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Due to the ever-increasing desire for catalysts that possess high activities and
selectivities for industrially relevant reactions, much effort is being spent on the
synthesis of mono and bimetallic nanoparticles with tunable characteristics such as
size, shape and bimetallic composition. Understanding how these characteristics
influence catalytic performance is the key to rationally designing catalysts for a
specific reaction. While significant breakthroughs have been made, particularly in the
area of monometallic nanoparticles with regard to shape and size, relating the
bimetallic structure, i.e., core@shell or alloy to a specific reactivity remains a
difficult task.

Work presented in this thesis describes the synthesis, characterization and
catalytic properties of mono and bimetallic nanoparticles. Our efforts were motivated

by the desire to understand the relationships that exist between metallic nanoparticle



structure and their function as catalysts. This work also seeks to better understand the
dynamic changes a nanoparticle’s structure undergoes during typical catalytic
operating conditions. Our approach is to use a wide array of analytical tools including
optical methods, electron microscopy, XRD and mass spectrometry to provide an
interlocking description of nanoparticle structure, function and durability.

We show how the polymer coatings and degraded carbonaceous deposits
affect propene hydrogenation catalytic activity of Pt nanoparticles. We also present a
unique view of the interplay between thermodynamic and kinetic variables that
control bimetallic nanoparticle alloy structures by looking at ordered and disordered
PdCu alloy nanoparticles as a function of particle size.

In another study we show that Ru@Pt and PtRu alloy nanoparticle catalysts
have similar surface structures under oxidizing conditions but completely different
surface structures under reducing conditions as probed by vibrational spectroscopy.
These differences and similarities in surface composition correlate very well to their
catalytic activity for CO oxidation under oxidizing and reducing environments,
respectively.

Finally, we present the synthesis and characterization of Cu@Pt nanoparticles
with a particular focus on the core@shell formation mechanism. We also show how
dramatic changes in the surface electronic structure of Cu versus Cu@Pt
nanoparticles can affect their ability to transform light into heat by using Raman

spectroscopy to observe graphite formation on the surface of these nanoparticles.
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Chapter 1: Background and Introduction

1.1 Unigueness of the Nano Size Regime

The physical and chemical properties of nanoparticles are not easily predicted
because nanoparticles are neither molecules nor bulk materials. This unusual nature
of nanoparticles is often described as the quantum size effect that leads to unique
bonding and electronic structures.'” The simplest example of how the electronic
structures of nanoparticles are quite distinct from those associated with macroscopic
and molecular systems are quantum dots. While the electrons of atoms have discrete
atomic orbitals and the electronic nature of bulk solid-state materials (>10°° atoms) is
defined by the continuous band structure, quantum dots can fluoresce like molecules
but the fluorescence wavelength is determined by their physical size. As the size of
the particle decreases, the continuous band structure of the material begins to break
up and become more discrete because of quantum confinement effects.* The
electronic structure of a nanoparticle then lies somewhere between that of bands and
discrete atomic orbitals.

Another example of the quantum size effect is the visible surface plasmon
resonance (SPR) of Cu, Ag and Au nanoparticles.” ® As the diameter of the particle
becomes very small compared to the wavelength of visible light, the surface electrons
of the nanoparticle move collectively under the effect of an applied electromagnetic
(EM) field. These collective oscillations create surface plasmons in contrast to free
plasmons observed in the bulk metals and become resonant with EM radiation in the

visible region for these metals. The absorbance of the visible light due to plasmon



absorbance is the reason that suspensions of nanoparticles of these metals are colored.
These two examples — quantum dots and noble metal nanoparticles — show that by
confining a material to the nanoscale, unpredictable and unique properties can be
observed. These unique physical and chemical properties of nanoparticles can also

make them candidates to be highly active catalyst materials.
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Figure 1.1 A plot of surface area / volume as a function of particle radius. The plot

assumes perfectly spherical particles and covers a range of diameters from
1.0-6.0 nm.

Since all heterogeneous catalysis occurs at a surface, the most obvious
advantage to using nano-sized particles is that they have large surface to volume
ratios. Figure 1 shows a plot of surface area / volume as a function of particle radius.
The surface area to volume 1/r dependence shows clearly that as the particle size
decreases, the amount of active surface material increases. By increasing the amount
of surface area for a given volume of atoms, the use of expensive platinum group

metals (PGMs) for catalysis can be seen as “atomically economical.”



Other nano-size effects that are relevant to catalysis are surface strain and
highly uncoordinated surface atoms. Because of their small size and correspondingly
large amount of faceting at the surface, nanoparticles have highly uncoordinated
surface atoms with highly strained bonding in the surface region. In turn, differences
in surface bonding can change the d-band electronic structure of the nanoparticle’s
surface.” This phenomenon has been studied extensively by Norskov and Hammer
who used DFT calculations to predict shifts in d-band levels based on the surface
strain of a variety of transition metal overlayer structures, where strain is defined as
lattice expansion or contraction due to the mismatch in atomic packing between
different metals.® ° They proposed that shifts in d-band structure can be correlated to
adsorption energies of atoms or molecules at metallic surfaces. By understanding how
the strain or stress of the nanoparticle surface relates to shifts in the d-band structure
of the nanoparticle, rational design of catalysts with appropriate binding energies of
key intermediates can be achieved.

Au nanoparticles used as heterogeneous catalysts are a classic example of how
highly uncoordinated edge or terrace surface atoms can affect catalytic activity. Bulk
Au is inert but if the diameter of Au particles fall below 10 nm, the nanoparticles
become active CO oxidation and propylene epoxidation catalysts. The turnover
frequency (TOF) for CO oxidation increases by an additional order of magnitude as
the size of the Au nanoparticle decreases from 10 nm to 3 nm. The enhanced activity
is believed to be due to the increase in highly active edge, corner and step sites as the

. : 10,11
particle size decreases.



Finally, due to the inherent non-equilibrium nature of nanoparticles, phases or
architectures of nanoparticles that are normally forbidden by thermodynamics can be
realized. The AuPt alloy bimetallic nanoparticle is a case in point. The
thermodynamic phase diagram of the Au-Pt system shows that below 900 °C, alloys
of any AuPt composition are not allowed. However, by controlling the rate of
nanoparticle nucleation and growth during the solution-based synthesis, AuPt alloy
nanoparticles can be synthesized at temperatures below 300 °C.'* Though the alloy
phase of AuPt nanoparticles is metastable and reverts to a segregated heteroaggregate
structure upon heating at high temperatures, this example illustrates how kinetic
pathways open for new material formation when a system is confined to the
nanoscale.

As the examples above have shown, nanoparticles provide a unique
opportunity to control the physical and chemical properties of metals outside of the
realm of molecules and bulk materials. Advances in nanoparticle synthesis with
respect to the control of size and shape continue to provide new materials with unique
catalytic properties. Furthermore, by combining two metals to create bimetallic
nanoparticles, a vast set of possible nanostructures becomes possible. In particular,
the ability to control the architecture of a nanoparticle, i.e., alloy, core@shell and
heteroaggregate, can lead to the creation of materials with high selectivity and
activity for a wide variety of important heterogeneous transformations. The next
section will give a brief overview of the history of catalysis on surfaces and

nanoparticles.



1.2 Bimetallic Clusters and Nanoparticles in Catalysis: A Brief History

Much of the early work on nano-scale bimetallic systems came from the study
of transition-metal carbonyl clusters in the 1960s. These clusters with total metal
atoms numbering from 10 to 100 are often seen as the precursors to bimetallic
nanoparticles that typically have 1000s to 10000s of atoms. These early clusters were
initially investigated as homogeneous catalysts, but they were soon supported on
surfaces or micropores to be used as heterogeneous catalysts after high temperature
calcination to remove CO ligands. Sinfelt and coworkers at Exxon in the late 1960s
and early 1970s pioneered many of the characterization studies of highly dispersed
supported metal clusters of Pt-Ir, Pt-Re and Ru-Cu used for reforming reactions using
extended x-ray adsorption fine structure (EXAFS) and Mossbauer effect
spectroscopy.B’ 14

Further studies on a wide range of molecular precursor derived, bimetallic
clusters continued throughout the 1980s and into the 1990s with an emphasis on
structural characterization by EXAFS."”"7 This period of work also began studying
the catalytic behavior of platinum group metal (PGM) bimetallic nanoparticles from a
synergistic viewpoint whereby the combination of the two metals together enhanced
the catalytic activity or selectivity relative to the monometallic components by
themselves.'?* Also during this time the early foundations of catalytic surface

272 and others. Their

science were being laid by Ertl*'* Somorjai***®, Goodman
work focused primarily on studying catalytic metal surfaces via high-pressure sum

frequency generation (SFG), high-pressure scanning tunneling microscopy (STM),

XPS, AES and LEED. Much of what is known about the adsorption properties of



gas-phase molecules, atoms and intermediates on surfaces came from these early
studies. Furthermore, understanding how catalytic activity and selectivity are
correlated to differences in surface atom geometry as well as the reactivity of edge
versus planar surface sites is emerging from this work. Data showed that not only was
the mobility of reactant molecules and atoms on surfaces important but also the
diffusion of metallic surface atoms themselves played a role in determining the
activity and/or selectivity of a given catalyst. Surface science research then moved on
to more complex bimetallic alloyed and overlayer surfaces with the goal of
understanding how two metals worked synergistically to give higher catalytic activity
or selectivity than the monometallic components on their own. The development of
synthetic methods for making bimetallic nanoparticles of analogous architectures
(alloy and core@shell) was then in its infancy while the understanding of catalytic
activity at bimetallic surfaces was well underway. In the past decade, we would see
these two areas begin to converge leading to a greater understanding of complex and
industrially relevant catalysts having nanometer dimensions.

Since the mid-1990s the groups of Toshima® ***'| Bradley’*™, Crooks***,
El-Sayed””™*', Schaak* *, Cheon**, Somorjai*’" and others have developed and
characterized small colloidal alloy and core@shell bimetallic nanoparticles prepared
primarily from metal salt reduction methods. Along with breaking new ground in the
development of methodologies for synthesizing increasingly complex bimetallic
nanoparticles, these groups performed many of the initial catalytic studies aimed at
elucidating the relationships between well-characterized, bimetallic nanoparticle

structure and their function as catalysts. The synthesis and characterization of this last



group of bimetallic nanoparticles will be the primary focus of the next section of the
introduction. This chapter will conclude with a brief discussion of relevant surface
science studies and DFT calculations as they relate to these bimetallic nanoparticle

architectures.

1.3 Bimetallic Nanoparticles: Synthesis and Structures

The most common method for producing bimetallic nanoparticles of
controllable size, shape and architecture is the solution phase nucleation
method.>>" In the most basic scheme, metal salt precursors (e.g., metal nitrates,
acetates, carbonyl complexes, chlorides, etc.) are dissolved in an appropriate solvent
(e.g., polyols, alcohols, ethers, decahydronaphtalene DHN, etc.) and a polymer (e.g.,
polyvinylpyrolidone, PVP), or surfactant/ligand (e.g., citrates, thioethers, long-chain
alkyl amines, trioctylphosphine oxide TOPO, etc) is added to act as a surface
stabilizer for the formed colloidal nanoparticle. The solution is typically heated in the
presence of a reducing agent (e.g., NaBHy, butyl lithium, H, gas, etc.) that reduces the
metal ions to their metallic state and initiates the formation of the nanoparticles. A
variation on the general solution method is the use of electrochemistry to reduce
monometallic or bimetallic precursors at a cathode in the presence of passivating
ligands or polymers. Bimetallic colloids such as Pd-Ni, Fe-Co and Fe-Ni have been
prepared by this method.>***

As one can imagine, based on the availability of controllable parameters such

as temperature of reaction, choice of precursors and passivating agents and their

concentrations, strength of reducing agent, order of reagent addition and time at a



given temperature, the opportunities to create unique bimetallic nanostructures using
the solution method are quite large. The next section will give a summary of these
bimetallic nanoparticle architectures along with a discussion on some of the kinetic

and thermodynamic variables responsible for their formation.

Figure 1.2 Several bimetallic nanoparticle architectures including (a) disordered alloy
(b) ordered alloy (c) core@shell and (d) heteroaggregate. Schematic adapted from
reference [82].

As mentioned in the previous section, the ability to synthesize desired
architectures of bimetallic nanoparticles opens up new avenues for creating unique
catalytic materials with high activity and selectivity for important catalytic
transformations. Figure 2 shows schematic representations of several possible
architectures of nanoparticles. Though not all of the possible nanoparticle
architectures are shown here, the architectures in Figure 2 represent the most
commonly studied structures.

The most widely studied bimetallic nanoparticle architecture is the alloy as
seen in Figs. 2a and 2b. There are several sub-categories of the alloy including the
cluster-in-cluster alloy, random alloy and ordered or intermetallic alloy. Toshima and
coworkers as well as Bradley and coworkers have performed extensive studies on the
Pd-Cu alloy system with the goal of elucidating the particular alloy structure by

EXAFS measurements.’” ** Due to the preference for heteroleptic bonding over



homoleptic bonding in the Pd-Cu pair as well as differences in surface energies of Pd
and Cu, the PdCu bimetallic nanoparticle forms a disordered or solid solution alloy
structure. Conversely, AuPd bimetallic nanoparticles prepared by co-reduction of Au
and Pd salts adopt an inhomogeneous cluster-in-cluster nanoparticle due to the
preference of homoleptic bond formation.® Schaak and coworkers have performed
numerous studies on atomically ordered (Fig. 2b) bimetal intermetallic nanomaterials
such as PdZn, AuZn, CuZn, AuCu and others.* 3 7 In their work, preformed
monometallic nanoparticle powders or films of colloids are mixed and then oven
annealed at relatively low temperatures. Due to short diffusion distances afforded by
using nanoparticle precursors, many ordered intermetallic nanoparticles have been
generated by this method. As mentioned earlier in this chapter, the AuPt bimetallic
nanoparticle represents a system where thermodynamically unfavorable products can
be kinetically trapped via metal salt reduction solution methods.

The core@shell nanoparticle architecture seen in Fig. 2c can be considered a
special type of alloy structure where the degree of alloying at the interface of M; and
M, can be fairly sharp or diffuse in nature. Examples of these structures from the
literature include Pd@Pt™® *, Pt@Pd®, Cu@Pt’, Co@Pt*, Ru@Pt®> ® and
Au@Pd™. One of the most straight-forward approaches to creating core@shell
nanoparticles is the sequential deposition method. Initially, monometallic
nanoparticles are synthesized to form the core. The metal salt precursor of the shell
material is then added to the colloidal suspension of core nanoparticles and is further
heated. The deposition of the shell material onto the core nanoparticle can occur

through several mechanisms. In the case of Co@Pt, Pt atoms are reduced at the



surface of the Co nanoparticle at the expense of Co surface atom oxidation. This
core(@shell nanoparticle formation mechanism is commonly referred to as
transmetalation.** In cases where the core metal nanoparticle is not as readily
oxidized as in the case of the Pd@Pt system, surface adsorbates are used to deposit
the shell metal. Toshima and coworkers bubbled H, gas into a colloidal suspension of
preformed Pd nanoparticles to saturate the Pd nanoparticle surface with hydride. The
surface hydride then served as the redox couple needed to reduce Pt at the surface to
create the desired Pd@Pt nanoparticle.”®

Finally, the heteroaggregate structure seen in Fig. 2d is an example of a
bimetallic nanoparticle with minimal heteroleptic bonding. An example of this
structure is the Au-Pt system described earlier. In the Au-Pt system, dendritic arms of
Pt grow on preferred crystallographic planes of Au core nanoparticles.'> The minimal
alloying of the metals is consistent with the Au-Pt phase diagram that shows no alloy

phase of the two metals at temperatures below 900 °C.

1.4 Bimetallic Nanoparticles: Characterization

Nanoparticles are intrinsically non-equilibrium structures due to their
inherently high surface energies and also because the method of preparation can often
involve kinetically trapping thermodynamically metastable phases of the
nanoparticle. Thorough characterization provides important chemical and structural
information needed to correlate the non-equilibrium structure to its catalytic activity.
This section provides an overview of the most commonly used characterization tools
and the information about the nanoparticle structure can be obtained from those

techniques.
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Transmission electron microscopy (TEM) is the most commonly used tool for
obtaining morphological information about a nanoparticle. Particle size analysis
software is often used to determine the statistical distribution of nanoparticle sizes by
sampling large numbers of particles within multiple TEM images. High resolution
TEM (HR-TEM) is often used to determine the lattice spacing of crystallographic
planes as a pseudo-analytical tool for determining the chemical composition of a
nanoparticle. Beyond the simple imaging of nanoparticles, TEM can also be used to
elucidate the crystal structure of a nanomaterial. Crystallographic planes can be
determined from elastically scattered electron beams using the bright field mode in
the TEM. The observed Moire patterns can give information about the crystallinity
and phase of the nanoparticle.

