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Abstract

With clean and renewable sources of energy being a major focus for modern
societies, developing efficient means of energy storage is a necessity. Of the technologies
currently available, electrochemical fuel cells stand to benefit most from advances in
nanomaterials research, due to their reliance on (often Pt-based) electrode catalysts.
Perhaps the greatest advantages of using nanoparticle electrode catalysts is their large
specific surface area.

While structural characterization of nanoparticles (particularly their surface
structure) can be a significant challenge, the use of X-ray absorption spectroscopy (XAS)
can allow researchers to study samples beyond the scope of other techniques. Herein, a
series of Pt-based nanoparticles is characterized through a combination of XAS
techniques and other complementary methods of analysis in order to study the
relationships between their surface structure and electrocatalytic activity.

Following a brief exploratory study on the ability of XAS techniques to elucidate
the structure of few-atom Pt nanoclusters, focus is shifted to the preparation and
electrocatalytic application of bimetallic Pt nanoparticles containing 3d, 4d, and 5d
transition metals (Fe, Ag, and Au, respectively). The first attempts to characterize the
structure of Pt—FeOx nanoparticles revealed a predominantly Pt core coated with Fe oxide
rather than the anticipated intermetallic PtFe surface.

While this Pt-core/FeOx shell structure is poorly suited to catalytic applications,
subsequent experiments revealed that this oxide coating was removed during
electrochemical cycling to expose a highly active Fe-modified Pt surface. However, the
large amount of inaccessible Pt located in the cores of these nanoparticles renders them
less than ideally suited for catalytic applications. In order to achieve better surface
localization of Pt, AgPt nanoparticles were next prepared via galvanic reaction of a Pt
precursor salt with Ag nanoparticles.

Those AgPt nanoparticles with the lowest Pt contents were found to have surfaces
bearing few-atom Pt clusters, but Ag is unstable under FAO and ORR electrocatalytic
conditions; a more electrochemically stable elemental composition was clearly required.
Finally, a synthesis employing simultaneous reduction of Pt and Au precursors resulted in
PtAu nanoparticles with few-atom Pt surface clusters that were both stable and highly

active.

Xiii



ANOVA

a.u.

CN
Cv

DFT
DIW
DMF

E

Eo

Ei

Ea

Eaas
Eadsorbate
Ecalc

Ee

Er

Ek
Esurface
Esurface+adsorbate
ECSA
EDS

EG
EXAFS
F

List of Abbreviations and Symbols Used

diameter of illuminated sample area
photon absorption

analysis of variance

arbitrary units

absorption cell path length
concentration of analyte

coordination number

cyclic voltammetry

sample thickness

lens diameter

density functional theory

de-ionized water
N,N-dimethylformamide

photon energy

absorption edge energy

half-wave potential

applied potential

adsorption energy

energy of adsorbate molecule
calculated energy

equilibrium potential

Fermi energy

electron kinetic energy

energy of bare metal surface

energy of surface and bound adsorbate
electrochemically active surface area
energy dispersive X-ray spectroscopy
ethylene glycol

extended X-ray absorption fine structure

Faraday constant

X1V



(k) backscattering amplitude function

fo objective focal length
FAO formic acid oxidation
FCC face-centred cubic

FT-EXAFS Fourier-transformed EXAFS

GGA generalized gradient approximation
h Planck constant

h reduced Planck constant

HCP hexagonal close-packed

HRTEM high-resolution TEM

/ transmitted photon intensity

b incident photon intensity

ICP-OES inductively coupled plasma optical emission spectrometry
IR voltage drop

J current density

Jo exchange current density

Jspecific specific current density

k photoelectron wave vector

e electron mass

n refractive index

number of particles measured

NA numerical aperture

Ne number of electrons transferred

OAm oleylamine

ORR oxygen reduction reaction

PAW projector-augmented wave

PEMFC polymer electrolyte membrane fuel cell
PVP polyvinylpyrrolidone

R bond length

Rc ideal gas constant

RCF relative centrifugal force

XV



RDE
ROI
RPBE
RPM
502
SPR

T
UV-vis
Veell
Vagagcl
VRHE
XANES
XAS

a

o(k)
AEy
AE.

Al

u(E)
o (E)

rotating disk electrode

region of interest

revised Perdew-Burke-Erzerhof

revolutions per minute

amplitude scaling factor

surface plasmon resonance

temperature

ultraviolet-visible

fuel cell operating voltage

potential relative to Ag/AgCl reference electrode
potential relative to reversible hydrogen reference electrode
X-ray absorption near edge structure

X-ray absorption spectroscopy

activity of chemical species

backscattering phase function

edge energy shift

anode-cathode equilibrium potential difference
point-to-point resolution

atomic absorption edge jump

molar attenuation coefficient

overpotential

anodic overpotential

cathodic overpotential

photon wavelength

photoelectron mean free path

electron wavelength

mass absorption coefficient

total absorption signal

atomic absorption intensity

volumetric mass density

Debye-Waller factor

XVi



2

X goodness-of-fit parameter

X(E) x(k) isolated EXAFS signal

XZoq reduced goodness-of-fit parameter

Xvil



Acknowledgements

First, I would like to thank my supervisor, Prof. Peng Zhang. Throughout our time
together, Prof. Zhang has been an endless font of optimism and enthusiasm, providing the
support necessary to overcome whatever challenges might lie ahead. I would also like to
thank my supervisory committee (Prof. Mary Anne White, Prof. Mark Obrovac, and Prof.
Heather Andreas) for their guidance and advice during the course of this project; their
contributions have undoubtedly shaped it for the better.

I would additionally like to thank all Zhang group members, past and present.
Special thanks go to Mark MacDonald, Stephen Christensen, Daniel Padmos, and Daniel
Chevrier for all their help and companionship over the years. I sincerely hope that we
continue to work together for many years to come.

Thanks go out to the Beamline Scientists who have contributed their time and
expertise to this project: Yongfeng Hu, Tom Regier, and Ning Chen of the Canadian
Light Source, as well as Robert Gordon and Zou Finfrock of the Advanced Photon
Source. Further thanks are extended to Guangxu Chen, Xiaojing Zhao, and Prof. Nanfeng
Zheng of Xiamen University; Chris Deming and Shaowai Chen from the University of
California, Santa Cruz; and Victor Fung and De-en Jiang from the University of
California, Riverside, for their great collaborative contributions. Thanks also to Tim
Crowtz and Prof. Jeff Dahn of Dalhousie University for RDE equipment access and
training.

