(s) + BO2-(aq) + 2H2O(l) (E° = 0.45 V)

(C3)

Equations C4-C7 were used to calculate alloy particle coordination numbers.1,3
Au-Aualloy CN = total Au CN × mol% Au = 4.9

(C4)

Au-Pdalloy CN = total Au CN × mol% Pd = 6.3

(C5)

Pd-Pdalloy CN = total Pd CN × mol% Pd = 6.4

(C6)

Pd-Aualloy CN = total Pd CN × mol% Au = 5.0

(C7)
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Appendix D
Influence of Size on Catalysis of Pd-on-Au Nanoparticles for Nitroarene Reduction
D1 Introduction.
We have previously demonstrated through x-ray absorbance spectroscopy (XAS) that Pdon-Au nanoparticles (NPs) can be synthesized with controlled size and surface
composition.1 XAS analysis of 3, 7, and 10 nm Pd-on-Au NPs with Pd surface coverages
(Pd SCs) between 30 and 150% showed that Pd surface atom dispersion and oxidation
state change as a function of Pd surface coverage and Au particle size.1 As the Pd surface
coverage increases, one-dimensional (1-D), 2-D, and 3-D Pd ensembles progressively
form; however, at a given Pd SC, Pd ensembles on larger NPs are more disperse and
metallic.
In Chapter 3, we conclude that 3-D Pd ensembles on 3 nm Au NPs enhance the
catalytic activity of Au nanoparticles for 4-nitrophenol (4-NL) reduction. Here, we
further explore this conclusion by testing the activity of 7 nm Pd-on-Au NPs. Since the
Pd ensembles are more disperse and metallic on these NPs, we expect their catalytic
activity to be lower than similar 3 nm Pd-on-Au NPs. Comparing the activity of the pure
3 nm and pure 7 nm Au NPs also provides insight concerning the role of quantum size
effects on the catalytic activity of Au NPs.
D2 Experimental Section.
Details concerning the synthesis of the 7 nm Pd-on-Au NPs can be found in Chapter 2.
The same general experiment procedure used for the 3 nm Pd-on-Au NP 4-NL reduction
experiments reported in Chapter 3 are used here for the 7 nm NPs. For 7 nm Pd-on-Au
NP studies, 212 uL of as-prepared Pd-on-Au NP sols were diluted with 9.78 mL of H2O
to prepare a diluted NP sol (total Au concentration = 5.4×10-6 M; 1.0 ppm and total Pd

186
concentration = 6.4×10-7 M; 0.13 ppm – 2.6×10-6 M; 0.51 ppm). An aliquot (~100 µL) of
the diluted sol was injected into the reactor as previously reported for the 3 nm Pd-on-Aui
NPs. The final concentration of Pd-on-Au NPs in the reactor was 1.3×1013 NPs/mL. No
UV-Vis absorbance by the NPs was detected at this concentration. The final
concentration of total Au in the reactor was 1.7×10-7 M while the total concentration of
Pd ranged from 2.1×10-8 M to 8.4×10-8 M, depending on the Pd surface coverage.
As a control, a diluted 7 nm Au NPs sol (552 µL as prepared Au NP sol diluted
with 9.45 mL H2O) was prepared and 100 µL of the diluted sol was injected into the
quartz reactor (final Au concentration in reactor = 4.5×10-7 M; 0.89 ppm). No UV-Vis
absorbance by the NPs was detected at this concentration. The concentration of Pd and
Au surface atoms used for the reported 7 nm Au NP and Pd-on-Au NP turnover
frequencies (TOFs) are provided in Table D1.
Table D1. Concentration of Pd and Au surface atoms of 7 nm Pd-on-Au NPs.a
Concentration of Pd
Concentration of Au
Pd surface coverage (SC%)
surface atoms
surface atoms (×10-8M)b
(×10-8M)b
0c
9.3
2.0
50
1.8
2.8
70
1.2
3.7
90
0.36
4.15
100
4.2
110
4.4
150
4.6
175
4.8
200
a
All calculations are based on the magic cluster model.
b
Concentrations shown were used to calculate reported catalyst TOF values.
c
A larger volume of the as-prepared particle sol (~552 µL) was used for the pure Au NP
control.
As shown in Figures D1-D3, the measured pseudo-first order rate constant (kmeas)
for 4-nitrophenol reduction varied linearly with the concentration of Pd and Au surface
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atoms for pure 7 nm Au NPs and representative Pd-on-Au NPs. TOFs of 7 nm pure Au
NPs and Pd-on-Au NPs were therefore calculated as previously described Chapter 3.
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Figure D1. Observed pseudo-first order rate constant (kmeas) of pure 7 nm Au NPs as a
function of the concentration of Au surface atoms (mol/L). The circle denotes the surface
concentration in the cuvette when 552 µL of as-prepared sol is used to prepare the diluted
sol. Error bars represent the standard deviation of at least three replicate experiments.