(a)

Ly
Num

i . I IH
e 1 || |

Figure 1.3 (a) TEM image of Ru@Pt nanoparticles with EDS line scan overlay. (b)
EDS line scans separated elementally for clarity along with an idealized Ru@Pt
nanoparticle model.

Scanning transmission electron microscopy — energy dispersive spectroscopy
(STEM-EDS) is an analytical and structural characterization tool often used to
determine the elemental composition and spatial identity of atoms within
multimetallic nanoparticles. Based on the energy of the X-rays emitted from

nanoparticles bombarded by an electron probe, the technique can give the elemental
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identification of a nanoparticle with ~1 nm spatial resolution. STEM-EDS has proven
to be a powerful technique for identifying complex bimetallic nanoparticle systems
that are otherwise difficult to characterize. Figure 1.3 shows an example of an EDS
line scan performed in STEM mode for Ru@Pt nanoparticles. The bimodal
distribution of Pt at the edges and the Gaussian-like distribution of Ru at the core of
the single nanoparticle show clearly that the nanoparticle has core@shell architecture.
Powder X-ray Diffraction (XRD) is a widely used characterization tool in
nanoscience. Both the chemical identity and -crystallographic structure of a
nanoparticle can be determined from XRD.* X-rays diffracted from a material with
any regularity in crystal structure will obey Bragg’s law of diffraction (1):
nA =2dsin@ (1)
where n is an integer of the order (typically 1), A is the wavelength of the impinging
x-rays, d is the lattice spacing of the material and 0 is the angle between the incident

ray and the scattering planes. Based on the unique lattice spacing of a given metal, the

(a) (b)

60 &5
2 theta (degrees)

Figure 1.4 XRD pattern of (a) 10 nm and (b) 3 nm diameter PdCu (50:50) alloy
nanoparticles. Vertical lines represent ideal FCC diffraction of the (50:50) PdCu
alloy.

elemental identity of a nanoparticle can often be determined based on the position of

the diffraction peaks. Furthermore, the lattice spacing of a bimetallic alloy phase

12



varies linearly with the ratio of M; to My. This linear relationship allows for the
compositional determination of alloy phases based on diffraction peak position.

Figure 1.4 shows typical XRD patterns of alloyed nanoparticles. Information
about the crystallite size of a nanomaterial can be, in some cases, quantitatively
determined by the Scherrer equation (2):

KA
T=
PcosO

)

where T is the crystallite size, K is the shape factor (typically 0.95), f is the full width
at half maximum (FWHM) of the diffraction peak in radians and A and 6 are the same
as equation (1). Figure 1.4 is an illustrative example of the inverse relationship
between the FWHM (f) and the crystallite size of a nanoparticle (t) of equation 2.
The single, broad 111 diffraction seen in Figure 1.4b is an example of the often
poorly crystalline nature of very small nanoparticles. This phenomenon of only
observing one diffraction peak has been studied theoretically by Petkov.® Because
face-centered cubic (FCC) metals predominantly adopt the low energy 111 plane at
their surface and since a 3 nm particle has more than 60% of the atoms within the first
layer of the surface, then the diffraction of that plane will be dominant over others.
Finally, XRD can be used to distinguish between random (solid solution) alloys and
ordered (intermetallic) alloy nanoparticles as the two types of alloy often have
different crystallographic packing structures, i.e., FCC versus body centered cubic
(BCC) which gives rise to different diffraction patterns.®®

One limitation of XRD as a characterization tool is that diffraction peaks

observed for mixtures of monometallic nanoparticles often are not easily

distinguished from those of core@shell nanoparticles due to the phase segregated
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nature of the latter. Another constraint is that very small nanoparticles (< 3 nm) often
do not diffract due to the lack of any long-range crystalline order.

Although they are not used as characterization tools in the work presented in
this thesis, XPS and EXAFS warrant mentioning as two other important x-ray based
analytical tools used to understand the chemical and structural properties of
nanoparticles. XPS uses x-ray absorption and the detection of ejected electrons as an
elemental analysis tool. Because the inelastically scattered electrons have a mean free
path in the range of 1-10 nm, only electrons from the topmost layer of a sample will
be detected. Wieckowski and coworkers have done extensive studies using XPS to
determine the chemical state of several bimetallic nanoparticles with various M;:M,
ratios. Using theory and catalyst testing of these bimetallic nanoparticles, they
correlate observed shifts in binding energies of metals from the XPS studies to trends
in electrochemical catalytic activity.” ¢’

Extended x-ray absorption fine structure (EXAFS) analysis measures the
interference pattern that arises from ejected photoelectrons that interact with nearby
atoms. The resultant interference pattern gives information about the coordination
environment of an atom within a nanoparticle. EXAFS is a particularly useful tool for
studying small bimetallic nanoparticles where the bonding environment of the atoms
is highly complex.®®

UV-Vis absorbance spectrometry is another tool used to characterize the
electronic structure of noble metal containing nanoparticles. As discussed in the first
section of this chapter, the SPR adsorption band of Au, Ag and Cu nanoparticles lie in

the visible region. Figure 1.5 shows UV-Vis spectra of Cu and PtCu alloy
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nanoparticles. The band at 565 nm in Figure 1.5a is due to the SPR absorption of Cu
nanoparticles. The absorption spectrum of Cu nanoparticles is in striking contrast to
PtCu alloy nanoparticles (Fig. 1.5b) that show only gradually rising absorbance
across the visible region. This result suggests that the SPR bands of noble metals such
as Cu are highly sensitive to the overall electronic structure of the nanoparticle.”” This

phenomenon will be explored further in Chapter 5 of this thesis.
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Figure 1.5 UV-Vis of (a) Cu and (b) PtCu alloy nanoparticles.

FTIR is often used in combination with CO as a probe molecule to elucidate
information about nanoparticle surfaces. Bradley and coworkers found that by
bubbling CO through colloidal suspensions of nanoparticles, they could probe the
surface structure of the nanoparticles based on the positions and relative intensities of
34

the CO stretching frequency commonly observed in the 2200-1900 cm™ region.

Figure 1.6 shows FTIR-CO spectra of Cu and Pd nanoparticles. Several observations
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Figure 1.6 FTIR-CO of (a) Pd and (b) Cu nanoparticles. The colloidal suspension
was bubbled with CO for 10 minutes before measurement and the native colloidal

suspension was used as the background. The band centered at 2135 cm™ is due to free
CO.

are worth noting in this example. Pd nanoparticles (Fig. 1.6a) show two absorption
peaks centered at 1958 (strong) and 2050 (weak) cm™ that are due to CO bridge and
linearly bound to Pd sites, respectively. Indirectly, the relative intensities for different
binding geometries can give information about the morphology of the surface since
terrace, edge and face sites bind CO differently. The absolute band position gives
information about the strength of CO binding and therefore can reveal the identity of
the metal based on the amount of electron donation into the CO molecule. Comparing
CO adsorption on Pd versus Cu seen in Figs. 1.6a and 1.6b, respectively, shows clear
differences between the two metals and thus offers a qualitative tool for determining
the chemical composition of a nanoparticle surface. CO binds to metal surfaces via
o-bonding while a metal binds to CO through m-back bonding. The n-back bonding
of the metal into the antibonding st* orbitals of the CO causes a decrease in the CO
bond order and subsequent red-shift in the CO stretching frequency due to weakening
of the CO triple bond.”” Furthermore, the band position can be used to identify
oxidized surface species because of their decreased level of d electron back-donation,

that causes a blue-shift relative to a metallic surface species.
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Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is
commonly used to study metal oxide supported nanoparticles under both in sifu and
ex situ conditions.”” 7 Overbury and coworkers used in situ DRIFTS in conjunction
with TPR studies to identify the surface oxidation state of Au nanoparticles under
catalytically relevant CO oxidation conditions. They found that Au/SiO, catalysts
initially calcined at 500 °C exhibit CO binding on Au nanoparticles consistent with
Au™ and only by co-feeding CO with O, was the Au™ species reduced to Au’.”
Many of the ex situ studies focus on using CO as a probe molecule to determine the
qualitative chemical composition of a nanoparticle surface after cycling under
catalytically relevant conditions.

Interpreting these IR-CO probe results is not without its challenges. Dipole
coupling, lateral effects, competitive binding of nanoparticle stabilizers, and electron
donation from one metal to another based on differences in electronegativity can all
contribute to unpredictable shifts in frequency and changes in intensity.”*
Nevertheless, the technique is a powerful characterization tool that can help
qualitatively and semi-quantitatively identify the surface chemical composition of a
nanoparticle under catalytically relevant conditions.

Raman spectroscopy is often used to study catalytic materials due to the
technique’s inherent adaptability to in sifu work. Several reasons for this asset include
the scattering cross section of gas phase species being negligible; visible lasers allow
for the fabrication of relatively inexpensive in situ cells, a reduction in black body
background at high temperatures; low frequency vibrations including, M-O and M-C

vibrational modes below 800 cm are easily observable.”” Recently, Bao and
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coworkers used Raman spectroscopy to study M-CO bonding that was used to
identify active surfaces of RhMn nanoparticles inside carbon nanotubes.”® Somorjai
and coworkers have studied extensively via Raman spectroscopy the interaction of

PVP with the surface of Rh and Pt nanoparticles.””

1.5 Putting it All Together: Surface Science, Theory and Nanoparticles

Goodman and coworkers used XPS to study 1 monolayer (ML) thick metal
overlayers on single crystal metal surfaces. They found that the core level binding
energies of the metal overlayer shifted with respect to its single crystal monometallic
counterpart. These shifts in binding energy correlated well to desorption temperatures
for CO on the overlayer.”” Later this group also reported on 1 ML thick Pd on a
variety of single crystal substrates and found similar trends for CO adsorption
energies.”’ They attributed this behavior to charge transfer interactions between the
metal overlayer and its substrate metal based on the level of filling of the d-bands.
This interpretation is significantly different from the mechanism proposed for bulk
alloy surfaces where electronegativities dictate the direction of charge transfer. These
overlayer structures can be viewed as close analogues to the core@shell architectures
presented earlier in the introduction and can provide helpful guidance to making
novel and highly active nanoparticle catalysts.

Hammer and Norskov used ab initio DFT calculations to correlate the
observed shifts in the core level binding energies to variations in the d-band center of

the metal overlayer structures.”” *

The level of d-band shifting with respect to the
Fermi energy could then be correlated to interaction energies of a variety of

molecular and atomic adsorbates.
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Most recently, Mavrikakis and coworkers have used DFT calculations to
study near surface alloy (NSA) bimetallic overlayer and sandwich structures.” ®'
Results suggest that the electronic structure of the surface of a NSA is highly
sensitive to the arrangement of the first few MLs of substrate. Some of these
sandwich and overlayer structures are starting to be created as nanoparticle catalysts.
Many of the trends in adsorption energies or reactivities observed by the surface
science experiments are consistent with predictions made via DFT.

The realization of “catalyst by design” will likely only come about by
combining the growing repertoire of complex and well-characterized bimetallic

nanoparticle catalysts with the knowledge gained from both DFT theory and surface

science analogue bimetallic structures.

1.6 Overview of the Thesis

The work in this thesis largely focuses on the synthesis, characterization and
catalytic studies of various mono and bimetallic nanoparticle architectures. Chapter 2
looks at how PVP and its degradation products can affect hydrogenation activity of
highly dispersed Pt nanoparticles. Chapter 3 is a systematic characterization of the
ordered and disordered PdCu alloy nanoparticle system. Chapter 4 correlates redox
dependent DRIFTS studies with the activity of PtRu alloy and Ru@Pt nanoparticle
catalysts for CO oxidation and PROX. Chapter 5 presents the synthesis and
characterization of the Cu@Pt nanoparticle system with an added emphasis on how
changes in the SPR of Cu and Cu@Pt nanoparticles affect degradation behavior of
PVP at the surface. Finally, Chapter 6 is a summary of the findings presented in this

work and also provides some thoughts on the direction for future work.
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Chapter 2: Nanoparticle Stabilizer Effects on Heterogeneous

Catalytic Transformations

2.1 Introduction

Metallic nanoparticles (NPs) have been used for heterogeneous chemical
transformations for more than 100 years due to their high surface area and their
anomalous activities." Interest in the preparation of new NPs for heterogeneous
catalysis remains intense due to one’s ability to control NP shape, size,
composition and architecture during synthesis. All of these factors can strongly
affect selectivity and activity in many reactions.””

Historically, the preparation of metallic NP catalysts primarily involved
impregnating a porous support (SiO;, Al,O3;, CeO, or graphite) with precious
metal salts and subsequently reducing the metal cation to its elemental state.® This
simple but effective method led to the empirical development of a plethora of
monometallic, bimetallic and multimetallic systems that account for a large
portion of the materials used by the catalysis industry today.” ’ These supported
NP systems are used for a large number of solution phase and gas phase
transformations that include hydrocarbon reforming,® small molecule oxidations,™

4,7, 10, 11 .
» 2 7 However, further advances in

? and a variety of organic transformations.
catalyst development that link theory and NP design will require more
sophisticated NP synthetic protocols; especially for bimetallic and multimetallic
systems.12

While the impregnation methods lead to less contamination of NP surfaces,

these methods afford only limited control over NP structure and dispersity. For
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example, the formation of complex architectures such as shape-controlled

- 13,14
particles,

rods, tubes, core-shell structures, and contact aggregates is difficult
to achieve by way of impregnation and usually requrires the use of prefabricated
nanostructures. Implementing control over NP synthetic procedures usually
involves the use of surfactants and / or stabilizers to control various aspects of
particle growth and nucleation processes. These large organic molecules and
polymers, such as oleylamine and polyvinylpyrrolidone (PVP), coat the resulting
NPs. In many cases, stabilizers are used in huge excess and can constitute up to
50 wt. % of the washed and dried NP product."

The presence of these stabilizers motivates the need to determine stabilizer
effects on NP activity and, if necessary, protocols for removing the stabilizer
coatings should the coatings prove detrimental to catalytic performance. In
principle, stabilizers bound to NPs can occupy active sites and have the potential
to impact negatively a NPs catalytic performance.'®” ''* An example of such an
effect was reported by El-Sayed and co-workers, who showed that a balance
between colloidal NP stability (strong NP-ligand interaction) and surface access
(weak NP-ligand interaction) must be achieved for the best long-term
performance.”® Similarly, Nikles and coworkers showed that oleylamine and oleic
acid used to stabilize Pt;Sn NPs rendered the NPs inactive for use as methanol
oxidation electrocatalysts. Only by performing a ligand exchange with a smaller
and less strongly bound stabilizer, tetramethylammonium hydroxide, was

electrocatalytic activity observed.”’ * However, Borchert” and Bratlie'® have

shown that heterogeneous reactions can proceed on Pt NPs without removing the
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stablizers. Surprisingly, stabilizers have also been shown to enhance the
selectivity of certain organic transformation reactions. For example, Bradley and
coworkers reported a selectivity enhancement for the hydrogenation of 2-hexyne
on PVP coated Pt NPs in a mixed-metal oxide support compared to PVP-free
catalysts.”*

Interpreting these results in a consistent and predictive way is not
straightforward. The stabilizers themselves can undergo chemical change that
may affect catalytic activity in unknown ways. Somorjai and co-workers have
shown how PVP degrades at elevated temperatures leaving behind amorphous
carbon deposits.”> Using resonance enhanced Raman spectroscopy, their studies
provided detailed insight into the mechanisms responsible for PVP degradation
and resulting graphite formation. Missing from these studies of PVP degradation
is an analysis about how (or if) the resulting graphitic products affect NP catalytic
activity. While conventional wisdom assumes that protecting agents need to be
removed prior to use in heterogeneous applications, the actual effects of PVP
stablilizers and their degredation products have not been described in a thorough
and systematic manner. The work presented in this paper describes how the
conditioning of PVP-protected Pt NPs impacts NP-catalyzed propylene
hydrogenation. Specifically, we show that PVP-derived, graphite-like deposits
formed during catalytic propene hydrogenation do not impede catalytic activity.
In contrast, graphite-like deposits formed from annealing PVP coated NPs under
non-oxidizing atmospheres (N, or Hy) without catalysis significantly diminishes

catalytic performance. The ramifications of these results in catalyst conditioning
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are discussed.