Finally, I want to thank my family and friends for encouraging and supporting me
on my journey down this long academic road. To my selfless parents, my brother and

sisters, and everyone else who has put up with me all these years: Thank You.

xviii



Chapter 1 — Introduction

1.1 Nanoparticles

In recent years, nanotechnology has grown to become a major focus for many
researchers around the world. Through a better fundamental understanding of
nanomaterials and their properties, other areas of research have also benefitted greatly.
From photostable dyes to superior catalysts for the synthesis of organic molecules,
nanomaterials have had an impact on numerous developing technologies.!* Thus,
fundamental research in this field has the potential to extend the influence of
nanotechnology to practical applications.
1.1.1 A History of Nanoparticles

By definition, nanomaterials are objects which measure less than 100 nm in at
least one dimension.’ Some common nanomaterial structures are presented in Figure 1.1.
While perhaps the best-known examples of nanomaterials are polyhedral nanoparticles,
years of research have led to the development of increasingly complex structures. From
relatively simple nanorods/nanowires* and nanosheets’ to composite metal/semiconductor
photocatalysts,®” advances in the synthesis and structural characterization of
nanomaterials have driven this research relentlessly forward. While the controlled design
and production of these artificial nanoparticles is a more recent discovery, very early

instances of their use can be found in certain historical objects.

Figure 1.1. Examples of some common nanomaterial shapes, including (a) nanoparticle, (b) nanorod, and
(c) nanosheet structures.



The earliest known examples of synthetic nanoparticles are found in art objects
like the Lycurgus cup, a Roman artifact in which unique glass colouration (red in
transmission, but green in reflection) is observed due to the presence of trace amounts of
Au and Ag nanoparticles.® The nanoparticulate nature of these materials was likely lost on
the cup’s 4th century creators, however, as the first thoroughly scientific study of metal
nanoparticles would not be revealed until Michael Faraday’s seminal presentation at the
Bakerian Lecture in 1857.° Faraday’s studies exposed many key aspects of metallic
nanoparticles that researchers still encounter today, including their synthesis via reduction
from metal salts. The troublesome tendency of such suspensions to aggregate under
certain conditions was also well documented, being well expressed by an excerpt from
Faraday’s lecture: “All endeavours to convert the violet [partially aggregated] gold back
into ruby were either failures, or very imperfect in their results.”® Despite the wealth of
information presented in this paper, however, nanoparticles remained a mere curiosity for
many years to come.

The field of nanoparticle research has since seen a dramatic rise in popularity,
with the number of relevant publications increasing by at least 12 % annually since 1988
(as shown in Figure 1.2).!% As a result of this rapid growth rate, over 80,000 relevant
publications were produced in 2015, alone.'® This boom in research activity has also
dramatically expanded the breadth of the field; nanoparticles can now be produced using
a variety of methods and tailored for applications in numerous fields, including cellular
imaging, drug delivery, and catalysis.®!!!? At the heart of all these applications, though,

lies the synthetic methods used to produce the nanoparticles.
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Figure 1.2. Plot of the number of publications containing the search term “nanopart*” as a topic since 1978
(via Web of Science database). The inset figure presents the same data, but is scaled to more clearly
illustrate the fewer publications released between 1978 and 1994.

1.1.2 Modern Synthesis of Nanoparticles

The development of a more comprehensive understanding of nanoparticle
synthesis is easily one of the most important aspects of the research field. Although the
exact methods vary and have continue to evolve with time, nanoparticle syntheses can be
divided into two categories: top-down and bottom-up. In a top-down synthesis,
nanoparticles are generated by successively breaking down particles of a bulk material,
typically via physical mechanisms such as ball milling,'*!* laser ablation,' or sputter
deposition.'®!” Conversely, a bottom-up approach features a gradual assembling of
nanoparticles from individual ions and molecules, as mediated by chemical reactions. '8
While both approaches have their respective advantages and disadvantages, the bottom-
up approach is particularly appealing to those with backgrounds in chemistry due to its

dependence on chemical reactions, which offer great potential for control and



modification of the nanoparticle product.

The specific reactions leading to bottom-up nanoparticle formation are largely
dependent on the nature of the material; for example, metal nanoparticles are typically
obtained via reduction of metal ions,'® whereas oxides are frequently generated via
induced precipitation or thermal decomposition.?’! In the case of metal nanoparticles,
there are four primary components of a typical bottom-up synthesis: the metal precursor,
the reducing agent, the reaction solvent, and the capping ligand.'® Each of these
components affects the size, shape, and stability of the resultant nanoparticles, allowing
researchers to fine-tune their physical and chemical properties.

The major role of the reaction solvent is, naturally, to ensure the solubility of the
other reaction components and product nanoparticles. Solvation depends primarily on the
solvent used, but can be also modified to an extent by controlling the temperature at
which the reaction is conducted.!® The choice of reaction solvent also has important
implications for the usefulness of these nanoparticles in certain applications.
Nanoparticles intended for use in drug delivery or other in vitro applications, in
particular, must be dispersible and stable under the aqueous conditions found in the
human body.!” Perhaps the most important factor in determining the suitability of
nanoparticles for any application, though, is the choice of metal precursor.

The metal precursor in most bottom-up syntheses is a metal salt or complex that
undergoes reduction by a reducing agent, leading to the assembly of nanoparticles. The
choice of precursor is important due to both its degree of solubility in the reaction solvent
and the nature of its counterions, the latter of which can have a significant effect on the
structure of the product nanoparticles.?>?* The fact that many transition metals are

capable of adopting multiple stable oxidation states creates even more opportunities for
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fine-tuning the reaction conditions. Finally, combining precursors of two or more
different metals in a synthesis allows for the preparation of multi-metallic nanoparticles,
which can result in drastic changes in nanoparticle properties relative to their
monometallic forms.?* It is, thus, clear that the metal precursor plays an important role in
nanoparticle synthesis; however, its usability is contingent on the availability of an
appropriate reducing agent.

Reducing agents may be organic (e.g., citric or ascorbic acid) or inorganic (e.g.,
sodium borohydride) in nature, and can exhibit a range of reduction potentials.'” In either
case, the “strength” (i.e., reduction potential) of the reducing agent can impact
nanoparticle size by determining whether nucleation or particle growth processes
predominate during the synthetic reaction.!® In general, whereas weaker reducing agents
tend to generate larger nanoparticles by promoting particle growth over nucleation,
stronger reducing agents have the opposite effect and tend to produce smaller
nanoparticles.!® Another important consideration when selecting a reducing agent is how
easily it can be removed during subsequent sample purification. Solid materials tend to be
more challenging to remove without also losing some of the product nanoparticles; thus,
employing more easily separated liquid or gaseous reducing agents can greatly simplify
the purification process.?>*¢ Perhaps the most significant reaction component of a
nanoparticle synthesis, though, is the capping ligand.