188
0.050
0.045
0.040

kmeas (1/min)

0.035
0.030
0.025
y = 529286x
R² = 0.9964

0.020
0.015

0.010
0.005
0.000
0.0E+0

5.0E-8

1.0E-7

1.5E-7

CPd surface atoms + CAu surface atoms (mol/L)

Figure D2. Observed pseudo-first order rate constant (kmeas) of 7 nm Pd-on-Au NPs with
50% Pd SC as a function of the concentration of Pd and Au surface atoms (mol/L). The
circle denotes the surface concentration in the cuvette when 212 µL of as-prepared sol is
used to prepare the diluted sol. This was the as-prepared sol volume used for all 7 nm Pdon-Au NP experiments. Error bars represent the standard deviation of at least three
replicate experiments.
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Figure D3. Observed pseudo-first order rate constant (kmeas) of 7 nm Pd-on-Au NPs with
100% Pd SC as a function of the concentration of Pd and Au surface atoms (mol/L). The
circle denotes the surface concentration in the cuvette when 212 µL of as-prepared sol is
used to prepare the diluted sol. This was the as-prepared sol volume used for all 7 nm Pdon-Au NP experiments. Error bars represent the standard deviation of at least three
replicate experiments.
D3 Results and Discussion.
To qualitatively test if 3-D Pd ensembles are important for 4-nitrophenol reduction, we
analyzed the catalytic activity of larger 7 nm Pd-on-Au NPs since more disperse Pd
ensembles with less oxidized Pd are formed on these NPs at Pd SC >70% (in comparison
to similar 3 nm Pd-on-Au NPs).1 The UV-Vis absorbance spectra for the 7 nm Au NPs
and Pd-on-Au NPs were similar to the spectra reported in Chapter 3 for 3 nm NPs. The
Damköhler number of the 7 nm NPs was calculated as shown in Eqn. 3.4 in Chapter 3.
The Damköhler number of all the 7 nm NPs was <1×10-17 which indicates that the
reaction is not diffusion-limited.
The catalytic activity of 7 nm Pd-on-Au NPs varied with Pd SC such that the TOF
of NPs with Pd SC ≥90% exceeded that of NPs with Pd SC≤70% (Figure D4). The
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activity of the 7 nm Pd-on-Au NPs does not exhibit the same volcano-shape dependence
on Pd surface coverage as the 3 nm Pd-on-Au NPs. This is ascribed to the difference in
the dispersion and oxidation of the Pd surface ensembles at a given Pd surface coverage
which occurs as a consequence of particle size. The similar activity exhibited by pure 3
nm and 7 nm Au NPs (TOF ~ 0.6s-1) indicates that quantum size effects do not
significantly affect catalysis of Au nanoparticles for 4-nitrophenol reduction.