2.2 Experimental

2.2.1 Synthesis of Platinum Nanoparticles

Pt nanoparticles were prepared using a modified synthesis previously
reported by Bradley.*® In a representative synthesis, PVP (55000 MWT) (50 mg,
0.45 mmol) and 15 mL of ethylene glycol (EG) were added to a round bottom
flask, stirred under N, atmosphere and heated to 170 °C. In a separate flask,
Pt(acac), (78.7 mg, 0.20 mmol) was added to 5 mL of EG and stirred until the
metal salt precursor was dissolved. The metal salt solution was then rapidly
injected into the hot EG/PVP mixture. The solution instantly turned dark
brown/black, a distinctive signature of colloid formation. The colloid was stirred
and heated to 180 °C for 2 hours under N, quickly cooled to room temperature in
an ice bath and washed 3 times with acetone and 2 times with ethanol to remove
excess PVP and other byproducts. With each washing, the supernatant and the
precipitate were separated by centrifugation. This procedure led to Pt NPs of 7-8
nm in diameter (TEM analysis). XRD analysis showed only the broad Pt

diffraction peaks.

2.2.2 Preparation of Catalyst Materials
A 0.1% loaded catalyst (0.1% Pt by weight) was prepared by adding

999 mg y-Al,O3 to ~ 20 mL of EG and stirred until a slurry was formed. 513 uL of
the Pt colloid was then added drop-wise to the rapidly stirring alumina/EG slurry.

The solvent was removed by gentle heating under vacuum and the remaining solid
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was washed with acetone followed by centrifugation. The acetone washing

procedure was repeated 4 times.

2.2.3 TGA Analysis

A Thermal Advantage Q500 was used for TGA analysis. For NPs,
approximately 1 mg of the dried and the washed sample was loaded into a
platinum weighing boat. The samples were treated at 115 °C in N, before
experiments were run. In a typical experiment, the samples were allowed to

equilibrate at room temperature for 15 minutes under either N, or air.

2.2.4 Raman Experiments

A Renishaw In Via micro-Raman spectrometer was used to acquire
vibrational spectra. The spectrometer is equipped with a 633 nm HeNe laser as well
as a 488 nm Ar ion laser, and both operated with powers between 2.5 to 25 mW with
a minimum spot size of ~1 mm. Sample focusing was optimized with 50X confocal
lens objective adapted to a Leica microscope. NP samples were prepared by pressing
~5 mg of washed and dried nanoparticle powders onto aluminum foil substrates.

Typical collection times for Raman measurements were 2-10 minutes in open air.

2.2.5 CO Titration Experiments

Prior to carbon monoxide adsorption measurements, the catalysts were
reduced under flowing hydrogen at atmospheric pressure at either 50 °C or 200
°C, followed by evacuation at the same temperature. The carbon monoxide
adsorption uptakes were measured at 22 °C on a standard gas adsorption apparatus

. 27
described elsewhere.
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2.2.6 Catalysis Experiments

100 mg of the Al,Os-supported Pt NP catalyst was mixed with 140 mg of
quartz beads and loaded into a reacting flow tube with an inner diameter of 0.147
in run at a constant velocity of 0.0985 m/s (200 sccm). All gas flows were
controlled with calibrated mass flow controllers and the products were monitored
using a Thermo Prima 0B mass spectrometer. The propene hydrogenation
reaction was set to ramp at 3 °C/min up to 220 °C and then held until steady state
conversion values were reached. Before catalysis experiments were run, a mixture
of 27.1% H, and 72.9% N, was passed over the catalyst at 24 °C for 20 minutes.
In all experiments, a mixture of 3.2% propene, 27.1% hydrogen with N, balance
was used. All gases were purchased from Airgas and were of ultra high purity
grade. Percent conversion of propene was calculated by monitoring the main
carbon fragments of propane and propene (mass 42 and 44) over the course of the
experiment using the mass spectrometer. These values were compared to a
calibration curve made using a mixture of propane and propene at various
concentrations. The details of our catalysis setup are reported elsewhere.”® Steady
state conversion values are determined after approximately 2 hours of operation at

220 °C.

2.2.7 TEM Analysis

TEM images of nanoparticles and catalysts were acquired using a JEOL
2100 JEM electron microscope operating at 200 kV. The colloidal suspensions of
nanoparticles were sufficiently diluted with water and a drop of this solution was

placed on a copper/carbon mesh grid and allowed to air dry. Catalyst samples for
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TEM were prepared by similar dilution and deposition on the surface of a

copper/carbon mesh grid.

2.3 Results and Discussion

2.3.1 Platinum Nanoparticle Properties
Figure 2.1 shows TEM images of 7-8 nm Pt NPs used to prepare the 0.1%

Pt/Al,O3 catalyst. Acquiring TEM images of the 0.1% catalyst proved difficult

due to high dilution factor (images are included in supporting information 2.1).

Figure 2.1 TEM image of 8 nm Pt nanoparticles used to prepare the 0.1% Pt/Al,O;
catalyst.

The use of a 2:1 PVP (monomer unit):Pt ratio provided monodisperse NPs with
mostly hexagonal shapes that are associated with cubeoctahedreal particles.'*'
These results are consistent with those of other similar PVP/glycol syntheses.19
The slightly larger size regime reported here is due to a smaller PVP:Pt*" ratio.
TGA data from unsupported Pt NPs used to prepare subsequent 0.1%
loaded catalysts are presented in Figure 2.2. Significant mass losses beginning at
160 and 180 °C for air and N, atmospheres, respectively, are observed even after

the multiple washings described in the experimental section. This result implies

that the washed NPs remain coated with PVP, which thermally decomposes in the
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TGA experiment. The finding is consistent with prior results reported by Du and
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Figure 2.2 TGA in (a) N, atmosphere and (b) air atmosphere of unsupported Pt NPs
from the same synthetic batch. Samples were previously dried at 115 °C for 2 hours
before TGA experiments.

coworkers."” Pure PVP thermally degrades at 375 °C (data not shown). The
significantly lower temperatures associated with PVP mass loss on the NP
illustrate the role played by Pt NPs in activating C-C and C-H bonds. Over the
course of three hours at relatively low temperature (275 °C) in air, oxidation
removes the majority of PVP on Pt NPs. Raman spectra of the post-TGA NPs

show that all PVP and its degradation products were removed after conditioning at
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Figure 2.3 Room temperature Raman spectra (488 nm excitation) of Pt NPs acquired
before and after TGA. The peak at 520 cm-1 is due to surface Pt oxide. The D and G
bands typical of graphitic structure are indicated by vertical arrows.

275 °C in air (Figure 2.3). Interestingly, similar mass loss is observed for particles
heated under N, (Figure 2.2) but carbon clearly remains on the NPs given the clear

graphite signature appearing in the Raman spectra of the N, conditioned particles
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(Figure 2.3). In contrast, Raman spectra of as-prepared NPs recorded at low
power (not shown in Fig. 2.3) reveal intact PVP units without graphite deposits.
The Raman spectrum recorded at high power degrades the PVP such that both the
as-prepared and N, conditioned Pt NPs show bands in the 1300-1600 cm™' region
(Figure 3). These bands are commonly referred to as the D and G bands of
graphite.”” Somorjai and coworkers have shown that UV laser light couples
strongly with darkly colored NP samples and can thermally degrade PVP on the
surface of Pt NPs.”> ** Importantly, the D and G bands observed for the N,
annealed sample indicate that significant graphite-like deposits persist after the
325 °C inert atmosphere conditioning. Low power Raman spectra of the
unsupported, N, annealed particles show graphite to be present, even under
conditions that leave the PVP polymer intact on the as-prepared particles.
El-Sayed and coworkers demonstrated that chemisorbed polymer exists even after
high vacuum treatment at 310 C.*' No such D and G structure is seen for the air-
oxidized Pt NP sample indicating a surface that is free of carbonaceous deposits.
The band appearing at ~520 cm™ in all three spectra likely reflects the phonon

mode of surface Pt oxide.*

2.3.2 Catalysis

Having identified the conditions that lead both to clean (carbon free) NPs
and to NPs coated with PVP and graphite, our next goal was to determine what
effects — if any — these conditioning procedures had on NP catalytic activity. The
hydrogenation of propene was selected as the benchmark reaction due to the

reaction’s well characterized mechanisms, rate constants and thermodynamic
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properties.”

Furthermore, the intermediate size of propene was anticipated to
make this reaction more sensitive to the steric accessibility of active NP surface
sites.

Figure 2.4 shows a reaction profile vs. time for the propene hydrogenation
reaction using a single loaded catalyst sample. The sequence of experiments was
as follows: a 0.1% loaded catalyst was used without any conditioning and the

percent conversion of propene to propane was monitored. Following the approach
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Figure 2.4 A typical reaction profile of propene hydrogenation. A ramp rate of

3 °C/min was used to reach the equilibrium temperature of 220 °C. The dashed
vertical line indicates when 220 °C was reached.

to steady state, the sample was conditioned under N, at 325 °C for 3 hours, cooled
to room temperature under N, and the propene hydrogenation reaction was run
again. Finally, the catalyst was subjected to an air-oxidation step at 275 °C for
4 hours. This temperature corresponded to the minimum temperature needed for
complete removal of carbon. The N, and air oxidations were intended to mimic
the conditions used on unsupported NPs to generate the data shown in Figures 2.2

(TGA) and 2.3 (Raman).

Surprisingly, both the as-prepared and oxidized catalysts ultimately
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showed similar conversion efficiencies (Figure 2.4). For the as-prepared catalyst,
an initial light-off temperature of 85 °C is observed and approximately 2 hours is
required to reach steady state conversion of ~70%. Such a long stabilization time
suggests that the reactant gases along with the elevated temperatures are slowly
enhancing surface activity. The activity improvement could be due to particle
surface restructuring or improved gas phase transport to the particle surface.
Clearly graphite-like deposits are present, however, because when the catalyst is
cooled, conditioned under N, (at 325°C for 3 hrs.), and brought back to room
temperature, a new reaction profile shows that hydrogenation conversion
efficiency drops to < 10%. Such behavior is consistent with the idea that annealing
the particles under N, leads to a dense, impermeable graphitic layer that coalesces
around the NPs, effectively blocking most of the active surface sites. This picture
is supported by the Raman data that show graphite formation on the unsupported
particles annealed under N, (Figure 2.3). Note that catalysts annealed directly at
325 °C without running propene hydrogenation resulted in the same deactivation.
Subjecting the NPs to an oxidizing conditioning step at 275 °C in air for 4 hours
(the minimum temperature needed for complete removal of carbon based on TGA
data) led to a 65 °C light-off temperature and no lag time to ~75% steady-state
conversion.

This sequence of as-prepared, N, annealed, and oxidized experiments was
evaluated at least three times with fresh catalyst charges prepared from
independent syntheses. A plot of the steady-state conversion rates is presented in

Figure 2.5, and specific values for conversions in each separate run are shown in
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supporting information (Supp. Info. 2.2). The 0.1% Pt / Al,O3 catalyst was first
run without any prior conditioning apart from the washing procedures described in
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Figure 2.5 Scatter plot of steady state conversion values of individual runs for
propene hydrogenation at 220 °C under different conditioning atmospheres. See text
for details. Run number refers to Table S2.1.

The experimental section. Conversion efficiencies showed some spread for
catalysts using the as-prepared particles (62 + 10%), but data from the N
annealed (9 + 3%) and oxidized particles (63 = 2%) had very high precision. One
interesting initial observation from all of these experiments was that little or no
conversion occurred at the low temperatures normally reported for propene
hydrogenation catalysts.”> The relatively high flow rates employed in our flow
through reactor presumably dissipate the heat of reaction more readily compared
to similar reactions run in batch reactors.”®

Given the reproducibility of this cycle — highest conversion with both as-
prepared and fully cleaned catalysts and poor conversion with those same catalysts
treated with N, at higher temperatures — we sought to better understand the

relationship between graphite formation and catalytic activity. We again ran the

as-prepared catalyst and observed a steady state conversion efficiency of 55% and
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then turned off the propene. The catalyst was treated with a mixture of 27% H,
and 73% N, at 325 °C for 4 hours. Condition in the absence of both H, and
propene generates catalysts that have propene hydrogenation conversion
efficiencies below 10%. The reducing environment treatment diminished the
performance of the as-prepared catalyst from 55% to 33% conversion but did not
poison the surface as effectively as in the case of the N»-annealed catalyst. After
the reducing treatment, the catalyst was subjected to the same N, annealing as
discussed previously. The conversion dropped to 12% after this treatment.
Finally, the catalyst was oxidized in air at 275 °C for 2 hours. A steady state
conversion of 65% was achieved. This sequence is presented in Figure 2.5 as
Run 4.

To determine if the intermediate N, annealing step itself caused any
hindrance to further PVP oxidation, the N, annealing step was removed and an as-
prepared catalyst was oxidized directly. However, the observations are sequence
independent, as the overall conversion of propene remained the same after
oxidative conditioning. This result is denoted as run 5 in Figure 2.5.

A number of observations from these experiments stand out. First,
catalysts that have been conditioned under an inert atmosphere show conversion
efficiencies that are much smaller than those shown by carbon-free catalysts and
as-prepared catalysts. Second, the steady state conversion efficiencies of the
cleaned catalysts and as-prepared catalysts are comparable, despite the presence of
persistent carbon deposits on the unconditioned -catalysts. Third, the

unconditioned catalysts do not approach their steady state limit monotonically.
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Rather, efficiency rises asymptotically until the steady-state limit is reached.
Finally, the presence of H, appears to keep high temperature conditionings from
significantly deactivating the catalyst. Only inert environments (N3) lead to high
temperature deactivation of catalyst activity, even when the original catalyst prior
to annealing showed steady state conversions that were ~10-fold higher.

Using the CO chemisorption data and the average Pt NP size, one can
calculate the catalytically active surface area and total projected Pt surface area,

respectively (Table 2.1). In addition, one can estimate the % CO coverage of the

chemisorbed CO (umol steady state conversion  fractional CO coverage

iment talyst treatment TOF (s™)¢
experimen catalyst treatment CO/g catalyst) OF (7 (average %)* (mol CO/mol Pt sites)®
Iy air, 275 °C 1.7 106-128 69 0.21
2° air, 275 °C 1.7 106-128 69 0.21
3° N,, 325 °C 0.13 52 8 0.016
4° as synthesized 4.10 43 62 0.51

Table 2.1 CO chemisorption data for 1% Pt/Al,O; and TOF data for 0.1% Pt/Al,05. *
preconditioned at 200 °C for 2 hours in H,. ° preconditioned at 50 °C for 2 hours in
Ho. © calculated from average % conversion and sites determined from CO
chemisorption data normalized to 1.0% loading. ¢ average steady state conversion
values for 0.1% Pt/Al,O; catalyst. © calculated from CO chemisorption data
normalized to 1.0% loading and projected surface area of 1% Pt/Al,Os. Projected
surface area for 1% Pt/Al,O3 catalyst using 8 nm Pt NP model is 8.1 umol surface
Pt/g catalyst.

surface Pt sites by dividing the measured chemisorption surface area by the
projected surface area. This measurement provides an indication of the fraction of
surface Pt sites that are catalytically active. Finally, the activity per surface Pt
atom (the turnover frequency, TOF) has been calculated from the rate of product
formation and the number of catalytically active Pt sites determined from the
chemisorption experiments. These data are summarized in Table 2.1 along with
the average steady-state conversions described in the previous section. Since all

catalysts have the same size Pt NPs and therefore the same projected Pt surface
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areas, the differences in steady state conversion rates can be attributed to
variations in available Pt surface sites and/or the activity of the surface Pt sites.

Surprisingly, the as-prepared catalysts have an active Pt surface area of
0.41 umol Pt/g catalyst, which is more than twice that of the air-oxidized catalysts
(0.17 uwmol Pt/g catalyst). The high surface area persists despite the presence of
significant carbonaceous deposits identified by the Raman experiments.
Annealing the as-prepared catalysts under N, decreases the amount of surface
active Pt sites by more than 10 fold (0.013 umol Pt/g catalyst). Annealing the N,
annealed samples in air at 275 °C restores 50% of the original active surface area
and is equal to that of the directly air-annealed sample (0.17 umol Pt/g catalyst).

The TOF’s of the as-prepared and Nj-annealed catalysts are very similar
suggesting that the activity of the available surface Pt sites is the same. However,
the TOF’s for the air-annealed samples are consistently twice as high as the other
two catalysts (Table 2.1). There may be several possibilities for the increased
activity, such as enhanced metal-support interactions, superior gas diffusion rates
or surface restructuring (shape modification) of the Pt NPs. Although the TOF’s
of the as-prepared catalysts are ~50% less than the air-annealed samples, their
surface area are ~50% higher, which gives the two catalysts similar steady state
conversion efficiencies.