The primary function of capping ligands is to mediate the growth and stability of
nanoparticles, both during and after their synthesis.!® These ligands are typically organic
molecules or polymers bearing functional groups capable of interacting with nanoparticle
surfaces.!” Ligand-surface interactions vary in strength and may be covalent, electrostatic,

or physical in nature.'” In order to impart good stability, these ligands must interact
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strongly with both the nanoparticle surface and reaction solvent, and also be either
sufficiently bulky (Figure 1.3a) or charged (Figure 1.3b) to prevent the metal surfaces
from coming into contact with one-another.!” In addition to the wide range of capping
ligand molecules that exist, combinations of different ligands can be employed to further

fine-tune the reaction conditions.?’

H2N
Oleylamine Citrate

Figure 1.3. Structures of some representative capping ligands used to stabilize nanoparticles via (a) steric
and (b) electrostatic repulsion forces.

In addition to their role in maintaining stability, ligands also influence
nanoparticle structure and properties in a number of ways. Both higher ligand
concentrations and stronger surface-binding interactions result in in the formation of
smaller particle sizes, while lower concentrations and weaker binding interactions tend to
favour larger particles.'” With regard to surface structure, even small molecules such as
carbon monoxide can strongly bias the formation of surfaces with specific indices via
preferential binding at certain sites.!>?’ Finally, ligands can also be used to impart further
functionality to metal nanoparticles by conjugating biologically active molecules to their
surfaces either directly or via a connecting ligand. These molecule-bound nanoparticles
may then be used in order to provide better control over the localization of a drug within
the body.!?

With the primary parameters involved in bottom-up metal nanoparticle synthesis



having been discussed, the significant complexity involved in these reactions is now
clear. Although not all parameter combinations will result in successful syntheses, a wide
range of possible reaction conditions does exist. Manipulation of these synthetic
parameters can be used for anything from fine-tuning specific nanoparticle properties to
producing samples with novel compositions and structures. In either case, it is important
to understand the essential properties of nanoparticles that make research in this field so
interesting.

1.1.3 Properties of Nanoparticles

Although they have been a subject of scientific research for decades,”®
nanoparticles have only in recent years begun to see use in commercial products.
Ferromagnetic iron oxide nanoparticles, for example, are now used as magnetic resonance
imaging contrast agents, thermotherapy agents, and more,?’ while the antimicrobial action
of Ag nanoparticles has led to their incorporation into clothing and textiles.>* Other
applications of nanoparticles, such as fuel cell catalysis, are beginning to emerge,*'*? but
are still under development.®®> Regardless of the specific application, however, much of
nanoparticles’ appeal can be attributed to their small size.

Emergent properties are exhibited by some nanoparticles as a result of electronic
quantum confinement effects.>**> Metal nanoparticles, for example, tend to experience
collective excitations of their surface electrons in a phenomenon known as surface
plasmon resonance (SPR).® For some metal nanoparticles, such as those made from Ag
and Au, the required excitation energy falls in the visible region of the electromagnetic
spectrum, allowing them to be employed as labelling agents in various chemical and

biological systems.® Even more dramatic changes in behaviour are observed in



nanoparticles below ca. 2 nm in diameter; once this lower size threshold is reached, the
continuous metallic band structure breaks down into more discrete energy levels,
resulting in the emergence of molecule-like properties such as optical fluorescence.*® This
phenomenon is commonly observed in small Au nanoparticles (less that ca. 2 nm), which
are often referred to as nanoclusters to emphasize their smaller size and resemblance to
polynuclear clusters more commonly seen in inorganic chemistry research.’® Although
not all metal nanoparticles exhibit useful optical properties, many have other potential

applications, such as the catalytic activity demonstrated by Pt.

1.1.4 Nanoparticle Fuel Cell Catalysts

Pt nanoparticles can be employed to perform a wide range of chemical reactions,
including the catalysis of electrode reactions in fuel cells.?” Fuel cells are electrochemical
devices used to generate energy from simple chemical feedstocks. Although they are not
yet widely utilized, some types of fuel cells are beginning to break into the commercial
market.>!3? Polymer electrolyte membrane fuel cells (PEMFCs) are particularly well-
suited to automotive applications due to their high energy density,*® as is exemplified by
modern vehicles like the Toyota Mirai.** Unfortunately, the performance of these
PEMFC:s is ultimately limited by the rate of the oxygen reduction reaction (ORR) at the
cathode.*® Because this reaction is enhanced by using Pt metal as a catalayst,*® perhaps
the most obvious approach would be to increase catalyst loading at the electrode;
however, such catalyst materials are expensive and the availability of Pt would be
insufficient to satisfy the growing worldwide demand for automobiles.*’ In addition,
simply increasing catalyst loading has been demonstrated to yield diminishing returns in

terms of catalytic performance.*! As a result, finding alternative means of improving



these electrode catalysts is crucially important.

Given the wide range of reactions that can be catalyzed by Pt nanoparticles, it is
no surprise that extensive efforts have been made to understand the source of their
activity in terms of their structure and electronic properties.**** Due to their
exceptionally small size (and the correspondingly low proportion of inaccessible atoms
within the particle core) nanoparticles have a very high “atom economy".*’ As is shown
in Figure 1.4a, as nanoparticle diameter decreases, the number of total atoms decreases as
the proportion of atoms located at surface sites increases. Also shown (Figure 1.4b) is an
image illustrating the core (blue) and surface (red) sites in a nanoparticle of ca. 1 nm in
diameter. By thus maximizing the number of catalytically active atoms located at
accessible surface sites, less material is required and costs can be significantly reduced.
Unfortunately, the improvements afforded by this size advantage are insufficient to
overcome the issues of cost and availability; additional measures need to be taken to
improve these Pt-based catalysts.

Another promising approach to improving catalyst performance is to carefully
control the facets formed at the surface of nanoparticles. Experiments have shown that
different metal surfaces, defined using Miller indices, exhibit differing levels of catalytic
activity.?>?74647 Thus, by preferentially forming more-active facets (e.g., via the use of
small-molecule protecting agents?’) shape-controlled nanoparticles can exhibit enhanced
catalytic activity. These activity enhancements are limited, however, by the need for well-
ordered surfaces. This dependence results in a minimum size for nanoparticles that may
be synthesized in this way, thereby also limiting the atom economy of the catalyst.
Fortunately, a more promising approach to improving nanoparticle performance is via the

combination of multiple metals.



® (Core

® Surface

Atoms / #
e
U O
o O
o O
o0
o o

Surface
Atoms / %
5
.
*
.

O L L L L L
0 1 2 3 4 5 6

Particle Diameter / nm

Figure 1.4. (2) Plots describing core and surface atom counts and proportional distributions in nanoparticles
less than 6 nm in diameter, and (b) a model nanoparticle of ca. 1 nm in diameter with core and surface atom
sites indicated in blue and red, respectively.