Figure D4. TOF's of 3 nm and 7 nm Pd-on-Au NPs with Pd surface coverages from 0 to
200% Pd SC. NPs with 0% Pd SC are pure 3 nm and pure 7 nm Au NPs. The TOF of
pure 4 nm Pd NPs is included for comparison. Error bars represent the standard deviation
of at least three replicate experiments.
The catalytic activity of NPs with Pd SC≤70% did not vary significantly with Pd
SC and was similar to that of analogous 3 nm NPs. The TOF of 7 nm NPs with Pd
SC>70% (~ 1.8 s-1) exceeded that of pure Pd NPs and pure 3 nm and 7 nm Au NPs. At Pd
SC between 90 and 175%, the 7 nm Pd-on-Au NPs exhibited a much lower TOF than
analogous 3 nm Pd-on-Au NPs. The slightly higher activity of the 7 nm Pd-on-Au NPs at
Pd SC >90% than pure 7 nm Au NPs is likely due to the formation of 3-D Pd ensembles;
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however these ensembles are more disperse and have less oxidized Pd than analogous 3D ensembles on 3 nm Pd-on-Au NPs. Therefore, the activity of 7 nm Pd-on-Au NPs with
Pd SC~90-150% is lower than the activity of similar 3 nm Pd-on-Au NPs. The similar
activity of 7 nm and 3 nm Pd-on-Au NPs with 200% could indicate that surface Pd and
Au atom alloying begins to occur at this surface coverage on 7 nm Pd-on-Au NPs. Such
activity trends qualitatively support our hypothesis that the more aggregated 3-D Pd
ensembles formed on 3 nm Pd-on-Au NPs with Pd SC between 90 and 150% are
important for the catalytic reduction of 4-nitrophenol.
D4 Conclusions and Future Works.
The activity exhibited by 7 nm Pd-on-Au NPs agrees with our conclusion in Chapter 3
that the 3-D Pd ensembles on the surface of 3nm Pd-on-Au NPs with Pd SC~90-150%
enhance the catalytic activity of Au for 4-nitrophenol reduction. The pure 3 nm and pure
7 nm Au NPs exhibit similar activity, which strongly suggests that quantum size effects
do not significantly influence the catalytic activity of Au NPs for 4-nitrophenol reduction.
The similar activity exhibited by 7 nm and 3 nm Pd-on-Au NPs with Pd SC <70%
indicates that the presence of Pd monomers and two-dimensional Pd ensembles do not
significantly improve Au nanoparticle activity for nitrophenol reduction. The activity of 7
nm Pd-on-Au NPs with Pd SC~90-150% is lower than similar 3 nm Pd-on-Au NPs. This
agrees with our prediction that the 7 nm Pd-on-Au NPs will exhibit lower activity
because of the higher dispersion of Pd ensembles formed on the 7 nm NPs. It would be
interesting to analyze the activation energy of 7 nm Pd-on-Au NPs to see if these
nanoparticles exhibit compensation behavior analogous to the 3 nm Pd-on-Au NPs.
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Furthermore density functional theory calculations to compare the surface d-band center
of 3 nm and 7 nm Pd-on-Au NPs would provide further insight into the results obtained.
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Appendix E
Supporting Information for Chapter 4

100
90
80

Sample Weight (%)

70
60
50
40
30
20
10
0
27

102

177

252 327 402 477
Temperature (deg. C)

552

627

Figure E1. Thermogravimetric analysis of as-prepared alginate beads.
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A)

B)
Specific Activity of Enzyme or
TE-PGN Alginate Beads

Specific Activity of Enzyme
or TE-PGNs

Figure E2. (A) Specific activity (µmol min-1 mg-1) of glucokinase Ca-alginate beads
(enzyme + alginate) and the TE-PGN Ca-alginate beads (Au NR + enzyme + alginate)
with laser irradiation (laser, 15 W) vs. no laser irradiation (respective bulk temperature
controls). 5 beads were used per reaction run. (B) Specific activity (µmol min-1 mg-1) of
unencapsulated glucokinase only (enzyme) or the TE-PGNs (Au NR + enzyme) with
laser irradiation (laser, 15 W) vs. no laser irradiation (respective bulk temperature
controls). For both panels, standard deviations represent 3 replicates and bulk
temperatures were 42 °C for all enzyme experiments and 44 °C for all TE-PGN
experiments.
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Appendix F
Supporting Information for Chapter 5
F1 Method for Detecting CO2 After Seeded Growth Experiment.
Production of CO2 was confirmed by preparing Sample 10 in a sealed glass vial and
analyzing the vial head-space using an Agilent Technologies 6890 gas chromatograph
(GC) equipped with a thermal conductivity detector and a packed column (ResTek
PC 3533). Prior to CO introduction, the seed NPs and Au salt solution was purged with
argon for 15 min so that no CO2 was initially present. Injections (100 uL) from the vial
head-space before and after CO introduction showed that CO2 was formed following CO
introduction and in tandem with seed NP growth. The experiment was repeated three
times to ensure reproducibility.
F2 Small Angle X-ray Scattering Data Analysis.
Since the grown NPs appeared spherical in TEM images, the SAXS intensity, I(q),
depends upon the form factor, F(q,D), for spherical particles and the Γ-distribution
function, P(D,D0,σ) as seen in Equation F1.1 The fraction, D03/D3, is included so that the
distribution is represented in terms of a volume fraction. The form factor is the fourier
transform of a sample’s electron density fluctuations which vary with the particles’
form.1,2 As seen in Equation F2, the form factor depends upon Δp, the difference in
electron density between the particles and surrounding media, D, particle diameter, and q,
the scattering vector.
2

∞

I q =
0

F(q,D) x P D, D0 ,σ

F q,D =∆p

D30
dD
D3

4π
qD qD
qD
sin
cos
q3
2
2
2

(F1)

(F2)
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q is related to the scattering angle, θ, and the incident X-ray wavelength, λ, as shown in
Equation F3.

q=

4π
sinθ
λ

(F3)

The distribution of particle sizes is expressed as the gamma (Γ)-distribution function,
P(D, D0, σ), which as seen in Equation F4 depends upon the particle diameter, D, average
particle diameter, D0, and the normalized variance, σ.1
1
P D, D0 ,σ =
1
Γ 2
σ

1
2
σ D0

1 σ2

D-1+1

σ2

exp -

D

(F4)

D0 σ2

F3 Tables.