These results strongly suggest that the reactive atmosphere present during
propene hydrogenation of the as-prepared NPs generates loosely-associated
carbonaceous deposits that do not significantly inhibit catalytic performance. In

the absence of this reactive atmosphere, the existing carbon coalesces at high
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temperatures and effectively blocks access to catalytically active Pt surface sites.
The amount of residual carbon surrounding the N, annealed NPs is relatively
small given that unsupported particles show similar mass loss in the TGA
experiments (Figure 2.2), regardless of whether they were heated in inert (N,) or
oxidizing (air) environments. Finally, when all carbonaceous deposits are removed
by air-oxidation, relatively high conversion efficiencies and large accessible areas
are again observed. Collectively these observations show that the presence of
graphite-like carbon deposits is not necessarily detrimental to catalytic activity,
but rather, the catalyst performance will be affected by the location of any carbon
present and perhaps by the strength of the graphic carbon-metal interactions. A
recent study by Matsumura and coworkers lends support to this idea. In
experiments where the amount of carbon surrounding a Pt NP was carefully
controlled, these researchers showed that high density carbon shells lowered the
activity of decene hydrogenation compared similar Pt NPs coated with low density

carbon.**

2.4 Summary

We have shown that under steady state conditions, PVP degradation to
graphite-like carbon does not necessarily hinder heterogeneous transformations of
even "medium" sized molecules such as propene. However, densifying the
residual carbon through inert gas annealing will significantly dimminsh catalyst
performance. Oxidative removal of the residual graphite-like deposits restores the
activity back to that of the conditioned as-prepared catalysts. Both air-oxidized

and N, annealed catalysts show consistent, time-independent behavior whereas
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unconditioned catalysts require longer times to reach steady state performance.
High temperature, inert atmosphere conditioning is clearly deleterious to
catalytic performance as evidenced by the low conversion values and high light-
off temperatures. We propose that a thin, dense carbonaceous layer is forming
under these inert conditions and that this carbon blocks catalytically active sites.
This hypothesis is corroborated by Raman spectra that show D and G bands
associated with PVP degradation and CO chemisorption data that shows
significantly lower surface areas on inert atmosphere annealed NPs compared to

both as-prepared and air-oxidized NPs.

2.5 Supplemental Information

20 nm

Supplemental Information 2.1 TEM images of 0.1% Pt/AI203 catalyst before (left)
and after (right) catalysis and conditioning.

Sequence of Time (hours) /

conditioning conditioning Run 1 Run 2 Run 3 Run 4 Run 5 Average /
0, 0, 0, 0, 0,

events temperature (°C) (% Conv.) (% Conv.) (% Conv.) (% Conv.) (% Conv) S.D.

As-prepared N/A 70 70 68 46 55 61.8/9.7

Hz/Nz

(27%/73%) 4/325 N/A N/A N/A N/A 33 N/A

anneal

N, anneal 4/325 9 4 7 N/A 12 8/2.9

Air oxidation 2/275 63 75 76 64 65 68.6/6.3

Supplemental information 2.2 Sequential conditioning conversion efficiencies for
propene hydrogenation reaction over 0.1% Pt/AL,Os.
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Chapter 3: o = = o Phase Transitions of PdCu Alloy

Nanoparticles and Catalysts

3.1 Introduction

As scientists find more ways to control the size, shape and structure of
metallic nanoparticles (NPs), these materials are finding widespread use in a
multitude of catalytic', bioimaging®, and novel plasmonic applications.’ By tuning
metal salt reduction synthesis parameters, taking advantage of adsorbate induced
segregation®™®, surface site blocking”® and controlling NP shape via crystal growth

.. 910
kinetics™

, many advances have been made toward the ultimate goal of “rational
design” of nanomaterials having specific, tunable functionality. In particular, the
controlled design of many complex bimetallic nanoparticle architectures has led to
the development of highly active and selective catalysts as well as a more
fundamental understanding of what the important factors are in designing a
bimetallic NP catalyst for a given homo- or heterogeneous reaction.

The Pd-Cu alloy system has been studied extensively by the surface
science and NP catalysis communities because of its potential as an active catalyst
for a host of organic liquid-solid and gas-solid heterogeneous transformations.'’
Catalytic performance can be tuned in many of these systems by changing the
Pd:Cu ratio of the resultant alloy. Toshima and coworkers found that higher
activity and selectivity for the hydration of acrylonitrile could be obtained by
tuning the Pd:Cu ratio of 4 nm PdCu alloy NPs. They proposed that the increase in
Pd-Cu contacts on the surface may play a role in the enhanced catalytic

12
performance.
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The alloying behavior of the Pd-Cu system in small NPs (~5 nm) has been

studied independently by Bradley and Toshima via EXAFS.'>

Bradley and
coworkers prepared 5-6 nm PdgoCu;o alloys and by using FTIR-CO probe
techniques along with EXAFS found that Cu migrates into the core of the NP to
maximize Pd-Cu contacts and forms a gradient alloy with a Pd-rich shell. This Cu
core migration was observed even when the alloy NPs were prepared by
sequential deposition of Cu*" precursor onto preformed Pd NPs. Toshima and
coworkers prepared a series of PdCu alloy NPs ranging from 4/1 to 1/4 Pd/Cu
ratio and through EXAFS studies found similar results as Bradley for low Cu
concentration alloy NPs. At higher Cu concentrations, the exothermicity of Pd-Cu
bond formation (-13 kJ/mol)'* forced an enrichment of Cu at the surface to
maintain a maximum of Pd-Cu contacts. They proposed a “hetero-bond-philic
structure” that is in contrast to other bimetallic systems such as Pt/Pd and Au/Pd
that form core-shell or cluster-in-cluster bimetallic architectures.'’

Bradley and coworkers have extensively studied the PdCu alloy NP system

118 They have shown that the presence of

by way of FTIR-CO probe experiments.
solution-phase CO can induce a highly Pd-dominant surface in the alloy NPs
because of the relative strength of Pd-CO binding in comparison to Cu-CO
binding. They also showed that this CO induced segregation behavior was
reversible. After 1 hour of heating the colloidal PdCu alloy NPs that had been
subjected to saturation CO coverage, the original mixed Pd-Cu surface was

recovered. Most studies of PdCu alloy surfaces have shown a slight enrichment of

Cu at the surface. This enrichment may be due to a slightly lower surface energy
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of Cu (1.84 J/m?) compared to Pd (2.09 Jm?*)" or it may be due to the preference
of Pd-Cu contacts over Cu-Cu or Pd-Pd contacts in moderate to high Cu-rich
systems. Also, the reduction potentials of Cu (0.34 V) and Pd (0.915 V)*® would
suggest that initial nucleation and growth would consume the Pd"" precursor
before Cu"" precursor, creating a gradient alloy structure with a Pd rich core and a
Cu rich shell. These studies show that randomly alloyed (solid solution) structures
are dominant in small NPs due to the high enthalpy of formation of Pd-Cu bonds
compared to Cu-Cu and Pd-Pd bond formation (EXAFS) and the low barrier for
segregation or redistribution of atoms in the near-surface region (FTIR-CO).

The thermodynamic phase diagram of the Pd-Cu system shows an ordered
B-phase (bcc, CsCl structure) at temperatures where most metal salt reduction
syntheses of these PdCu alloy NPs occur (<300 °C).*' The transition from the
ordered PB-phase to the solid solution a-phase (fcc, random alloy) occurs near 500
°C for a 1:1 molar ratio of Pd:Cu. The phase diagram is in direct contrast to many
PdCu alloy NP studies including those mentioned above which show the PdCu
alloy in the random alloy phase. This discrepancy suggests a complex interplay of
surface effects, hetero-atom bonding preferences, reduction potentials and surface
energies that can produce metastable structures for nanomaterials and offers fresh
avenues to create materials with controllable architectures. Schaak and coworkers
have exploited this phenomena to create a series of metastable PtM (M = Sn, Bi,
Pb, Sb) intermetallic alloys that are normally only accessible under high
temperature solid-state reaction conditions.*> **

Here we present a systematic study of the phase transition behaviour of 3
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nm PdCu alloy NPs loaded onto high surface area SiO, supports (PdCu/SiO,) by
annealing the samples at various temperatures and over various times while
tracking the phase transitions via powder XRD. PdCu/SiO, catalysts with
relatively low NP loading exhibit a significantly slower transition from the kinetic
o phase to the thermodynamically stable B phase compared to unsupported PdCu
NPs. These results suggest that NP growth is required to transition from the
kinetically trapped a phase to the thermodynamically stable § phase. Because
more than 60% of the atoms are within one layer of the surface for small (3 nm)
NPs, we expect surface effects (ligands and surface energies) to determine the
overall structure of the NP. Conversely, as NPs grow, a larger fraction of the
atoms are in the core of the NP and bulk thermodynamic structures will dominate.
Recently Busca et al. prepared PdCu alloy NPs supported on Al,O; via
coimpregnation of metal oxides followed by 400 °C reduction in H,. Their XRD
analysis showed a mixture of a and [ phases of the PdCu alloy system but no

further analysis was performed.*

3.2 Experimental

3.2.1 Synthesis

3.2.1.1 PdCu Alloy Nanoparticles
PdCu alloy nanoparticles were prepared by using a slightly modified

synthesis reported by Bradley.'® Briefly, 29.4 mg of Cu(acetate),, 38.3 mg of
Pd(acetate), and 63.1 mg of polyvinylpyrrolidone (PVP) (55000 MWT) were
charged into a 100 mL 3-neck round bottom flask with a Teflon stirbar. The dry

reagents were placed under vacuum for 30 minutes at room temperature before
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injecting 20 mL of 2-ethoxyethanol. The mixture was stirred at room temperature
while switching between N, and vacuum atmospheres to remove oxygen. Once the
precursors were completely dissolved, the mixture was heated rapidly (~10
°C/min) under an N, atmosphere. The green/orange solution gradually became
darker and finally formed a black colloidal suspension at 75 °C. The colloid was
then heated to 125 °C for an additional 60 minutes. The reaction was quenched by

removing the heating mantle and placing the flask in an ice bath.

3.2.1.2 5iO; loaded PdCu Alloy Nanoparticles

Appropriate amounts of high surface area SiO, were added to 5 mL of the
PdCu colloidal suspension to create 6% total metal loaded catalysts. The slurries
were heated to 90 °C under N, atmosphere and stirred overnight. The solvent was
then removed from the catalyst by vacuum distillation at 90 °C. The catalysts were
washed several times with acetone and separated from the solution by
centrifugation at 2000 RPM. Finally, the samples were dried in a 60 °C oven for 1

hour before further analysis.

3.2.2 Characterization

3.2.2.1 Transmission Electron Microscopy

TEM samples were prepared by diluting ~200 pL of the colloidal suspension
in ~1 mL 1-propanol or deionized water. 5 uL. of this mixture was drop-cast and dried
on continuous carbon film-deposited copper or nickel grids. A small amount of the
PdCu alloy catalyst was suspended via sonication in deionized water before drop-
casting onto copper or nickel grids. A JEM 2100 LaB6 TEM operating at 200 kV was

used for both low and high-resolution imaging.
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3.2.2.2 Fourier Transform IR — CO Probe
For the IR-CO probe experiments, the PdCu alloy colloidal suspension was

bubbled with CO using a stainless steel needle submerged in the suspension at a flow
rate of 35 sccm for 10 minutes. A 100 pL aliquot of CO saturated colloidal
suspension was filled in a liquid IR cell and monitored in a Nexus 870 FT-IR
spectrometer. The liquid IR cell consisted of a 0.5 mm Teflon spacer sandwiched
between two rectangular CaF, windows. The colloidal suspension prior to CO
bubbling was used for the background spectra.

3.2.2.3 Powder X-ray Diffraction
A Bruker C2 Discover (Parallel Beam) General Area Diffraction Detection

(GADDS) system was used for powder diffraction detection. The monochromatic Cu
Ko radiation source that was biased at 40 mV and 40 mA was employed along with
Bruker ACS Hi-Star detector. The diffraction patterns were acquired between 33-90°
by integrating four frames with 14° 26 per frame while the sample was oscillated in
the XY plane to provide more homogeneous signal acquisition. Nanoparticle samples
were prepared by washing 3 mL aliquots of the native PdCu alloy suspension in
acetone and centrifuging at 6000 RPM for 10 minutes to separate the nanoparticles
from solution by decanting the clear supernate. The wash/centrifuge procedure was
repeated and finally the nanoparticle powders were dried in a 60 °C oven for ~1 hour
before XRD analysis. Unsupported nanoparticle powders and PdCu/SiO, catalysts

were pressed onto a glass slide for XRD analysis.
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3.2.2.4 Ex-situ Annealing

Nanoparticle powders or SiO, supported nanoparticles were loaded into Pyrex
tubing and attached to a vacuum manifold. The samples were cycled between N, and
vacuum atmospheres several times before a final 60-minute evacuation. The tubes
were flame-sealed and heated in a programmable tube furnace at a rate of 10 °C/min

until the desired temperature and then held isothermally for 3-72 hours.

3.3 Results and Discussion

3.3.1 TEM and FTIR-CO Probe Characterization

TEM images (Fig. 3.1) show that the PdCu alloy nanoparticles (NPs) are
monodisperse and spherical in shape with an average size of 2.9 nm. TEM images
of the Al,O3; supported PdCu alloy (PdCu/SiO,) are shown in Figure 3.2. No
particle growth or sintering of the NPs is observed in the as-prepared samples and

the NPs are well dispersed on the support.

Figure 3.1 Low-magnification TEM and histogram counting ~250 PdCu alloy
nanoparticles.
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Figure 3.2 Low-magnification TEM of 2.5% wt PdCu/Si0O,.

FTIR-CO probe experiments were performed on the colloidal PdCu NPs to
determine the surface binding geometries and oxidation states of the surface Pd
and Cu species. Figure 3.3 shows spectra in the region of 2200-1800 cm™. Three

(a)
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Figure 3.3 FTIR-CO probe of (a) PdCu (50:50) alloy nanoparticles and (b) Pd and
Cu monometallic nanoparticles.

main bands are observed for the PdCu alloy NPs (Fig. 3.3a). Bands centered at
1960, 2050 and 2095 cm™ are indicative of Pd-COrigge; Pd-COlinear and Cu-COyinear
modes, respectively. For comparison, monometallic Cu and Pd NP colloids were
prepared and analyzed via FTIR-CO probe experiments and are shown in Figure
3.3b. The band positions of the PdCu alloy NPs are close to those observed for the
monometallic Pd and Cu NPs indicating that the surface of the PdCu alloy NPs is
metallic and exhibits “normal” binding geometries. Bradley and coworkers have

performed extensive studies of PdCu alloy NP colloids using the FTIR-CO probe
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technique.'® Our findings are in general agreement with their reports. In one study
they reported on the relative intesities of the Pd-COpyigge and Pd-COiipear bands and
found that as the NP size decreased, the intensity of the Pd-COpigee band increased
at the expense of the Pd-COjinear band. This change in relative band intensities was
rationalized by a geometric argument that for a smaller NP, a larger proportion of
edge and terrace sites (which preferentially bind CO in a bridging fashion) are
present compared to face sites. This rationale is in agreement with the relative
band intensities of the Pd-COpsigge and Pd-COiinear Species observed in the FTIR
spectrum of our PdCu alloy NPs (Fig. 3.3a) and the small size and rounded shape
of the nanoparticles observed in our TEM results (Fig. 3.1).

By monitoring the XRD of the PdCu alloy NPs over time we found that the
B phase PdCu alloy NPs can be made by “annealing” solutions of PdCu alloy NP
colloids for several hours (see subsequent XRD analysis sections). Figure 3.4

shows FTIR-CO probe spectra acquired over the course of 10 hours. No change in

T T T T 1
2200 2150 2100 2050 2000 1950 1900 1850 1800
Wavenumbers (cm )

Figure 3.4 FTIR-CO probe experiments of PdCu alloy nanoparticles after (a) 10
minutes, (b) 1 hour, (¢) 4 hours and (d) 10 hours of reflux.

the surface structure is observed upon phase transition from the kinetic a phase to
the thermodynamic f§ phase. One might expect that the ordered  phase would

show a significantly different surface electronic structure due to the high ordering
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and lack of heterogenaity compared to the o phase. A likely explanation is that the
surface restructures to the most favorable configuration for saturation CO
coverage during the CO probe and measurment. This explanation is consistant
with Bradley and coworkers findings on similar PdCu alloy NPs." In order to
avoid altering the surface structure of the PdCu alloy NP through environmental
effects, we used XRD as a bulk phase analysis technique to distinguish changes in

the PdCu alloy NPs and catalysts.

3.3.2 XRD Analysis of PdCu alloy NPs

A general schematic of the PdCu alloy phase diagram is presented in

Figure 5. The dashed vertical line indicates the Pd:Cu molar ratio (50:50) used in

T [K] ¥ ¥ 1 ¥ ¥ ¥ 7 ¥ ¥
1825 K
1800} L =
/////
16004 _— -
- (Cu,Pd)
4o -
1356 K o
1200 -
1000% -
S00m o / B \ -
- [N | \
1] ’ e/ \ |
RS (Y Y WY i A
02 03 04 05 0.6

I PR
Cu 01 07 08 09 Pd

Figure 3.5 General phase diagram of bulk Pd-Cu alloy. Adapted from reference [21].

this study. The diagram shows that the thermodynamically stable phase at
temperatures used most often in colloidal NP synthesis (<300 °C) is the ordered
(bee) B phase.