In the case of Pt, the controlled formation of bimetallic nanoparticles using
transition metals such as Fe and Ni can result in both increased activity and, thus, reduced
material cost.*”* This increase in activity means that less catalyst material is required to
obtain the desired catalytic performance. Consequently, nanoparticles made from even
expensive materials can be reasonably used to accomplish real-world tasks. For some
applications, such as catalyzing reactions involving small carbon-based molecules, the
susceptibility of Pt surfaces to carbon monoxide “poisoning” (i.e., irreversible binding)
makes it a particularly poor catalyst.’® In these cases, the contaminant carbon monoxide is
generated by reaction such as the partial oxidation of methanol or decomposition of
formic acid.’'>? Through the formation of Pt-based bimetallic nanoparticles, however, it
is also possible to obtain catalysts which are highly resistant to surface poisoning.>*

Incorporating other metals into Pt nanoparticles also imparts customizability via
the distribution of the component metals within the nanoparticle. Depending on the
tendency of the component metals to segregate or mix, multi-metallic nanoparticles may

take on a variety of structures. Heterostructured, core-shell, surface island, random alloy,
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and intermetallic nanoparticles (illustrated in Figure 1.5) can all be prepared using a
variety of synthetic methods.>*>* Differentiation between these structures is important, as
their atomic distributions can produce a variety of different surface structures and, thus,
have a strong effect on their respective catalytic activities.>*>> Among these possible
structures, few-atom (or even single-atom) Pt surface islands offer optimal distribution of
Pt, with few or no Pt atoms being located in the particle core. However, achieving such as
structure will require carefully selected synthetic methods as well as the availability of

techniques capable of accurately measuring the nanoparticle structure.

Figure 1.5. Nanoparticle models with (a) heterostructured, (b) core-shell, (c) surface island, (d) random,
and (e) intermetallic alloy morphologies.

1.2 Motivation and Thesis Objectives

Finding new means of meeting the growing global demand for energy is a major
driving factor in scientific research, a trend which will persist into the foreseeable future.
However, it is no longer sufficient to just provide this energy; as much as possible, energy

must be generated renewably and with minimal emission of pollutants and greenhouse
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gases. Due to their minimal chemical emissions and ability to store energy generated via
environmentally friendly means, the potential utility of electrochemical fuel cells as
energy storage systems makes them an important avenue of research. Fundamental
research into materials contributing to their development is, thus, similarly valuable.

In addressing this issue, three key concepts are emphasized: the suitability of X-
ray absorption spectroscopy (XAS) techniques for the characterization of surface
structure in Pt-based alloy nanoparticles, the use of complementary characterization
techniques to help confirm the surface structures inferred using XAS, and the correlation
of this structural information with the catalytic behavior of the nanoparticles studied. In
this way, a greater understanding of the catalytic reactions occurring at the surface of
these Pt-based materials will be obtained. Due to its importance in nanoparticle
production, a minor emphasis is also placed on the use of simple synthetic methods

requiring little subsequent work-up or purification.

1.3 Thesis Structure

Following the general introduction to nanomaterials provided in Chapter 1,
background information regarding instrumental techniques employed throughout this
thesis are presented in Chapter 2. Due to the variety of samples and measurements
conditions studied in the course of the research, specific information regarding each
technique will be provided in each subsequent chapter.

Chapter 3 describes a first foray into the synthesis and characterization of Pt-based

nanoparticles. The fluorescent properties of these Pt nanoclusters were investigated using
ultraviolet-visible (UV-vis) spectroscopy and explained using structural information

obtained through the implementation of XAS techniques. It was revealed that the
12



structure of these nanoclusters can be well characterized using XAS, but that they did not
have the metallic structure desired for electrocatalytic applications.

Chapter 4 presents a study of the structure and ORR electrocatalytic activity of
carbon-supported nanoparticles prepared including both Pt and Fe in the reaction mixture.
In addition to electrochemical and XAS analyses, these nanoparticles were studied using
transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy
techniques. 4b initio calculations were also used in order to support the experimental
results. In this case, metallic nanoparticles were successfully obtained and shown to have
good electrocatalytic ORR activity. The localization of Pt at the nanoparticle core was,
however, not ideal, and concerns were raised regarding the stability of surface Fe species
under electrocatalytic conditions.

In Chapter 5, the Pt-FeOx nanoparticles presented in Chapter 4 are further studied
in order to investigate the effects of strong acids and cycled potentials on their surface
structure. Again, TEM, cyclic voltammetry (CV), and XAS techniques were employed in
this investigation. More extensive characterization of the electrocatalytic activity of these
nanoparticles was also presented. It was found that significant surface modification
occurred during electrochemical treatment, leading to the conclusion that performing in
situ or post-catalysis characterization is critical to understanding the true active structure
of nanoparticle catalysts.

Chapter 6 explores the use of a two-step synthetic procedure to prepare core-shell
AgPt nanoparticles. UV-vis spectroscopy, TEM, and XAS techniques were used to
closely study the surface structure of these nanoparticles, with ab initio calculations again
being used to support the experimental results. While all AgPt nanoparticles shared the

same general Ag-core/Pt-shell structure, those with the lowest Pt content also exhibited
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very small Pt clusters at their surfaces, however these nanoparticles were not
characterized electrochemically.

Chapter 7 describes a thorough characterization of PtAu nanoparticles prepared
using a one-step synthesis. TEM, CV, XAS, and X-ray photoelectron spectroscopy (XPS)
results were employed to obtain structural information. Once again, surface clusters of Pt
atoms were observed in the low Pt-content Au-core/Pt-shell nanoparticle samples. The
formic acid oxidation reaction at the surface of these nanoparticles was also explored,
with support from ab initio calculations performed using density functional theory. It was
found that excellent formic acid oxidation activity was exhibited by these samples, due to
the apparent ability of few-atom Pt clusters to avoid self-poisoning by CO.

Finally, Chapter 8 summarizes the conclusions from previous chapters and
explains their relevance to the outlined research goals. Future avenues of research for this
project are also discussed, pertaining to both nanoparticle catalysis and XAS
characterization of nanomaterials. While much progress has been made, there is also still

room to explore.
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Chapter 2 — Experimental Methods

A range of experimental techniques has been employed in the characterization of
the Pt-based nanoparticles discussed in this thesis. In order to provide some basic
familiarity with these experimental techniques, relevant background information is
provided herein. Greater descriptive depth is provided for techniques that play more
significant roles in this research, particularly those with which readers are likely to be less
familiar. Due to the use of different conditions and equipment for many experiments, the
specifics of experimental parameters and equipment are provided in each chapter,

individually.