1
2
3

Table F1. Particle diameters (nm) for controls with no seed NPs.
UV-Visa
TEM
TEM
SAXS Meanb
SAXS Mode
b
Mean
Mode
21.5 (0.5%)
−
−
12.1 ± 7.4
7.5
25.5 (7.4%)
−
−
13.8 ± 9.0
7.9
24.0 (5.0%)
−
−
15.4 ± 9.8
9.2

4
5
6
7
8
9
10

22.4 (4.1%)
19.4 (5.0%)
18.0 (5.0%)
16.3 (4.0%)
15.7 (1.9%)
15.8 (2.4%)
16.1 (3.2%)

Sample

a

−
23.9 ± 6.1
−
−
−
−
19.4 ± 5.6

−
16.9
−
−
−
−
23.7

16.2 ± 9.4
15.7 ± 7.4
18.1 ± 10.2
19.0 ± 10.6
18.0 ± 8.7
20.7 ± 12.0
19.9 ± 9.6

10.8
12.2
12.7
13.2
13.8
13.9
15.3

Sizes calculated from absorbance spectra using Eqn. 5.2 in Chapter 5. RSDs (%)
represent experimental error between three separate syntheses.
b
Size distributions represent one standard deviation.
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1

Table F2. Particle diameters for controls with no CO bubbling.
UV-Visa,b
TEM
TEM
SAXS Meanc
SAXS Mode
c
Mean
Mode
2.6 (4.0%)
−
−
3.2 ± 1.2
2.8

2

3.0 (7.0%)

−

−

3.2 ± 1.2

2.8

3

2.9 (6.0%)

−

−

3.2 ± 1.2

2.8

4

2.9 (4.0%)

−

−

3.2 ± 1.2

2.8

5

2.9 (10.0%)

4.5 ± 1.6

3.9

3.2 ± 1.2

2.8

6

3.1 (9.0%)

−

−

3.2 ± 1.2

2.8

7

3.4 (14.0%)

−

−

3.2 ± 1.2

2.8

8

3.3 (15.0%)

−

−

3.2 ± 1.2

2.8

9

3.3 (17.0%)

−

−

3.2 ± 1.2

2.8

10

3.3 (12.0%)

4.0 ± 1.2

3.3

3.2 ± 1.2

2.8

Sample

a

Sizes calculated from absorbance spectra using Eqn. 5.2 in Chapter 5. RSDs (%)
represent experimental error between three separate syntheses.
b
Values outside the size range for Eqn 5.2 in Chapter 5.
c
Size distributions represent one standard deviation.
Table F3. pH of sample sols before and after CO bubbling.a
Sample
Initial pH
Final pH
Seed particles
6.3
6.3
1
6.9
5.8
2
7.0
5.9
3
7.1
6.1
4
7.2
6.2
5
7.2
6.5
6
7.2
6.4
7
7.3
6.4
8
7.3
6.5
9
7.4
6.5
10
7.4
6.7
a
RSD for all measurements is ±1.6%.

198
F4 Figures.
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Figure F1. UV-Vis spectra of the 0.38 mM HAuCl4 solution with no K2CO3 and the Au
salt solution ~24 h after preparation. The inset shows a visual comparison of (a) the 0.38
mM HAuCl4 solution with no K2CO3 and (b) the Au salt solution.
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Figure F2. UV-Vis spectra of controls with Au salt solution bubbled with CO. No seed
NPs are present.
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Figure F3. TEM images and size distributions of controls with Au salt solution bubbled
with CO. No seed NPs are present. Au3+ concentrations are (A) ~190 µM (Control 5) and
(B) ~370 µM (Control 10). These Au3+ concentrations were used in samples 5 and 10,
respectively. TEM size distributions were determined based on ~300 particles.
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Figure F4. SAXS spectra of controls with Au salt solution bubbled with CO. No seed
NPs were present. Only one spectra per control is shown.
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Figure F5. UV-Vis spectra of controls with Au salt solution and seed NPs. No CO was
introduced.
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Figure F6. TEM images and size distributions of controls with seed NPs and Au3+
concentrations of (A) ~190 µM (Control 5) and (B) ~370 µM (Control 10). These Au3+
concentrations were used in samples 5 and 10, respectively. No CO was introduced. TEM
size distributions were determined based on ~300 particles.
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Figure F7. SAXS spectra of controls with seed NPs and Au salt solution. No CO was
introduced. Only one spectra per control is shown.
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