Powder XRD analyses of the PdCu alloy NPs are shown in Figure 6. The

as-prepared PdCu alloy NPs show broad diffraction peaks indicative of lattice
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Figure 3.6 Powder XRD of (a) as prepared PdCu alloy NPs, (b) annealed at 300 °C
for 2 hours, (c) annealed at 500 °C for 4 hours and (d) annealed at 500 °C for 10
hours. Vertical lines indicate Pd:Cu (50:50) solid solution diffraction pattern (JCPDS
file#: 48-1551). Markers indicate diffraction pattern of beta (bcc L1y) phase.

strain and/or poor crystallinity due to the small size of the NPs. The first
diffraction peak at ~42.5° 20 is very broad and slightly shifted to higher 26 than
the 1:1 Pd:Cu random alloy, suggesting a slightly Cu enriched alloy. Another
explanation for the slight shift toward higher 20 is that a small amount of 3 phase
has already formed even after short times at mild temperatures (1 hour, 125 °C).
A weak shoulder is also observed near the (200) diffraction peak position of the
1:1 Pd:Cu random alloy. No diffraction peaks are observed for the higher 260
indices. This result also may be due to the small size and poor crystallinity of the
as-prepared PdCu alloy NPs.*> Upon annealing at 300 °C, the XRD pattern shows
the PdCu alloy NPs transitioning from the kinetic o phase to the thermodynamic 3
phase. Both phases are present at this relatively mild temperature and short
annealing time. Annealing the PdCu alloy NPs at 500 °C for 4 hours produces the
thermodynamic a phase, though some residual f§ phase is clearly present. Finally,

annealing the PdCu alloy NPs at 500 °C for 10 hours shows the complete
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conversion to the thermodynamic o phase.

We can assume that annealing the dried, unsupported NP powders at even
mild temperatures will cause the NPs to coalesce into bulk metal alloys. To
determine quantitatively what size regime and minimum temperature is required to
cause the kinetic a phase to transition to the thermodynamically favorable  phase
we “annealed” a 10 mL aliquot of the native PdCu alloy colloid by stirring at 130
°C for 7 hours under an N, atmosphere. The XRD pattern and a TEM image of

this sample are shown in Figure 7. For comparison, the as prepared PdCu alloy NP
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Figure 3.7 (I) Powder XRD of (a) as prepared PdCu alloy NPs and (b) PdCu alloy
NPs solution annealed for 7 hours at 130 °C. Vertical lines indicate Pd:Cu (50:50)
solid solution diffraction pattern (JCPDS file#: 48-1551). Markers indicate diffraction
pattern of beta (bcc L1) phase. (II) TEM image of solution annealed (130 °C, 7
hours) PdCu alloy NPs.

XRD pattern is also shown. The shift in the main diffraction peak as well as the
appearance of peaks at higher 20 angles are evidence of the transition from the
kinetic a to thermodynamic 3 phase. The TEM image in Figure 7 shows a mixture
of relatively small and monodisperse PdCu alloy NPs as well as larger aggregates.
Apparently, heating the PdCu alloy NP colloid for long times causes the small
NPs to aggregate and form clustered networks where the smaller domains are
approximately 15-20 nm in diameter and the larger clusters range between 100

and 200 nm in diameter. These clusters may form due to a breakdown of the
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PVP-NP interactions at elevated temperatures over long periods of time or
because the small PdCu alloy NPs have relatively high surface energies. We
believe that these large aggregates are responsible for the B phase observed in the

XRD in Figure 7.

3.3.3 Comparison of PdCu alloy NPs and Highly Diluted Catalyst

Materials

To add further evidence that PACu NP growth is a requirement for the
kinetic o to thermodynamic 3 phase transition we prepared catalysts with low
loadings of PdCu alloy NPs using high surface area SiO, as the support material.
By diluting the PdCu alloy NPs in the inert SiO, matrix we hoped to suppress NP
growth and therefore suppress the transition from the kinetic a phase to the

thermodynamic 3 phase.
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Figure 3.8 XRD of (a) as-prepared PdCu alloy NPs and (b) 2.5% PdCu/SiO,. Vertical
lines indicate diffraction pattern of Pd:Cu (50:50) solid solution (fcc) o phase
(JCPDS file #: 48-1551). Markers indicate diffraction pattern of ordered (bcc)
[ phase.

The PdCu alloy NPs supported in SiO, with 2.5% total metal loading
(PdCu/Si0;) were heated at 210 °C over a time period of a few days. We knew

from previous experiments that 210 °C annealing would cause the unsupported

PdCu alloy NPs to transition from the kinetic o phase to the thermodynamic 3
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phase. Figure 8 shows XRD patterns of the unsupported PdCu alloy NPs and
PdCu/SiO, after 24 hours of annealing at 210 °C. Clearly, the unsupported NPs
transition readily to the § phase while the PdCu/SiO; remains trapped in the a
phase, though a small shoulder at higher 20 of the main (111) peak is observed.
This structural evolution could be due to close contact of neighboring NPs within

the SiO; matrix or because of agglomeration of unsupported PdCu NPs.

3.4 Conclusions

We have shown that small PdCu alloy NPs posses a thermodynamically
unfavored random alloy fcc phase at low temperatures and that these NPs
transition to the thermodynamically favorable ordered bcc phase upon heating at
low temperatures either in colloidal suspension or as unsupported NP powders.
The phase transition can be suppressed by supporting the NPs in an inert matrix
that spatially isolates the NPs and inhibits NP growth. These results strongly
suggest that NP growth is a requirement for the a to 3 phase transition and offers
a unique view of the interplay between thermodynamic and kinetic variables that
control NP alloy structures.

Current work in our lab focuses on making slightly larger NPs with
presumably lower surface energies that are less prone to agglomerate at moderate
temperatures. Our preliminary results suggest that we can obtain predominantly
ordered P phase NPs with resonably small sizes. These highly ordered phase
bimetallic nanoalloy catalysts may provide enhanced activities and selectivities
for a variety of catalytic transformations. Although, as previously reported by

Bradley and coworkers, the near-surface atoms of these alloy NPs could fluctuate
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to accomidate prefered binding of reactants or stabilizing ligands.
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Chapter 4: Ru@Pt and PtRu Alloy Nanoparticles: Combined
DRIFT Spectroscopy and Catalysis Studies on Surface

Segregation and Surface Redox Properties

4.1 Introduction

Developing bimetallic catalysts with high activity and selectivity has
historically been an empirical endeavor that has led to many highly active and
selective catalysts for a variety of heterogeneous transformations. > Only recently
have advances in the rational design of bimetallic systems allowed for the design of
high activity and/or selectivity catalysts based on surface composition®, particle
shape™®, particle size” and other electronic or ligand effects.* ® Much of the recent
understanding about structure-activity relationships have derived from advanced
analytical surface science techniques as well as first principles calculations.” '°

One of the major challenges of studying nano-phase bimetallic catalysts is
determining the bimetallic composition and structure of the nanoparticles under
normal catalytic reaction conditions, i.e., operating temperatures, pressures and
reactant concentrations. /n situ techniques such as Raman and various IR
spectroscopies have historically been used to observe changes in oxidation state and
binding geometries of adsorbates for many monometallic and bimetallic alloy

- 12 More recent IR spectroscopic studies of complex bimetallic

nano-catalysts.
nanoparticles have shown that surface adsorbates can restructure a nanoparticle

surface due to preferential binding of reactants such as CO and NO,."* ' Most

recently, in situ XPS has been used to study Fe-Pt">, Pt-Ni'® and Pt-Pd" bimetallic
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systems under a variety of catalytically relevant conditions to show similar surface
and bulk restructuring of nanoparticles due to changes in oxidation state. In all of
these studies, however, little effort has gone into making direct quantitative
correlations between nanoparticle structure and catalytic activity and specificity.
Predictive rational design of nanoparticle systems having well defined catalytic
properties must be able to identify explicitly how nanoparticle structural evolution
directly impacts the catalysts’ performance in reactive applications. Scientists and
engineers must know the consequences of structure transformation and how
reversibility of nanoparticle structures might influence catalytic processes. This last
issue is particularly important if derived structure-function relationships depend on ex
situ analysis before and after usage.

In the studies presented below we directly correlate the structure of Pt-Ru
nanoparticles having different bimetallic architectures with the ability of these
nanoparticles to catalyze either CO oxidation or preferential CO oxidation (PROX).
The nanoparticle architectures themselves are either Ru@Pt (core@shell) or PtRu
alloy, both of which consist of 50:50 (Ru:Pt) composition and are of the same size
and shape. Using CO adsorption DRIFT spectroscopy we show that oxidized state
Ru@Pt and PtRu alloy catalysts show similar surface structures while reduced state
Ru@Pt and PtRu alloy catalysts show significantly different surface structures. The
differences and similarities in surface structure observed for the reduced and oxidized
Pt-Ru systems correlate well with reducing catalytic reaction (PROX) and oxidizing
catalytic reaction (CO oxidation) activities observed in temperature programmed

reaction profiles (TPR), respectively. Repeated catalyst cycling shows that the
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different surface structures of the Ru@Pt and PtRu alloy catalysts are reversible over
several reduction-oxidation cycles. Ex situ EDS line scans also show the stability of

the Ru@Pt (core@shell) structure over several reduction-oxidation cycles.

4.2 Experimental

4.2.1 Synthesis

4.2.1.1 Ru@Pt and PtRu alloy Nanoparticles

The Ru@Pt core—shell nanoparticles were synthesized using a sequential
polyol process described elsewhere.'” Briefly, Ru(acac)s (acac = acetylacetonate) was
initially reduced in refluxing glycol in the presence of polyvinylpyrrolidone
stabilizers (MWT = 55,000). The resulting Ru nanoparticles (mean particle size = 3.0
nm) were subsequently coated with Pt by adding PtCl, to the Ru/glycol colloid and
slowly heating to 200 °C. The PtRu alloy nanoparticles were synthesized via co-
reduction of the [Ru(CO);Cly], dimer and Pt(acac), with glycol and

polyvinylpyrrolidone stabilizer at 200 °C.

4.2.1.2 Synthesis of 1% Metal Loaded Al,O;z Catalysts
The catalysts are prepared by adding y-Al,Os; to colloidal suspension of

nanoparticles, and drying the slurry under vacuum. Typically, 10 mL of any
suspension and 973 mg vy-Al,Os; are mixed overnight and vacuum dried at
temperatures over 100 °C while vigorously stirring the mixture. Such composition
yields a 1% by weight Pt alumina supported bimetallic catalyst. The catalyst is
washed with acetone several times and equi-volume mixture of acetone and ethanol,

then baked at 60 °C overnight.
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4.2.2 Characterization

4.2.2.1 TEM Analysis with EDS Line Scan
A Jeol 2100F Field Emission Transmission Electron Microscope (FE-TEM)

equipped with an Inca Energy Dispersive Spectrometer (EDS) was used for line scans
of the nanoparticles. The FE-TEM was operated at 200 kV in scanning mode. The
TEM samples were prepared by dropcasting 1-propanol diluted catalysts powders or

nano-colloids onto Cu TEM grids that were allowed to air dry before analysis.

4.2.2.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

IR spectra were collected using a Thermo Nicolet Nexus 670 spectrometer in
diffuse reflectance mode (DRIFTS). Approximately 20 mg of 1 wt.% Pt (Ru@Pt or
PtRu alloy)/Al,O3 was loaded into the DRIFTS chamber and heated to 210 °C in He
and held isothermally for 30 minutes before further analysis. For CO adsorption
measurements, the sample was exposed to a 2% CO / 2% Ar / 96% He atmosphere
for 10 minutes and then purged for 15 minutes under He before acquiring spectra at
120 °C. For the reduction oxidation cycles, the sample was heated at 10 °C/min to
210 °C in He and held isothermally for 30 minutes in either 4% H, / 96% He
(reducing) or 2% O, / 98% He (oxidizing) atmospheres. The sample was then cooled
to 120 °C in He where the CO adsorption measurements were taken as described

above.
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4.2.2.3 Preferential CO Oxidation (PROX) and CO Oxidation Catalysis
Our fixed bed reactor setup used to study the PROX and CO oxidation

reactions has been described previously.'® Briefly, 105 mg of 1 wt% Pt (Ru@Pt or
PtRu alloy)/Al,O; was mixed with 135 mg of quartz sand and loaded into a quartz
tube surrounded by a programmable furnace. Gases were controlled by mass flow
controllers and the effluent gas phase product was analyzed by a Prima 88 mass
spectrometer. Temperature programmed reactions (TPR) were run at 1.8 °C/min to

210 °C and held isothermally for 30 minutes.

4.3 Results and Discussion

4.3.1 TEM and EDS Line Scan Analysis
Figure 4.1 shows TEM of Ru@Pt, PtRu alloy and 1%wt Pt/Al,O3 Ru@Pt

catalysts. Ru@Pt and PtRu alloy NPs are 4 nm in average diameter, exhibit FCC
structure and have a narrow size range. The loaded catalyst samples are well
dispersed on the Al,O3 support and no evidence of sintering is observed even after

multiple reduction-oxidation cycles at 210 °C.

Figure 4.1 TEM images of Ru (a), Ru@pPt (b), PtRu alloy (c) nanoparticles. HR-TEM
images below with Fast Fourier Transform (FFT) inset. Adapted from reference [28].
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Figure 4.2 (a) TEM with EDS line scan and (b) line scans separated for clarity.
Sample is redox cycled Ru@Pt/Al,O; ending with a reducing cycle.

In a previous report from our group, single-particle EDS line scans were
performed on as-prepared Ru@Pt nanoparticles and showed a bimodal distribution of
Pt near the edges of the nanoparticle and a single peak at the center of the
nanoparticle for Ru. This strongly suggests the proposed core@shell structure. EDS
line scans were performed on post-catalysis Ru@Pt/Al,O3; samples to determine if the
original core@shell structure was preserved. For this experiment, two
reduction-oxidation cycles were performed before a final reduction treatment for 30
minutes at 210 °C followed by cooling to room temperature under He atmosphere.
Figure 4.2a shows the TEM image with the EDS line scan overlay. The same overlays
are presented separately in Figure 4.2b for clarity. The EDS line spectrum for the Pt
component is bimodal while the Ru component shows a single peak at the center of
the nanoparticle. The bimodal shape for the shell material (Pt) and the single peak for

the core material (Ru) show that the core@shell structure of the Ru@Pt nanoparticle
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is maintained even after multiple reduction-oxidation cycles at 210 °C. No sintering

or significant nanoparticle growth was observed.

4.3.2 DRIFT Spectroscopy

4.3.2.1 Background on Band Assignments of CO Adsorption on Nano Phase PtRu

Table 4.1 shows CO band assignments from previous reports of CO
adsorption on Pt, Ru and PtRu nano-catalyst and surface alloy systems along with the

band positions for this work. While the binding geometries of CO on both reduced

Species Frequency (cm™")  System (particle size) Comments Reference
Pt°-CO 2076-90 Ru surface w/ IML Pt atop [19]
P-CO 2070 Pt-Ru/SiO, (2.5-4 nm) atop [20]
PE-CO 2075 Pt-Rw/SiO; (3.6 nm) atop [21]
PL-CO 2062 PYALO; (1.1 nm) atop [22]
P°-CO 2085 Ru surface w/ sub monolayer Pt coverage atop, terraced site [23]
P°-CO 2070 Pt-Ru/SiO, (3.6 nm) atop [24]
PE-CO 2121 PYALO; (1.1 nm) atop [22]
mixed Pt,Ru-CO 2033-50 Ru surface w/ sub monolayer Pt coverage CO on Pt-Ru step sites (Ru-CO) [23]
Ru’-CO 2038-42 Ru/A1203 (3 nm) atop [25]
Ru’-CO 2049 Ru/ALO; (thin film) atop [26]
Ru’-CO 2049 Pt-Ru/SiO; (3.6 nm) atop [24]
Ru’-CO 2049 Pt-Ru/SiO, (2.5-4 nm) atop [20]
Ru’-CO 2050 Pt-Ru/SiO; (3.6 nm) atop [21]
Ru’-CO 2000-49 Ru/ALO; (3.6 nm) atop [24]
Ru’-CO ~2010 RWALO; (3.6 nm) aton. isolated Ru’-CO surrounded bv Ru"" [24]
Ru’-CO 2040+10 Ru/SiO, (1.1 nm) 271
Ru-(CO), 2060, 1990 Rw/ALO; (3.6 nm) symmetric, asymmetric multicarbonyl [24]
Ru¥-CO ~2080 Ruw/AlLO; (3.6 nm) atop, Red shift w/ decreasing CO coverage [24]
Ru*-(CO), 2080, 2015 Ru/ALO; (3.6 nm) symmetric, asymmetric multicarbonyl [24]
Ru"'-(CO) 2130-40,2070-80  Ru/ALO; (3.6 nm) svmmetric. asvmmetric multicarbonvl on isolated Ru™ sites ~ [24]
Ru"'-(CO), 2130-40,2070-80  Ru/SiO, (1.1 nm) symmetric, asymmetric multicarbonyl [27]
Ru"-(CO),, 2140, 2080 Pt-Ru/SiO; (3.6 nm) symmetric, asymmetric multicarbonyl [24]
Pt,-CO, Ru,-CO  1700-1900 Pt-Rw/SiO, (2.5-4 nm) bridge CO species on Pt and Ru’ [20]
2015-20 Ru@Pt, oxidized This work
2077 Ru@Pt, oxidized This work
2085sh Ru@Pt, oxidized This work
2117 Ru@Pt, oxidized This work
2135 Ru@Pt, oxidized This work
2020 Ru@Pt, reduced This work
2085 Ru@Pt, reduced This work
2013 PtRu alloy, oxidized This work
2074 PtRu alloy, oxidized This work
2125 PtRu alloy, oxidized This work
2038 PtRu alloy, reduced This work
2074 PtRu alloy, reduced This work
2003 Ru, oxidized This work
2067 Ru, oxidized This work
2121 Ru, oxidized This work
2000 Ru, reduced This work
2044 Ru, reduced This work

Table 4.1 IR band assignments for CO stretching modes on Pt, Ru and Pt-Ru
nano-catalyst and surfaces including main band positions for this work.

and oxidized Pt species are relatively straightforward, CO bound to oxidized and
reduced Ru species can be complex due to the formation of mulitcarbonyl species.