2.1 X-ray Absorption Spectroscopy
2.1.1 The Need for XAS Techniques

The rarity of high yield nanoparticle syntheses makes it challenging to produce the
relatively large quantities of material required for many conventional techniques.’®
Furthermore, the few-nanometer size of these nanoparticles limits the usefulness of
techniques such as powder X-ray diffraction, which rely upon the existence of long-range
order within the sample.’® Conversely, techniques such as °°Pt nuclear magnetic
resonance spectroscopy require a sample to contain fewer atoms of the target element (on
the order of tens of atoms) than are typically present in nanoparticles (typically hundreds
to thousands of atoms, or more).’ For all but the smallest nanoparticles, peak broadening
caused by the relatively large number of atoms severely limits the amount of structural
information that can be obtained using '*>Pt NMR.%! Fortunately, techniques capable of

reliably characterizing nanoparticle catalysts are available. XAS is sensitive enough to be
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performed on just milligrams of material and powerful enough that detailed electronic and
structural data can be obtained from a wide range of materials, including even liquid and
amorphous samples.®? For these reasons, XAS has been widely adopted by nanoparticle
researchers as an invaluable tool for studying the structure and properties of

nanoparticles.®®

2.1.2 Background and History

Since their discovery, X-rays have been employed in a variety of applications,
including medical and material science studies.’* % In the early days, X-rays used in XAS
measurements were generated in research laboratories using X-ray tubes and detected
through the use of photographic plates in conjunction with a single-crystal
monochromator.®” As the quality of data obtained using XAS improved, oscillatory
variations in the measured absorption amplitudes were eventually observed. Initially
referred to as “Kronig structure” after the German researcher Ralph Kronig who
developed the first theory for their analysis, these features eventually came to be known
as extended X-ray absorption fine structure (EXAFS).%” Despite these advantages, the
relatively low intensity of laboratory-based X-ray sources limited the widespread use of
the XAS technique; it was not until the arrival of dedicated synchrotron facilities that this
technique was revolutionized and became able to capture the attention of the broader
scientific community.®’

Since the advent of synchrotron X-ray sources, the time required to obtain good-
quality data from a sample has decreased from hours or days to mere minutes, or even
seconds.®® The X-ray beams generated at synchrotrons by the acceleration of high-

velocity electrons are very intense and well-monochromated, making possible this
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extraordinary forward leap in performance.®” The critical role played by synchrotron
technology in advancing the use of XAS is neatly encapsulated by the words of Dr. Farrel
Lytle, an instrumental contributor to the field of XAS throughout the course of his career:
“In one trip to the synchrotron we collected more and better data in three days than in the
previous ten years. I shut down all three X-ray spectrometers in the Boeing laboratory. A
new era had arrived!”.%’

XAS offers a number of advantages when it comes to sample analysis. This
technique is both non-destructive and sensitive, requiring just a few milligrams of the
target element for data acquisition. More importantly, though, XAS allows for element-
specific characterization of materials, due to the characteristic absorption edge energies of

each element.®’

This can be especially useful for samples containing two or more
elements of interest, as it affords multiple perspectives into the overall structure and
electronic properties of the material.

In addition to the aforementioned general advantages, XAS is particularly useful
in the study of metal nanoparticles. Although XAS spectra represent an average over all
atoms in sample, the small size of nanoparticles means that a relatively large proportion
of their constituent atoms are present at the particle surface. This enables the surface
atoms of the nanoparticles to be studied without such a large background from atoms
located in the bulk of the particle.®® In the case of bimetallic nanoparticles, coordination
number (CN) values determined from fitting of the EXAFS data can be used to
qualitatively determine the distribution of elements within the particle: lower CNs
correspond to surface-located atoms, whereas higher CNs indicate preferential

localization in the particle cores.®> These advantages render XAS techniques ideally

suited for the characterization of catalytically active nanoparticles. Explaining how XAS
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is able to provide these advantages, however, requires a deeper understanding of the
underlying physical phenomena.
2.1.3 XAS Mechanisms and Theory

When an atom absorbs a sufficiently energetic X-ray photon, a core-level electron

is excited to a valence or continuum energy level,®

as illustrated in Figure 2.1. In a
typical experiment, an XAS spectrum is acquired by measuring the absorption of a
transmitted X-ray beam through the sample (e.g., a metal foil or compacted pellet of
powder). The extent of absorption is measured from the intensity of the transmitted X-ray
beam, I, relative to its initial intensity, I, as shown in the following equation:

I = [je™#P4, (2.1)
wherein p is the mass absorption coefficient of the target element, p is the density of the
sample material, and d is the thickness of the sample material.” It is important to note,
however, that while all spectra obtained using XAS are element-specific (i.e., only atoms

of the target element are counted), they do represent an average over all atoms of that

target element within a sample.

hv —4—

Il

&

Pt Pt

Figure 2.1. A simplified energy level diagram illustrating the origin of XAS spectra from the excitation of a
core-level electron (circled) to valence or continuum states (i.e., via photoelectron emission).
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As is shown in Figure 2.2, a typical XAS spectrum can be divided into two main
sections: the XANES (X-ray absorption near edge structure) region and the EXAFS
region. For X-rays with energies within ca. 30 eV of the absorption edge energy of the
target atom, excited core-level electrons are promoted to fill vacancies in the valence
orbitals; these electronic transitions give rise to the major features in the XANES
spectrum of an element.®® X-rays with greater energies are sufficient to ionize atoms of

the target element, resulting in photoejection of core-level electrons.®

XANES EXAFS

Absorption / a.u.

LJ |

11.4 11.6 11.8 12.0 12.2 12.4
Excitation Energy / keV

Figure 2.2. A representative spectrum obtained by performing XAS measurements at the Pt L3 absorption
edge, illustrating the general XANES and EXAFS regions.

The mechanism giving rise to the observed EXAFS oscillations is rather complex,
but years of investigation have led to it becoming well understood.”** Due to the fact that
XAS is inherently dependent on electronic excitations, the magnitude of absorption in the
EXAFS spectrum is controlled by both the initial and final states of the excited atom.®

When an absorption event occurs, photoelectrons are emitted from the excited atom in all
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directions (see Figure 2.32).%° As they travel away from the absorbing atom,
photoelectrons interact with neighbouring atoms in the sample and are scattered. A
portion of these scattered photoelectrons return to the excited atom (see Figure 2.3b),
where they alter the probability of subsequent electronic excitations.”! The range of this

backscattering effect is, however, limited.

Figure 2.3. Simplified diagrams illustrating (a) the omnidirectional emission of photoelectrons from the
absorbing atom (red) and (b) backscattering of photoelectrons from neighbouring atoms (black) following
X-ray absorption. The red and black arrows illustrate the direction of propagation for photoelectron waves.

The distance traveled by photoelectrons in the given material is not infinite, but
rather limited by their inelastic mean free path.%’ The inelastic mean free path of an
electron depends not only on the nature of the material is passes through, but also on the
electron’s kinetic energy.’? Photoelectrons generated in XAS have kinetic energies, Ej,,
equal to the difference between the incident X-ray energy, E, and the absorption edge
energy, E,, of the target atom, as per:

E, = E — E.% (2.2)
Based on the typical inelastic mean free paths of electrons generated in XAS, the
maximum range of EXAFS characterization is limited to tens of nanometers.%® This range
is more than sufficient for applications of XAS in nanoparticle research, however, and the
spectra so obtained can yield large amounts of information.

20



3 5
. © b
©
~ 27 =21
c 2
o >
= -
21 N
5 5
<0 I § o—" ]
114 116 11.8 120 122 124 Z 11.4 11.6 11.8 12.0 122 124
Excitation Energy / keV Excitation Energy / keV
0.03
) d
i >
o ©
~ =~ 0.02¢
N« «
* *
= -~
~ ~ I
< 50'01
l—
L
& ) A 0.00 : :
2 4 6 8 10 12 14 0 2 4 6 8
k/A R/A

Figure 2.4. The stages of EXAFS data work-up, including (a) raw and (b) background-subtracted/
normalized XAS spectra, (c) the isolated EXAFS signal, and (d) the Fourier-transformed EXAFS (FT-
EXAFS) spectrum. The shaded (grey) region in (b) highlights the region of the XAS spectrum from which
the EXAFS data in (c) are isolated.

The work-up required for XANES spectra can be accomplished in very few steps.
The raw XAS spectrum (see Figure 2.4a) is first background-subtracted by fitting simple
polynomial functions to the pre- and post-edge regions, and then normalized to the edge
jump (see Figure 2.4b). In contrast, EXAFS spectra must be isolated from the raw
absorption spectrum using the full, multi-step process shown in Figure 2.4. After
background-subtracting and normalizing the raw spectrum, a spline is fitted to the EXAFS
data and the following is equation used to obtain the isolated EXAFS signal, y(E), as

shown in Figure 2.4c:

H(E) — po(E)

x(E) = AL

(2.3)
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wherein the total XAS signal in the post-edge region, u(E), is background-subtracted by
the smooth atomic X-ray absorption signal, py(E), and normalized relative to the atomic
absorption edge jump, Apy.* Finally, the EXAFS spectrum is Fourier-transformed,
resulting in a radial distribution function describing the relative locations of neighbouring
atoms in the atomic lattice (see Figure 2.4d). After having been so processed, these sample
spectra are ready for detailed analysis.
2.1.4 Analysis of XANES Spectra

In XANES spectra, the first peak immediately following the absorption edge
sample is often referred to as the “white line.” This stems from the historical use of
photographic plates as primitive area detectors for transmitted X-rays. The greater
absorption of X-rays by the sample at this point in the spectrum results in less exposure of
the plates and a visibly whiter colouration, as is illustrated by the diagrammatic plate in
Figure 2.5.5"7 As mentioned previously, the white line corresponds to allowed
excitations of core level electrons to vacancies in the valence orbitals of the given atom.”*
As a result, its position and intensity can be used to infer information regarding the

electronic environment of the target element.

A
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Figure 2.5. Illustration showing the white line position of a XANES spectrum as would be recorded using
(top) diagrammatic photographic plate exposure and (bottom) modern absorption detection methods.
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At the simplest level, the distinct features in the XANES region can be used as a
spectral “fingerprint” that is representative of a given material. For more in-depth
characterization, linear combination fitting can also be used to deconvolve spectra arising
from mixtures of distinct chemical phases by using spectra from known reference
materials.”> Significant features may also be present just prior to the spectral absorption
edge; these so-called pre-edge features can provide additional structural information
about the sample.’”* For example, the pre-edge feature in the Fe K-edge absorption
spectrum represents an s-to-d bound-state transition. While this electronic transition is
normally spin-forbidden, it can become allowed if p-d orbital mixing occurs as a result of

t.”* The intensity of resulting feature is, thus,

the Fe atom’s coordination environmen
representative of the local structure at Fe sites in the material. While the information
afforded by such analysis can be substantial, additional methods of data analysis
continued to be developed as X-ray technology evolved. In addition to the wealth of
information that can be obtained from analysis of the XANES region, EXAFS analysis
can be used to infer significant information regarding the local structural environment of
the element of interest.
2.1.5 Analysis of EXAFS Spectra

In comparison with most XANES analysis procedures, EXAFS analysis of
samples can be considerably more complex. Due to the fact that core-level absorption

edges span a very large range of energies, it is helpful to describe EXAFS spectra in

terms of wave vector, X, instead of excitation energy, as follows:

k = Y Zme(:' - EO) (2.4)

wherein m,, is the mass of an electron, E is the photon energy, E, is the absorption edge
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energy for the target element, and # is the reduced form of Planck’s constant.®® The
amplitudes of EXAFS spectra are often scaled by some multiple of this wave vector in
order to offset the gradual decay of signal intensity at higher energies. While this form of
spectrum provides some room for qualitative interpretation, fitting the data at this point
requires extensive knowledge of the sample phase, as all scattering paths are convolved
into a single waveform. Fourier-transformation of this EXAFS data allows contributions
from neighbouring atoms to be displayed as a function of distance from the excited atom.
By exclusively selecting the region of the spectrum corresponding to the desired
interactions, the data can be fitted without worrying about contributions from the
numerous other scattering paths.®

Fitting of the FT-EXAFS spectra is usually performed using commercial or freely
available software packages such as FEFFS8 in conjunction with WinXAS or Demeter
(formerly IFEFFIT).”®7® FEFFS software is designed to perform various computations
related to XAS using a Green’s function approximation; determination of scattering
amplitude and phase shift functions used for FT-EXAFS fitting, as well as simulation of
XANES spectra, and even charge transfer between atoms can be calculated using this
method.”® Both WinXAS and Demeter software are designed for XAS data work-up and
fitting, while also providing some miscellaneous tools to aid in data analysis. In brief,
prior to fitting an FT-EXAFS spectrum, a Cartesian structural model representative of the
sample being studied is first generated from crystallographic coordinates using modelling
software (e.g., Crystalmaker’®). Next, amplitude and phase-shift functions are calculated
using FEFFS, with the Cartesian coordinates as input. Having obtained these amplitude
and phase-shift functions for each scattering path in the structural model, it is now

possible to fit the FT-EXAFS spectrum.
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Once processed, the FT-EXAFS spectrum can then be fitted using WinXAS or
Demeter, allowing the values of certain structural parameters to be extracted. Experimental

spectra are fitted using the following function:

CN - S2f(k —2R
x(k) = sz’zf() e~2K?0% . o109 - sin(2kR + 26(k)),  (2.5)

such that y(k)is the amplitude of the function at wave vector k, CN is the coordination
number of the scattering atom located at distance R, S§ is the amplitude scaling factor,

f (k) and §(k) are the backscattering amplitude and phase shift functions, ¢ is the
Debye-Waller factor, and A(k) is the photoelectron mean free path.®” Among these
parameters Sg, CN, R, and o2 are usually allowed to vary during fitting, with the addition
of an edge energy shift (4£v) parameter used to account for differences between the
experimental absorption edge energy from the XANES spectrum and the calculated value
for the scattering paths determined using FEFF8.3° While the method used to obtain these

structural parameters is universal, estimation of their associated uncertainties is less well

established.