Many of the band assignments of these multicarbonyl binding geometries are still
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debated. The interpretations are also complicated by several overlapping bands of CO
bound to Pt and Ru as well as shifting of bands due to dipole coupling, dilution and

ligand effects. These effects will be discussed in the subsequent sections.

4.3.2.2 DRIFT Spectroscopy

Before the spectra were acquired the catalysts were oxidized or reduced at
210 °C followed by cooling to 120 °C to perform CO adsorption measurements
described in the experimental section. This reduction-oxidation procedure was
repeated several times on a single catalyst to show the reversible nature of the catalyst
surface. For these IR studies we focused primarily on the 1900-2200 cm™ region
where CO stretching modes of linearly bound CO on transition metals occur. Most
literature is in agreement that bands in the 1700-1900 cm™ region can be assigned to
bridge bound CO species, but their assignment to a particular metal species in a
bimetallic system can be difficult due to overlap in bands and their characteristically

weak and broad nature.

4.3.2.3 DRIFT Spectra of Oxidized and Reduced PtRu alloy Catalysts
Figure 4.3a shows CO adsorption DRIFT spectra at 120 °C after saturation CO

coverage on PtRu alloy 1 wt% Pt/Al,O3 catalysts that have been exposed to oxidizing
(even numbers) and reducing (odd numbers) conditions. The spectra show clearly that
the reduction oxidation cycles induce significant surface state changes in the case of
the PtRu alloy catalyst and that the surface states are reversible.

Three broad but distinct bands centered at 2126 cm™, 2072 cm™ and 2013 cm™

" are present in the oxidized PtRu alloy spectra (Fig 4.3a2 and 4.3a4). One
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interpretation is that these bands can be assigned to the CO stretching vibration of
mono and multicarbonyls on Ru surface sites. The combination of 2126 c¢cm™ and
2072 cm’ are commonly assigned to the symmetric and asymmetric modes of
Ru"™ (CO),, respectively. The broad feature at 2013 cm™ can be assigned to Ru’-CO

sites surrounded by a Ru™" matrix. Due to the width of the bands, it is possible that an
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Figure 4.3 DRIFTS of (a) Redox series for PtRu alloy, (b) Redox series for Ru@Pt,
(c) comparison of oxidized state alloy and core@shell, (d) comparison of reduced
state alloy and core@shell. Dashed lines indicate PtRu alloy. Solid lines indicate
Ru@Pt. Red lines indicate reduction. Black lines indicate oxidation.

additional feature is present to the blue of the main 2072 cm™ band at 2085 cm™ that
could be assigned to Pt*-CO. To help us determine if it was feasible that a highly
oxidized PtRu alloy structure would exhibit features attributable predominantly to
Ru™" species, we performed control experiments on monometallic Ru/ALOs
catalysts under the same conditions (see Supp. Info). The band positions and relative

intensities of the oxidized PtRu alloy and oxidized monometallic Ru are very similar



suggesting that either the PtRu alloy catalyst has a surface that is initially enriched in
Ru or that the oxidizing treatment may be inducing surface restructuring.

Another interpretation of the oxidized PtRu alloy DRIFT spectrum is that the
band at 2072 cm™ is due to Pt-CO while the band at 2126 cm™ can be assigned to
Pt*"-CO and a similar interpretation as above can be made for the 2013 cm™ band.
Due to the inherent heterogeneous nature of the PtRu alloy surface and the broadness
of all the bands observed in the oxidized PtRu alloy spectra, a case can be made for
the spectrum to be interpreted as a complex combination of oxidized and reduced
species of both Pt and Ru existing at the surface. Similar DRIFT spectroscopy
experiments were performed on monometallic Ru/AL,O;3 (see Supp. Info. 4.1). These
spectra show that CO binds relatively weakly to oxidized Ru surfaces compared to
metallic Ru surfaces. This leads us to believe that the oxidized PtRu alloy surface is
dominated by metallic Pt>-CO binding with minor contributions from oxidized
Ru-CO binding.

In the case of the reduced PtRu alloy catalyst (Fig 4.3al and 4.3a3), a
narrower band appears at 2071 cm™' along with a new feature at 2035 cm™ while the
band at 2127 cm™ seen in the oxidized PtRu alloy spectrum disappears. The band at
2035 cm™ is often assigned to Ru’-CO. Due to the narrowing of the band shape and
slight blue-shift, we assign the 2071 cm™ band to Pt’~CO. The relative intensities of
the Pt°-CO and Ru’-CO would suggest that the surface is predominantly Ru rich but
is more metallic in nature compared to the oxidized PtRu alloy catalyst. The loss of
intensity at 2127 cm™ provides additional evidence that this feature is associated with

an oxidized surface species.
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4.3.2.4 DRIFT Spectra of Oxidized and Reduced Ru@Pt Catalysts
Figure 4.3b shows CO adsorption DRIFT spectra at 120 °C after saturation

CO coverage on Ru@Pt 1 wt% Pt/Al,O3 catalysts that have been exposed to
oxidizing (even numbers) and reducing (odd numbers) conditions. The oxidized
Ru@Pt catalyst (Fig 4.3b2 and 4.3b4) has a main band centered at 2073 cm™ with a
broad tail extending to lower energies. Two weak but distinguishable bands appear at
2117 em™ and 2135 cm™ that are similar in relative intensity and overall breadth to
the feature at 2125 cm™ seen in the oxidized PtRu alloy catalyst. Based on reports
from literature, these features could arise from several different sources. The first
important observation is that the oxidized PtRu alloy and oxidized Ru@Pt catalysts
show very similar vibrational features. In the case of the Ru@Pt catalysts, this result
would suggest that the underlying Ru core restructures and becomes surface
accessible allowing Ru to oxidize and relegating some Pt to the near- or sub-surface
region. Another interpretation of the oxidized Ru@Pt CO adsorption spectra is that
the main band centered at 2072 cm™' is a combination of several bands including a
shoulder at 2085 cm™ a main feature at 2072 cm™ and two broad, weak features at
2054 cm™ and 2020 cm™. The 2085 cm™ shoulder can be assigned to Pt*-CO while
the 2127 ecm™ and 2072 cm™” bands can be assigned to the Ru™(CO), species
described earlier. The two weak features at 2052 cm™ and 2075 cm™ can be assigned
to Ru’(CO), and Ru’-CO sites surrounded by a Ru"™" matrix, respectively. A final
interpretation is that the main band at 2072 cm™ could be assigned to Pt’-CO, while
the tailing feature into the red would be indicative of CO binding on different surface
Pt sites due to dilution by Ru brought to the surface by oxidation. CO adsorption

DRIFT spectra of monometallic Ru (see Supp. Info. 4.1) show that oxidized Ru binds
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CO poorly compared to reduced Ru based on band intensities. This result leads us to
believe that the final interpretation — namely, the oxidized Ru@Pt CO binding is
dominated by Pt” — is the most likely.

Upon reduction, a sharp feature centered at 2085 cm-1 and a weaker, broad
feature at 2020 cm™ are observed (Fig 3bl and 3b3). We assign the 2085 cm™ band to
Pt"-CO and the 2020 cm™ band to Ru’-CO. The EDS line scan data presented in
Figure 4.2 suggest that under reducing conditions the surface of the Ru@Pt
nanoparticle is decidedly Pt-rich. The attenuation of the main band of the reduced
Ru@Pt at 2085 cm™ compared to the broad band of the oxidized Ru@Pt suggest that
the surface is more homogeneous and likely dominated by metallic Pt. Furthermore,
the blue-shift from 2071 cm™ in the oxidized Ru@Pt to 2085 cm™ in the reduced
Ru@Pt may be indicative of dipole coupling of similar CO species on the
Pt-dominant surface.

To summarize these results and interpretation, Figure 4.3c compares CO
adsorption spectra from the reduced and oxidized states of the two bimetallic catalyst
systems. CO adsorption spectra of the oxidized catalysts are strikingly similar
suggesting similar surface structures dominated by Pt-CO with minor contributions
from Ru"'-CO species. Comparison of the CO adsorption spectra of the reduced
catalysts suggests that the surface structures of these two catalysts are significantly
different from each other. We interpret the reduced PtRu alloy surface to be
dominated by a mixture of metallic Pt and Ru species and may be Ru-rich in nature
based on relative band intensities. In contrast, the reduced Ru@Pt surface is Pt-rich as

demonstrated by the attenuation and blue-shift of the main band at 2085 cm.
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In the next section we will show that a surface structure-function relationship
exists for these reduced and oxidized catalysts by performing catalytic studies under
reducing (PROX) and oxidizing (CO oxidation) conditions that closely mimic the

reduction-oxidation cycles used in the DRIFTS studies.

4.3.3 Preferential CO Oxidation (PROX) and CO Oxidation Catalysis

The goal in most efforts to design nanoparticles having specific compositions,
architectures and/or shapes is to build enhanced activity or selectivity into the
nanoparticle structure. Consequently, the first question that must be answered for a
given bimetallic nanoparticle architecture is if the nanoparticle is stable under typical
operating conditions. The second question is whether or not the nanoparticle shows
the desired properties and do these properties scale with variables that can be readily
controlled in a systematic way. Observations from the DRIFT spectroscopy of PtRu
alloy and Ru@Pt catalysts would predict that the surface structures are stable,
reproducible and reversible under catalytically relevant conditions. The DRIFT
spectroscopy data would also predict that under oxidizing conditions, since the
surface structures of the PtRu alloy and Ru@Pt catalysts are similar, that their
catalytic activity should be similar for an oxidizing catalytic reaction. Conversely,
under reducing conditions, the DRIFT spectroscopy results show that the PtRu alloy
and Ru@Pt surfaces are dissimilar and we would expect that a reducing catalytic
environment would exhibit different catalytic activities for the PtRu alloy and Ru@Pt
catalysts. We chose the CO oxidation reaction as our catalytic test reaction to mimic

oxidizing conditions and preferential CO oxidation (PROX) as our reducing mimic.
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Temperature programmed reaction (TPR) plots of CO conversion for the
PROX and CO oxidation reaction on PtRu alloy and Ru@Pt catalysts are presented in
Figure 4.4. In all cases, the PROX TPR was first run from 40 °C to 210 °C at
1.8 °C/min and held isothermally for 30 minutes followed by an oxidative treatment
at 210 °C for 30 minutes. The catalyst was then cooled down to room temperature
under Ar. The CO oxidation TPR was then run with the same ramp rate and held
isothermally for 30 minutes. An additional reducing treatment and PROX TPR was
performed on the Ru@Pt catalyst. The time and temperature parameters used for the
TPR profiles were chosen to mimic closely the conditions used in the preceding

DRIFT spectroscopy analysis.
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Figure 4.4 TPR plots of CO oxidation (black) and PROX (red) for PtRu alloy (open
circles) and Ru@pPt (filled circles) 1 wt% Pt/Al,Os catalysts. Conditions for PROX:
0.2% CO, 0.5% O3, 50% H,, 49.3% Ar and CO oxidation: 0.2% CO, 0.5% O, 99.3%
Ar. The total flow rate was 200 sccm and the temperature was ramped at a rate of 1.5
°C/min.
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In the case of the PtRu alloy catalyst (Fig. 4.4a), initial light off for CO
oxidation is not observed until ~110 °C and 100% conversion occurs at ~170 °C for
both the PROX and CO oxidation reaction. Interestingly, although significantly
different surface structures under oxidizing and reducing conditions are observed for
the PtRu alloy based on DRIFTS results, their activity for CO oxidation is quite
similar regardless of oxidation state. This may suggest that metallic Ru at the surface
of the PtRu alloy nanoparticle plays little role in the CO oxidation mechanism. The
traditional CO oxidation mechanism for Pt-Ru systems relies on a bifunctional
surface where Pt binds CO and Ru provides oxophilic sites for oxygen species. This
suggests that the ratio of Pt:Ru sites at the surface remains relatively constant since
accessible Pt would need to remain constant, but the oxidation state of the surface Ru
is changing based on the reactive atmosphere.

For the Ru@Pt catalyst (Fig. 4.4b), the initial PROX reaction showed CO
oxidation light off near room temperature and reached 100% conversion at ~110 °C.
The subsequent CO oxidation TPR showed light off at 110 °C and 100% CO
conversion at 130 °C. In the final step, the Ru@Pt catalyst was reduced and the
PROX TPR was run again. The TPR of the second PROX reaction is almost identical
to the first with only a slightly lower temperature for 100% conversion. The
reversible nature of the catalytic activities for the two reactions is consistent with the
reversibility observed in the DRIFTS studies. In the DRIFTS studies we suggested
that the reduced Ru@Pt surface was dominated by metallic Pt while the oxidized
Ru@Pt was still predominantly Pt-rich but that some oxidized Ru species existed at

the surface. This subtle difference is interesting in light of the CO oxidation and
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PROX catalytic activities. Figure 4.4b shows that the unique core@shell structure of
Ru@Pt provides for enhanced catalytic activity under PROX conditions. This may be
due to lattice contraction of the Pt shell caused by the underlying Ru that causes a
shift in the d-band center and affects adsorbate binding strengths. This unique surface
structure is not readily accessible in the case of the PtRu alloy even after long periods
of reducing conditions. This may be possibly due to the severe entropic penalty that
would be ensued by rearranging the random alloy structure to a core@shell structure.
Finally, the CO oxidation and PROX TPR plots for the two bimetallic systems
are presented in Figure 4.4c and 4.4d, respectively. As predicted, similar CO
oxidation activity is observed under CO oxidation (oxidizing) conditions while
dissimilar CO oxidation activity is observed under PROX (reducing) conditions.
These catalytic activity comparisons are in full agreement with our DRIFTS studies
under similar conditions that showed similar surface structures under oxidizing
conditions and different surface structures under reducing conditions. Figure 4.5
shows a schematic representation of the reduced and oxidized surface structures of

the two bimetallic systems.

surface alloy with
— O oxidized Ru drawn to
surface - still Ru core
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alloy
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Figure 4.5 Schematic representations of the surface states of Ru@Pt and PtRu alloy
NPs under reducing and oxidizing conditions.
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4.4 Summary

Using CO adsorption DRIFT spectroscopy we have shown that oxidized state
Ru@Pt and PtRu alloy catalysts show similar surface structures while reduced state
Ru@Pt and PtRu alloy catalysts show significantly different surface structures. The
differences and similarities in surface structure observed for the reduced and oxidized
Pt-Ru systems correlate well with reducing catalytic reaction (PROX) and oxidizing
catalytic reaction (CO oxidation) activities observed in temperature programmed
reaction profiles (TPR), respectively. Repeated catalyst cycling shows that the
different surface structures of the Ru@Pt and PtRu alloy catalysts are reversible over
several reduction-oxidation cycles.