2.1.6 Quantification of Uncertainty in EXAFS Fitting

The quantification of uncertainty in structural parameters determined from
EXAFS fitting is an issue that has long plagued users of the technique.®'** A handful of
quantification methods, with varying degrees of rigorousness, has been reported in the
literature, including static estimates (typically = 20 to 25 % for CNs and = 0.02 A for

bond lengths)®*%

and variation of a single parameter while monitoring resulting change
in the goodness-of-fit parameter, ¥2.5¢87 A large number of publications, however, ignore

the issue entirely. It appears that the most rigorous error determination method in use by

researchers is that implemented by Demeter XAS analysis software.’”” The strength of this
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method stems from the fact that it incorporates several key factors, including correlation
between fitted parameters, the number of degrees of freedom available during fitting, and
the magnitude of noise in the experimental FT-EXAFS spectrum.®’

Demeter and its predecessor, IFEFFIT, are freely available from the developers,
and so these software packages are almost ubiquitously used in the analysis of XAS data.
However, the additional control afforded by commercial software such as WinXAS
makes it preferable for some tasks. Unlike Demeter, WinXAS does not take into
consideration the ¥2, and defaults to the use of a too-low “error parameter”. This less-
robust approach results in unrealistically small uncertainties for both low- and high-noise
sample spectra (as presented in Figure 2.6). In order to address this issue, a method of
reproducing the uncertainty determination methods of Demeter was developed and
implemented.®® The calculations required for this method are tedious to perform
manually, and so the simple computer program “Analyzer v0.1” was written in order to
streamline the process. This program was used for uncertainty determination in Chapters
3 and 7. Chapters 4, 5, and 6 employed the IFEFFIT package as it offers the ability to
simultaneously fit spectra with shared variables, an option that is not available using
WinXAS/Analyzer vO0.1.

Using this procedure, the average peak amplitude was first computed over the
range of 15 to 25 A in the FT-EXAFS spectrum; because this spectral region contains
almost exclusively noise from the experimental data, it can be used to approximate the
uncertainty contained therein.®? This value is then used as the WinXAS error parameter
during the fitting process, resulting in slightly more accurate uncertainties for the

parameter values. The corresponding y? value for the fit is divided by the number of

degrees of freedom for the fit, yielding the reduced chi-squared value, y?2,,. Finally, the
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improved uncertainty values from WinXAS are multiplied by y2,; to give the correct
uncertainties for each parameter value, as shown in Table 2.1. While this more-robust
method of uncertainty determination lends further credibility to the use of XAS

techniques in the characterization of nanoparticles, it is important to also consider the

importance of studying samples using complementary methods of analysis.
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Figure 2.6. Plots of Pt L3-edge (a) EXAFS and (b) FT-EXAFS spectra obtained from samples with
relatively low (Pt foil) and high (PtFe nanoparticles) background noise. Inset in (b) is an enhanced view of
the spectral region used to quantify the noise present in experimental data.
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Table 2.1. Parameter values and uncertainties (treated as one standard deviation) for FT-EXAFS spectra as
determined using various types of software. Uncertainties marked with an asterisk (*) indicate that this
parameter was held constant during data fitting.

Parameter
2 2
Sample Software S, CN R o AE,
/a.u. /au. /A /103 A /eV

WinXAS [ 0.910 £0.002 | 12 £0* [ 2.7687 £0.0001( 4.27 +£0.01] 5.6 +0.02

Pt Foil Artemis | 096 +£0.05| 12 +£0%| 2769 +0002| 46 +03| 55 +05
(Low Noise)
A‘j‘éylzer 091 +003| 12 +0*| 2769 +0002| 43 +02| 56 +04
WinXAS [ 0910 +0* | 40 x02]| 2752 0002 | 28 +03| 52 +05
PtFe

Nanoparticles | Artemis | 0.96 £0* | 3.8 +0.6]| 2.760 +£0.008| 2.8 +£08| 5 =)
(High Noise)
Analyzer

VO 1 0.91 + 0* 40 +£0.6] 2752 £0.006| 2.8 £09| 5 +1

2.2 Complementary Nanoparticle Characterization Techniques
2.2.1 Transmission Electron Microscopy

The small size of nanoparticles places them beyond the resolution of traditional
optical microscopy. The limit on spatial resolution in microscopy is determined by the

Rayleigh criterion, as defined according to the following equation:

2
Al = 1.220% , (2.6)

wherein Al is the point-to-point resolution, f, is the objective focal length of the
microscope, A is the wavelength of light passing through the lens, and D is the diameter of
the lens.®” Although instrumental limitations from focal length and lens diameter are also a
factor, spatial resolution in optical microscopy is fundamentally limited by the ability of
the human eye to detect only visible light. This limit is determined by the Abbe diffraction

limit; 201
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A2
= 2nsing _ 2(NA)

2.7)

Wherein A is the wavelength of light being diffracted, n is the refractive index of the
material at the given wavelength, a is the diameter of the illuminated sample area, and NA
is the numerical aperture (nsin @), which has a maximum value of ca. 1.5 in modern
instruments. Because human vision is limited to the visible spectrum, optical microscopy
has an inherent, diffraction-limited resolution of ca. 200 nm.”>*! Thus, it is necessary to
use alternative methods to achieve resolution suitable for the characterization of
nanoparticles.

The construction of the first transmission electron microscope by Knoll and Ruska
allowed the barrier set by optical microscopes to finally be overcome.”> TEM imaging is
largely analogous to optical microscopy, with a few notable differences. Instead of using
optical photons, a beam of electrons is generated by a thermionic filament and accelerated
towards a sample using a strong electric field.”> Due to the fact that electrons, like all
subatomic particles, also exhibit wave-like properties, they can be used to image samples

much as photons are used. The equation
Ae = —— (2.8)

describes the relationship between the wavelength, A1,, and kinetic energy of an electron,
Ey, with h being the Planck constant.”* Furthermore, while diffraction limitations also apply
to electrons, the fact that electron detectors can accommodate very high energies allows for
much shorter wavelengths than can be achieved using photons.**

A simple schematic diagram of a transmission electron microscope is presented in Figure

2.7. Unlike photons, electrons cannot be refracted using conventional optical lenses;
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instead, they must be collimated and focused using “magnetic lenses” consisting of
carefully controlled electromagnetic fields.”>*® Electrons generated by the thermionic
filament are first accelerated using a high applied voltage (on the order of 107 to 107 V)
and then collimated by the condensing lens. The resulting focused beam of electrons passes
through the sample, being partially scattered by the electrons therein; those electrons which
are transmitted through the sample are then refocused by the objective and projection lenses
onto a phosphor or charge-coupled device screen for detection to create an image.>® The
much-enhanced point-to-point resolution afforded by this technique relative to optical
microscopy has allowed for TEM imaging to be routinely used in the characterization of

nanoparticles.