Interestingly, while the PROX activities of Ru@Pt and PtRu alloy catalysts
are quite dissimilar, both reduced state catalysts have accessible Pt” and Ru® species
at the surface. Mavrikakis and coworkers have proposed a hydrogen-assisted CO
oxidation mechanism whereby changes in the electronic structure of the surface Pt
layer due to lattice strain creates a low energy pathway to oxygen dissociation via

hydroperoxy intermediate.'’
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4.5 Supplemental Information
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Supplemental Information 4.1 Comparison of CO adsorption DRIFTS of
monometallic Ru/Al,O; catalyst. (a) oxidized state and (b) reduced state.
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Chapter 5: Cu@Pt (core@shell) Nanoparticles: Synthesis and

Characterization

5.1 Introduction

Recent experiments and DFT calculations show that bimetallic nanoparticles
with (core@shell) architectures can be vastly superior to their alloy counterparts for a
variety of industrially relevant heterogeneous transformations.'” Previously our
group focused on the Pt-Ru bimetallic system to compare the properties and catalytic
activities of core@shell and alloy architectures.* In that work, a systematic study
comparing the preferential CO oxidation (PROX) activities and selectivities of PtRu
alloy and Ru@Pt nanoparticles showed that the unique architecture of the Ru@Pt
nanoparticles was superior to the alloy architecture despite the fact that the
nanoparticles had the same size, shape and atomic Pt:Ru ratio. To understand the
origin of this behavior one can begin by considering planar systems.

Goodman and coworkers performed XPS studies of 1 ML thick overlayers on
single crystal metals to determine what effect the underlying substrate would have on
the surface metal. Their work showed that the core level binding energies of the
surface metal shifted relative to its single crystal monometallic counterpart. This shift
in surface electronic structure was correlated to adsorption energies of CO on the
same surfaces.” ° DFT calculations from the Norskov and Mavrikakis groups suggest
that thin layers of one metal over a second metal causes stress or strain on the
near-surface atoms.” ® This stress or strain shifts the d-band center that affects the
binding energy of molecular and atomic reactants and intermediates. By tuning the

d-band center based on the bimetallic M;-M, combination used, one can begin to
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predictively choose the rational design of catalysts based on the specific desired
binding energies of key intermediates.

The catalytically relevant analogue of these overlayer surfaces is the
(core@shell) nanoparticle where a thin layer (1-2 ML) of one metal is deposited over
a preformed nanoparticle. In order to bridge the gap between theory, ideal surfaces
and catalysis, a better understanding of core@shell nanoparticle synthesis must be
achieved. Although mechanisms for core@shell nanoparticle formation are still
debated, several examples of well-characterized core@shell nanoparticles do exist.
For instance, Cheon and coworkers synthesized 8 nm Co@Pt nanoparticles by a
transmetallation mechanism whereby surface Co atoms of a preformed Co
nanoparticle were involved in a redox couple that reduced Pt at the surface.”
Toshima and coworkers used surface hydride on preformed Pd nanoparticles to
reduce Pt to form Pd@Pt nanoparticles."' Ru@Pt has been thoroughly characterized
by XRD, FTIR-CO and XPS. This last example is work from our group that showed
Ru@Pt could only be synthesized using Ru@RuO, nanoparticle cores. By using strict
oxygen free synthesis conditions, fully metallic Ru nanoparticles were synthesized
but Pt would not coat the surface of these nanoparticles to form the Ru@Pt structure.*
These and other examples show that the core@shell nanoparticle architecture is
complex and that several pathways may exist for their formation. The complexity of
core@shell nanoparticles emphasizes the need for the careful characterization of their
intermediates and products in order to understand the mechanism of shell metal
deposition on small core nanoparticles and move beyond the largely empirical

methods currently used.
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This chapter presents the synthesis and time-lapsed characterization of Cu@Pt
(core@shell) nanoparticles. Here, “time-lapsed” refers to ex situ measurements
carried out with aliquots of the nanoparticle removed at different stages of the
reactions progress. We found that Pt shells cover the metallic Cu core nanoparticles to
form Cu@Pt while Pt growth is inhibited at the CuO surface. Furthermore, the
combined time-lapse UV-Vis, FTIR-CO and XRD measurements used to observe Pt
coating Cu core nanoparticles shows that the surface plasmon resonance (SPR) of Cu
nanoparticles is easily quenched by even small amounts of Pt coating the surface. We
propose that a transmetalation mechanism is responsible for the formation of Cu@Pt
nanoparticles based on the time-lapse characterization of the deposition of Pt onto Cu
nanoparticles.

Finally, Raman spectroscopy was used to investigate how changes in the
surface plasmon resonance (SPR) band of Cu caused by the addition of a partial Pt
shell overlayer affect the their visible light absorption efficiencies. We found a
striking correlation between the relative absorbance of 488 nm versus 633 nm light
for Cu and Cu@Pt nanoparticles and their ability to form graphite deposits on their

surfaces.

5.2 Experimental

5.2.1 Synthesis of Cu@Pt (core@shell) Nanoparticles

A modified synthesis previously reported by our group was used to make Cu
nanoparticles and subsequent Cu@Pt (core@shell) nanoparticles.'? Briefly, 22.2 mg
(0.085 mmol) Cu(acetyleacetonate),, 159.1 mg polyvinylpyrolidone (PVP) (55000

MWT) and 20 mL of 1,4 butanediol were mixed in a 100 mL 3-neck RBF with a
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Teflon stirbar. The mixture was purged under vacuum at 80 °C for 10 minutes to
remove impurities. The mixture was then placed under N, atmosphere while heating
at ~10 °C/min to 185 °C. A red colloidal suspension indicative of Cu nanoparticle
formation was observed at 185 °C. The suspension was further heated for 5 minutes
before cooling to room temperature under N, in a cold water bath. 33.2 mg (0.125
mmol) PtCl, was then added to the Cu nanoparticle suspension and the mixture was
slowly heated (~2 °C/min) to 185 °C under N,. The suspension turned from dark red
to black indicating the reduction of Pt*" to Pt’. The black suspension was further

heated for 2 hours and finally cooled to room temperature in a cold water bath.

5.2.1 Synthesis of Cu@CuO (core@shell) Nanoparticles

A modified version of the Cu nanoparticle synthesis described in the previous
section was used to obtain Cu@CuO nanoparticles. Once Cu nanoparticles were
formed at 185 °C, the colloid was further heated at 185 °C for 1 hour. The color of
the nanoparticle suspension changed from red to deep purple. This suspension was

cooled to room temperature under N, atmosphere in a cold water bath.

5.2.2 Characterization

5.2.2.1 Transmission Electron Microscopy

TEM samples were prepared by diluting ~200 pL of the colloidal suspension
in ~1 mL 1-propanol or deionized water. 5 uL. of this mixture was drop-cast and dried
on continuous carbon film-deposited copper or nickel grids. A JEM 2100 LaB6 TEM

operating at 200 kV was used for both low and high-resolution imaging.
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5.2.2.2 Fourier Transform IR — CO Probe
For the IR-CO probe experiments, the Cu and Cu@Pt colloidal suspension

was bubbled with CO using a stainless steel needle submerged in the suspension at a
flow rate of 35 sccm for 10 minutes. A 100 pL aliquot of CO saturated colloidal
suspension was filled in a liquid IR cell and monitored in a Nexus 870 FT-IR
spectrometer. The liquid IR cell consisted of a 0.5 mm Teflon spacer sandwiched
between two rectangular CaF, windows. The colloidal suspension prior to CO

bubbling was used for the background spectra.

5.2.2.3 Powder X-ray Diffraction
A Bruker C2 Discover (Parallel Beam) General Area Diffraction Detection

(GADDS) system was used for powder diffraction detection. The monochromatic Cu
Ko radiation source that was biased at 40 mV and 40 mA was employed along with
Bruker ACS Hi-Star detector. The diffraction patterns were acquired between 33-90°
by integrating four frames with 14° 26 per frame while the sample was oscillated in
the XY plane to provide more homogeneous signal acquisition. Nanoparticle samples
were prepared by washing 3 mL aliquots of the native Cu and Cu@Pt suspension in
acetone and centrifuging at 6000 RPM for 10 minutes to separate the nanoparticles
from solution by decanting the clear supernate. The wash/centrifuge procedure was
repeated and finally the nanoparticle powders were dried in a 60 °C oven for ~1 hour
before XRD analysis. Unsupported nanoparticle powders were pressed onto a glass

slide for XRD analysis.
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5.2.2.4 UV-Vis

A Hitachi 3010 S spectrometer was used to collect UV-Vis spectra. Low volume
5 mm path length quartz cuvettes were used to collect spectra in the 250-700 nm
range. The colloidal suspension of either Cu or Cu@Pt was washed with acetone and
centrifuged at 6000 RPM for 10 minutes to separate the nanoparticles from solution
by decanting the clear supernate. The nanoparticles were then diluted with
spectroscopic grade methanol and the mixture was sonicated until a colloidal
suspension was formed. The suspension was diluted with methanol until the
maximum absorbance was below 1.0. Neat spectroscopic grade methanol was used as

the blank.

5.2.2.5 micro-Raman

A Renishaw In Via micro-Raman spectrometer was used to acquire
vibrational spectra. The spectrometer is equipped with a 633 nm HeNe laser as well
as a 488 nm Ar ion laser, and both operated with powers between 2.5 to 25 mW with
a minimum spot size of ~1 mm. Sample focusing was optimized with 50X confocal
lens objective adapted to a Leica microscope.

NP samples were prepared by pressing ~5 mg of washed and dried
nanoparticle powders onto glass slide substrates. Typical collection times for Raman

measurements were 2-10 minutes in open air.
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5.3 Results and Discussion

5.3.1 Synthesis

Several interesting transformations were observed during the synthesis of Cu
nanoparticles. First, the light blue solution indicative of a Cu®" turned to lime green at
120 °C. This color change is likely due to the reduction of Cu*" to Cu”. The green
solution gradually became darker and more turbid until a black suspension was
formed at 170 °C. Unfortunately, attempts to characterize this black intermediate state
by TEM or FTIR-CO probe failed. We speculate that this dark suspension is Cu’
nuclei that form small clusters and serve as the seeds for further growth and formation
of the Cu nanoparticle end product. Attempts to cool the black suspension to room
temperature resulted in the formation of a green solution likely indicating oxidation of
the clusters back to Cu’. Upon further heating, the suspension turned from black to
brick red within 5 seconds at 185 °C. These observations are consistent with
nucleation-growth mechanisms commonly proposed whereby a threshold
concentration of zero-valent atoms or small clusters must be reached before a burst of
nucleation and subsequent nanoparticle growth occurs."” Upon further heating at 185
°C, the Cu colloidal suspension gradually turns from red to blue-purple over the
course of 60 minutes. We believe that this further heating causes oxidation of the
surface of the Cu nanoparticles to form Cu@CuO nanoparticles.

Upon adding PtCl, to the initially formed Cu nanoparticle suspension and
heating the mixture slowly from room temperature to 185 °C, a color change from red
to black is observed at 120 °C. This observation is consistent with the formation of a

Pt” shell around the Cu nanoparticles. Interestingly, if PtCl, is added to the Cu@CuO
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nanoparticle suspension and heated slowly to 185 °C, no color change is observed at
120 °C. Instead, an abrupt change from blue-purple to brown/black is observed at
~150 °C. This is approximately the same temperature for monometallic Pt
nanoparticle formation under similar conditions. This would suggest that the CuO
shell prohibits Pt growth at the surface. One possible explanation for this behavior is
that transmetalation of Cu occurs at the Cu nanoparticle surface whereby surface Cu’
atoms are oxidized and Pt*" is reduced at the surface. Conversely, Cu@CuO surface
sites cannot be oxidized further to reduce Pt*". Cheon and coworkers reported on this
phenomenon for the Co@Pt nanoparticle system.'’ Another possibility is that
differences in lattice parameters between Cu (3.62 A) and CuO (4.68 A) are

significant enough to promote Pt deposition on Cu but prohibit Pt deposition on CuO.

5.3.2 TEM

TEM images of Cu and Cu@Pt nanoparticles are presented in Figure 1 along with
histograms of nanoparticle size based on > 100 particles. Cu nanoparticles are 2.8 nm
in diameter, relatively monodisperse but non-uniformly round in shape. Attempts to
grow larger Cu nanoparticles by changing PVP/Cu(acetylacetonate), ratios resulted in

a high degree of polydispersity. The TEM image in Figure 5.2a shows initial Cu

20 25 30 35 40 45

Figure 5.1 TEM images of (a) Cu and (b) Cu@Pt nanoparticles with histograms.
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Figure 5.2 TEM images of (a) Cu nanoparticles, (b) Cu nanoparticles after 30 min.
reflux and (c) Cu nanoparticles after 60 minutes reflux.

Cu nanoparticles similar to those in Fig. 5.1a. After 30 minutes of reflux the Cu
nanoparticles grow to ~8 nm in diameter (Fig. 5.2b). The larger size of the Cu
nanoparticles seen in Figure 5.2b suggests that an oxide shell grows on the initial Cu
nanoparticle cores over time. After 60 minutes of reflux the large particles aggregate
to form ~150 nm diameter clusters as seen in Figure 5.2c. The large aggregates
appear to contain smaller domains that are the same size as the nanoparticles in

Figure 5.2b.

5.3.3 FTIR-CO
Figure 5.3 shows FTIR-CO spectra for Cu and Cu@CuO nanoparticles. Over

the course of 60 minutes the main spectral feature initially observed at 2086 cm™

91



disappears and a new band appears at 2109 c¢m™. The band at 2086 cm™ can be
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% Transmittance (a.u.)
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Figure 5.3 Time lapse FTIR-CO of Cu and Cu@CuO nanoparticles (a) 1 minute, (b)
15 minutes, (¢) 30 minutes and (d) 60 minutes reflux after Cu nanoparticle formation.

assigned to CO bound linearly to Cu’ sites on the surface of the nanoparticle while
the band at 2109 cm™ can be assigned to CO bound linearly to Cu™ sites.'* °
Interestingly, the 2109 cm™ band appears only after the 2086 cm™ band disappears.
This may suggest that metallic Cu nanoparticles first coalesce into larger Cu
nanoparticles followed by surface oxidation. Although we use Schlenk techniques
under N, atmosphere for the syntheses of these nanoparticles, oxidation may still
occur due to water content in the solvents. The observed color change, the spectral
evolution of the CO vibrational features and their subsequent assignments are

consistent with our hypothesis that a CuO shell grows over the preformed Cu

nanoparticles to form Cu@CuO nanoparticles. As stated in the previous section,
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attempts to form a Pt shell over Cu@CuO nanoparticles resulted in monometallic Pt

nanoparticle formation characterized by FTIR-CO probe (see Supp. Info 5.1).
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Figure 5.4 Time lapse FTIR-CO of (a) initial Cu nanoparticles, (b) 15 minutes, (c) 30
minutes, (d) 60 minutes and (e) 130 minutes after the addition of PtCl, and heating.

Figure 5.4 shows FTIR-CO spectra for Cu nanoparticles and time-lapsed
spectra of Cu@Pt nanoparticles. After the addition of PtCl, and subsequent heating, a
band at 2048 cm™ begins to grow in while the band at 2086 cm™ previously assigned
to Cu-COjinear initially increases and then decreases over time. The band at 2048 cm’™
can be assigned to CO bound linearly to Pt°. While the initial increase of intensity of
the 2086 cm™ band cannot currently be explained, the increase in the 2048 cm™ band
and overall decrease in the 2086 cm™ is consistent with the growth of a metallic Pt
shell over the Cu nanoparticle core. Finally after 130 minutes at 185 °C, the band at
2048 cm’” red-shifts to 2039 cm™ and a combination of bands assigned to

Cu™-COlinear and Cu’-COyipeqr are observed at 2109 and 2086 cm™, respectively
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(Fig. 5.4e). Interestingly, the combination of bands assigned to Cu
present even after heating the Cu@Pt nanoparticle colloid for long times (>130 min.).
This suggests that Cu is still accessible at the surface of the nanoparticle even though
enough Pt*" precursor was added to coat the Cu nanoparticles with 2 ML of Pt. This
result could be explained by considering our earlier proposal that a transmetalation
mechanism is responsible for the deposition of Pt onto Cu nanoparticle surfaces. If
surface Cu is oxidized to Cu®’, which would presumably be in solution, then Cu**
may reduce again on the Cu@Pt nanoparticle. This would explain why a small
amount of surface Cu™"" is still be observed by the FTIR-CO probe experiment.
Literature reports of CO bound to monometallic Pt and Pt in Cu-Pt systems
show that the Pt-COjipear band for our Cu@Pt nanoparticles is highly red-shifted by
comparison.'® As a control experiment, we prepared monometallic Pt nanoparticles of
similar size and shape and performed the FTIR-CO probe experiment (see Supp.
Info. 5.2). The band for Pt-COjinear appears at 2070 cm™ and is consistent with other
literature reports for monometallic Pt nanoparticles. One way to interpret the dramatic
red-shift of the Pt-COjinear band for the Cu@Pt nanoparticles is to note that Cu sites

remain present on the Cu@Pt nanoparticle surface. This dilution by Cu would disrupt

dipole-dipole coupling of CO bound to surface Pt and lead to the observed red-shift."”

5.3.4 UV-Vis

Figure 5.5 shows time-lapsed UV-Vis spectra of Cu and Cu@Pt nanoparticles.
The band observed at ~565 nm in the initial Cu nanoparticle spectrum (Fig. 5.5a) is
due to the surface plasmon resonance (SPR) of Cu nanoparticles. The SPR band

disappears completely upon the addition of surface Pt to the Cu nanoparticles as seen
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in Figure 5.5b-e. The featureless slope observed in these spectra are similar to that of

monometallic Pt. Based on the FTIR-CO probe experiment we know that the surface
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Figure 5.5 Time-lapse UV-Vis of (a) initial Cu nanoparticles, (b) Cu@Pt

(15 minutes), (c) Cu@Pt (30 minutes), (d) Cu@Pt (120 minutes) and (e) Cu@Pt
(overnight).

of the nanoparticle is predominantly Cu” 15 minutes after the addition of Pt*" to the
Cu nanoparticles. This suggests that even small amounts of surface Pt on the Cu
nanoparticles disrupts the surface electronic structure that gives rise to the
visible-SPR phenomenon. This result may also give further credence to the
transmetalation mechanism proposed in the previous sections. If surface Cu oxidation
is a requirement for the deposition and reduction of Pt*', then it is likely that the

initial Pt is highly intercalated in the near-surface region of the nanoparticle and thus

would be more likely to disrupt the surface electron structure of the Cu nanoparticle.

5.3.5 XRD
Figure 5.7 shows XRD patterns of Cu and Cu@CuO nanoparticles.

Diffraction from metallic Cu is observed in the case of the initial Cu nanoparticles

and diminishes upon Cu@CuO formation. After 15-60 minutes of heating at 185 °C,
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no diffraction is observed for the CuO species of Cu@CuO that was identified by
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Figure 5.6 Time-lapse XRD of Cu and Cu@CuO nanoparticles (a) 1 minute, (b) 15
minutes, (c) 30 minutes and (d) 60 minutes reflux after Cu nanoparticle formation.
Black vertical lines represent ideal diffractions of Cu.
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Figure 5.7 Time-lapse XRD of (a) Cu nanoparticles, (b) Cu@Pt (30 minutes), (c)
Cu@Pt (60 minutes). Blue, red and green vertical lines represent ideal diffractions of
Pt, PtCu(50:50) and Cu, respectively.

FTIR-CO probe experiments (see Fig. 5.3) while the diffraction due to metallic Cu is
highly diminished. The fact that we do not observe CuO diffraction is likely due to
the non-crystalline nature of the CuO shell.

Figure 5.8 shows XRD patterns of Cu@Pt nanoparticles. Figure 5.8a shows
that the initial Cu nanoparticles exhibit diffraction peaks that match bulk metallic Cu.

Figure 5.8b shows that upon addition of Pt*" and subsequent heating, no diffraction is
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observed for metallic Pt even though the FTIR-CO and UV-Vis data show clearly that
Pt exists at the Cu nanoparticle surface under the same conditions. A likely
explanation is that the Pt on the surface at these early times will be highly dilute or in
small islands on the surface and thus non-diffracting due to its non-crystalline nature
or lack of long range order. Figure 5.8c shows that metallic Pt diffraction is present
after longer periods of heating at 185 °C. Also present in Figure 5.8c are diffraction
peaks from Cu and CuPt alloy. This result is consistent with the Cu@Pt nanoparticle
architecture with a complete Pt shell where some alloying at the interface of Cu and
Pt would be expected. The diffraction due to the CuPt alloy is very broad and
suggests a non-homogeneous mixing of Cu and Pt at the interface. Again, considering
transmetalation as a probable mechanism for Pt deposition on Cu nanoparticle
surfaces, we can imagine that there should initially be ample mixing of Cu and Pt at

the surface of the Cu nanoparticles due to initial oxidation of surface Cu.

5.3.5 micro-Raman

We have shown by time-lapsed characterization experiments that Pt will coat
Cu nanoparticles to form Cu@Pt but Pt deposition is prohibited on Cu@CuO
surfaces. The FTIR-CO probe experiments show a monotonic decrease in the Cu-CO
band relative to the Pt-CO band over time. Cu still remains at the surface because the
Cu-CO mode remains even after long reaction times. This behavior suggests that Pt
coats the surface of Cu nanoparticles throughout the course of the synthesis, but Cu
remains accessible possibly due to re-deposition of Cu onto the surface of the Cu@Pt
nanoparticle. The source of the Cu in the latter stages of the synthesis may come from

Cu that was oxidized during initial Pt deposition.
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The time-lapse XRD measurements do not show the initial Pt deposition
observed in the FTIR-CO experiments. Instead, only diffraction peaks due to
monometallic Cu are observed until the late stages of the synthesis where Pt, Cu and
PtCu alloy diffractions appear. This suggests that initially deposited Pt does not have
the long range order or crystallinity required to observe diffraction. Only after larger
domains of Pt coat the Cu nanoparticle surface does Pt diffract.

Finally the time-lapse UV-Vis measurements show that even small amounts of
Pt deposited on the surface of Cu nanoparticles is adequate to disrupt the SPR band of
Cu. Even after just 15 minutes of Pt deposition time was the SPR quenched. The
UV-Vis spectra from that point forward exhibited band shapes similar to
monometallic Pt nanoparticles. Based on the drastic change in the absorbance profile
of Cu compared to Cu@Pt nanoparticles, we surmised that the two structures might
be differentiated based on their ability to transform light into heat. We saw in
Chapter 2 that Pt nanoparticles can readily transform PVP into graphitic deposits near
its surface when heated to moderate temperatures. Furthermore, Somorjai and
coworkers have studied how PVP degrades into carbonaceous (graphitic) deposits on
the surface of Pt nanoparticles when exposed to heating by the focused laser source of
a Raman spectrometer. If we consider the concentrated (1 um spot size) visible laser
used in our Raman spectrometer as a heat source for nanoparticles, then we should be
able to qualitatively predict the nanoparticle’s efficiency for transforming
concentrated visible light into heat by comparing the relative absorbances of 488 nm
and 633 nm light for a given nanoparticle. In the present study, we show that this

thermal energy can transform PVP coating the nanoparticle surface into graphite
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based on the nanoparticles relative absorbance of 488 and 633 nm laser light as
determined from the UV-Vis measurements presented in section 5.3.4.

Figure 5.9 shows Raman spectra of Cu, Pt and two Cu@Pt nanoparticles
collected with both 488 nm (Fig. 5.9 I) and 633 nm (Fig. 5.9 II) excitations. Cu
nanoparticles in Figure 5.91a show three bands centered at 1660, 1480 and 1424 cm™
that are the same as those of neat PVP (see Supp. Info 5.2). The combination of 1660
and 1480 cm™ can be assigned to C=0 and C-N stretching commonly referred to as
the amide I and II bands while the 1424 ¢m™ feature can be assigned to CH»
scissoring.'® Moving down column I, spectra of Pt nanoparticles (Fig. 5.9Ib) and two

Cu@Pt nanoparticles (Fig. 5.9Ic-d) show bands centered at 1340 and 1580 cm™ that
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Figure 5.8 Raman spectra of (a) Cu nanoparticles, (b) Pt nanoparticles (c) Cu@Pt
(30 minutes) and (d) Cu@Pt (60 minutes). Spectra in column [ were acquired with
488 nm (1 mW) excitation and column II with 633 nm (0.4 mW) excitation.

are consistent with the D and G bands of disordered and ordered graphite,

respectively.'” As proposed above, the formation of graphite results from local
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heating of nanoparticles by absorbing light. Based on the UV-Vis absorbance profiles
of Cu, Cu@Pt and Pt nanoparticles, Figure 5.81 shows that Cu@Pt has a similar
propensity to generate graphite from PVP as monometallic Pt. This result suggests
that by adding even small amounts of Pt to the Cu nanoparticle surface, the
nanoparticle’s ability to absorb visible light that is transformed into heat has been
altered significantly. A similar series of Raman spectra are presented in Figure 5.911
where 633 nm excitation is used. Completely opposite of the case for 488 nm
excitation, Cu nanoparticles show bands consistent with graphite formation and Pt
and Cu@Pt nanoparticles show no traces of graphite. By comparing the 488 and
633 nm Cu spectra we can likely rule out the possibility that the graphite formation
phenomena is simply due to the known C-C bond catalyzing ability of Pt. Referring
back to the UV-Vis spectra presented in Figure 5.5 we see that Cu@Pt and Pt
nanoparticles have significantly higher absorbances at 488 nm than at 633 nm.
Conversely, the relative absorbances of 488 and 633 nm light are similar for the case
of Cu nanoparticles. While it is unclear why the bands associated with PVP do not
appear in the 633 nm Pt and Cu@Pt spectra, the fact that bands due to graphite, which
were so clearly present in the case of the 488 nm Pt and Cu@Pt spectra, are
completely absent, gives further support to the idea that the relative absorbance of a
nanoparticle is strongly correlated with heat formation. Much like the UV-Vis data
suggests, the Cu@Pt nanoparticles behave like pure Pt nanoparticles in terms of their
propensity to form graphite showing that the nanoparticles are very effective at

converting light into heat.
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5.4 Conclusions

Studies described in this chapter have presented the synthesis of 3 nm Cu@Pt
nanoparticles and their time-lapsed characterization by FTIR-CO probe, UV-Vis and
XRD. We show that an oxidized Cu surface inhibits Pt deposition and that
sub-monolayer amounts of Pt on the surface of the Cu nanoparticles are ample to
disrupt the SPR band of Cu. We have also shown that transmetalation is a likely
mechanism for Pt deposition onto Cu nanoparticles based on the fact that Pt cannot be
deposited over the surface of Cu@CuO nanoparticles as well as our interpretation of
the FTIR-CO, UV-Vis and XRD results. Finally, heating efficiencies of Cu and
Cu@Pt nanoparticles derived from relative UV-Vis absorbances were correlated to
the thermal degradation behavior of PVP on the surface of the nanoparticles as

monitored by Raman spectroscopy.

5.5 Supplemental Information
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Supplemental Information 5.1 FTIR-CO probe experiment of attempted
Cu@CuO@Pt nanoparticle formation.
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Supplemental Information 5.2 FTIR-CO probe experiment of monometallic Pt
nanoparticles (8 nm diameter).
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Supplemental Information 5.3 UV-Vis of (a) Cu@CuO and (b) Cu nanoparticles.
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Supplemental Information 5.4 Raman spectra of neat PVP acquired with 633 nm
excitation.
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Supplemental Information 5.5 Raman spectra of Cu nanoparticles collected with (I)
488 nm and (IT) 633 nm excitation. Spectrum (Ia) was collected with 5 mW power
and (Ib) with 1 mW power. Spectrum (Ila) was collected with 6 mW power and (IIb)

with 4 mW power.
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

Work presented in this thesis is concerned with the synthesis,
characterization and catalytic properties of bimetallic nanoparticles. The work
presented here has shown bimetallic nanoparticles to be unique in that
non-thermodynamic phases can be accessesed and that the overall architecture of
the bimetallic system, i.e., core@shell versus alloy, can drastically change their
catalytic properties. Furthermore, this work shows that under relevant catalytic
conditions, the architectures of bimetallic nanoparticles can by dynamic and
reversible.

Our efforts were motivated by the desire to understand the relationships
that exist between metallic nanoparticle structure and their function as catalysts.
The core@shell nanoparticle architecture is particularly interesting because it can
be viewed as an analouge to overlayer planar structures that are currently under
investigation by the surface science community as well as computational chemists
performing DFT calculations on similar systems. These bimetallic overlayer
structures have unique surface electronic properties that are dissimilar from the
two metals by themselves or alloyed in the bulk. Our desire was to synthesize and
fully characterize core@shell bimetallic nanoparticles that would mimic the
systems described above.

Though this thesis is a testament to some of those advancements, much
work remains due to the complexity of small nanoparticles with core@shell and

alloy architectures and the abundance of possible bimetallic combinations. While
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even initial characterization of these bimetallic nanoparticles is often non-trivial,
understanding their structure under catalytically relevant conditions can be quite
difficult. Furthermore, determining what chemical or physical property of a
bimetallic nanoparticle is responsible for their observed catalytic activity remains
a very difficult task.

In Chapter 2 we demonstrated that carbonaceous overlayers formed from
PVP can be deletrious to the catalytic activity of Pt nanoparticle catalysts for
propene hydrogenation. Somewhat surprisingly, when the PVP coatings are left
intact, the catalytic activity is approximately as high as when the PVP/carbon
layers are oxidatively removed before the catalysis reaction is run. We found that
only under inert atmosphere, high temperature pre-catalysis conditionings was a
decrease in catalytic activity observed. We propose that a thin, dense
carbonaceous layer is forming under these inert conditions and that this carbon
blocks catalytically active sites. This hypothesis is corroborated by Raman spectra
that show D and G bands associated with PVP degradation and CO chemisorption
data that shows significantly lower surface areas on inert atmosphere annealed
NPs compared to both as-prepared and air-oxidized NPs.

In Chapter 3 we showed that small PdCu alloy NPs posses a
thermodynamically unfavored random alloy fcc phase at low temperatures and
that these NPs transition to the thermodynamically favorable ordered bcc phase
upon heating at low temperatures either in colloidal suspension or as unsupported
NP powders. The phase transition can be suppressed by supporting the NPs in an

inert matrix that spatially isolates the NPs and inhibits NP growth. These results
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strongly suggest that NP growth is a requirement for the a to B phase transition
and offers a unique view of the interplay between thermodynamic and kinetic
variables that control NP alloy structures.

In Chapter 4 we used ex situ CO adsorption DRIFT spectroscopy in
conjunction with TPR studies to show that oxidized Ru@Pt and PtRu alloy catalysts
show similar surface structures and CO oxidation activities while reduced Ru@Pt and
PtRu alloy catalysts show significantly different surface structures and CO oxidation
activities. Repeated catalyst cycling showed that the different surface structures of the
Ru@Pt and PtRu alloy catalysts are reversible over several reduction-oxidation
cycles. We also showed by STEM-EDS that the Ru@Pt catalyst maintains it’s
core@shell architecture even after multiple oxidation-reduction cycles at 210 °C.

In Chapter 5 we presented the time-lapsed characterization of 3 nm Cu@Pt
nanoparticles and proposed a transmetallation mechanism for the Pt shell deposition
over Cu core nanoparticles. Finally, heating efficiencies of Cu and Cu@Pt
nanoparticles derived from relative UV-Vis absorbances were correlated to the
thermal degradation behavior of PVP on the surface of the nanoparticles as monitored

by Raman spectroscopy.

6.2 Future Work

Three of the most interesting thrusts to explore based on the findings in this
thesis are further exploration of synthetic techniques to create non-thermodynamic
phases of bimetallic nanoparticles, forced in situ formation of core@shell
nanoparticle catalysts and combined DRIFT or Raman spectroscopy with online

monitoring of catalytic reactions. First, exploring the synthesis of new, and perhaps
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thermodynamically unfavorable bimetallic alloy nanoparticles is worthy of attention
due to the high cost of PGMs in many catalytically active materials. Moving away
from these materials by synthesizing and catalytically testing new bimetallic alloy
nanoparticles that have a low PGM:early transition metal (Mo, W, Fe) ratio would
certainly be an interesting and industrially relevant endeavor. Based on the wide array
of controllable parameters involved in nanoparticle synthesis, there are bound to be
interesting and potentially catalytically relevant materials to be discovered.

Recent studies on adsorbate-induced nanoparticle restructuring may provide
not only a dynamic understanding of the fate of a bimetallic nanoparticle during and
after catalysis, but they may also provide new synthetic pathways to creating
otherwise difficult to obtain nanoparticle architectures. Core@shell nanoparticle
architectures may be more easily obtained by using gas or liquid-phase adsorbates to
attract the desired metal to the surface of a preformed alloy or gradient alloy
nanoparticle than by creating the core@shell nanoparticle using common
solution-phase synthetic techniques.

Finally, by combining in situ vibrational spectroscopy/online gas phase
product analysis with the growing repertoire of well-characterized core@shell and
alloy bimetallic nanoparticles in our lab, we expect to gain a more complete picture of
the structure-function relationships that exist for these catalysts. Having the ability to
correlate the structure of a bimetallic nanoparticle catalyst via ex situ (TEM, UV-Vis,
XRD, FTIR-CO, EDS, etc.) and in situ (DRIFT and Raman spectroscopy) studies

with its catalytic activity would be a powerful experimental combination.
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