-

(Vacuum)

\ Thermionic Filament

C(WWJ High Voltage
:— Condensing Lens
Electron Beam
Sample Holder
—+— Objective Lens
— 1 Projection Lens

[ =2 Detector
K'ZO am

Figure 2.7. Simple schematic diagram of a transmission electron microscope. The major components and
path of the electron beam are indicated.
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Finally, some TEM instruments can also be used to gather information regarding
the elemental compositions of samples by performing energy-dispersive X-ray
spectroscopy (EDS) measurements. For these measurements, X-ray emission occurs when
electrons within the sample material are excited to higher energy states by the incident
electron beam; as these electrons relax back to the ground state, they may emit X-ray
photons via fluorescence mechanisms.”” The X-ray photons emitted from the sample
material are then differentiated based on their energies using a specialized detector.”” Using
this technique allows for a quick measurement of the elemental composition of a sample,
and can even allow for elemental mapping of sufficiently large nanoparticles.”****° In order
to obtain more specific information regarding the surface structure and electronic properties
of nanoparticles, however, other analytical techniques are required.

2.2.2 Ultraviolet-visible Spectroscopy

UV-vis spectroscopy is a simple bench-top analytical technique that is frequently
employed in both the identification and quantification of chemical samples.!?1%> This
technique is often used to study the absorption and fluorescence arising from nanoparticles
or nanoclusters that exhibit optical properties;'®! however, it can also be useful for studying
the reactions of organic molecules at catalyst surfaces.'” Although advances in the
portability and quality of UV-vis systems continue to be made,'** the underlying principles
are universal.

In UV-vis spectroscopy, an absorption event occurs when the energy of an incident
photon matches the difference in energies between a ground-state electron and a
corresponding higher-energy (“excited”) state.!?® The magnitude of absorption that occurs

is described by the Beer-Lambert law,
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A= log(ITO) = ¢bc, (2.9)
wherein A is the measured absorption, I is the intensity of light transmitted through the
sample, I, is the intensity of light incident on the sample, € is the molar attenuation
coefficient of the absorbing species, ¢ is the concentration of the species in the sample, and
b is the path length of the cell.!**!% Measurements are typically made using a linear cell
geometry, as shown in Figure 2.8.19 UV-vis absorption techniques performed in this
manner can be used to provide insight into the surface structure of nanoparticles whose

absorption spectra feature SPR absorption bands.

Sample

]

Sample

Figure 2.8. Common detector geometries used in UV-vis (a) absorption and (b) fluorescence spectroscopy.

It has been well established that the positions of peaks corresponding to SPR
absorption are highly dependent on nanoparticle size and geometry.® In general, larger
particles exhibit greater red-shifting of their SPR peaks.® This effect is, perhaps, most
evident in the case of metallic nanorods, in which two distinct SPR peaks may be observed:
one corresponding to excitations occurring in the longitudinal direction, and one in the
lateral direction.® Furthermore, in the case of multi-metallic nanoparticles, these bands can
become shifted or extinguished due to the presence of atoms with different electronic

properties being present at the particle surface.®!% While these factors all contribute to the
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utility of UV-vis spectroscopy, absorption is not the only mechanism that can be used in
the characterization of nanoparticles.

Once generated via photon absorption, excited electrons have several potential
processes through which they can lose energy and return to their ground states: vibrational
relaxation, external conversion, internal conversion, fluorescence, and phosphorescence all
fall into this category.!’” Among these processes, fluorescence (releasing energy via
emission of a photon) is most commonly used to characterize samples.!®® In order to
minimize interference from transmitted or scattered photons in the fluorescence signal, the
detector is oriented perpendicular to the incident photon beam (as shown in Figure 2.8).!%®
Because the spectra obtained from UV-vis fluorescence spectroscopy arise from electronic
transitions, they can provide information about electronic energy levels that is
complementary to UV-vis absorption data.!® This is especially useful in the study of very
small nanoclusters, which can exhibit interesting optical properties as a result of metal-
ligand charge transfer and related phenomena.!®!' Many catalytically active metal
nanoparticles, including those constituted of Pt, do not exhibit interesting optical behaviour;
the electronic properties of these nanoparticles are, thus, better characterized using

alternative techniques.

2.2.3 Cyeclic Voltammetry

Electrochemical techniques are useful tools for the analysis of nanoparticles,
particularly those intended for use in catalytic applications, and can provide information
complementary to that obtained using XAS.% It has long been known that
electrochemical techniques like CV are well-suited for the characterization of surface

structure in noble metal alloys.!!! Fortunately for nanoparticle researchers, this
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applicability also extends to characterizing the surfaces of noble metal nanoparticles.!” In
addition to providing measurements of catalytic activity and electrochemically active
surface areas (ECSAs), CV can also be used to probe substrate binding affinities,
providing insight into reactions occurring at catalyst surfaces.?”-!'? The following section
specifically addresses the use of CV in the characterization of electrocatalysts relevant to
the ORR and formic acid oxidation (FAO) reaction.

Overpotential, 7, is the difference between the potential applied to an electrode,
E,, and the equilibrium potential of a redox couple, E,, as described by the equation

n=E,—E,. (2.10)

Overpotential is a very strong driver of electrochemical reactions, with values on the
order of 10% to 10° mV being able to effect tenfold increases in the observed current
densities of a given reaction.''* The dependence of current density, j, on overpotential is

often described using the Tafel equation:

an.F

— 2.11
23RGT" (21D)

logj =logj, £

wherein j is the (non-zero) exchange current density (i.e., current density when 1 = 0),
is the charge transfer coefficient, n, is the number of electrons transferred in the reaction,
Fis the Faraday constant, R is the ideal gas constant, and T is the temperature; the term
immediately preceding 7 is positive for anodic reactions and negative for cathodic
reactions.!'> When the logarithm of current density is plotted against overpotential,
extrapolation of the linear region to its point of intersection with the logarithmic current
density axis yields the value of log(j,) for the reaction. The slope of the linear region is
the Tafel slope and affords additional information regarding the mechanism of the

electrochemical reaction. Finally, overpotential also plays an important role in the cell
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voltage of a fuel cell, V,,;;, as follows:

Veeu = AEe — nq —1c — IR, (2.12)
wherein AE, is the difference between the equilibrium potentials of the anodic and
cathodic redox couples, 1, is the anodic overpotential, 77, is the cathodic overpotential,
and IR is the voltage drop due to the resistance of the electrolyte solution.!!?

When discussing reactions at electrode surfaces, at least three keys steps are
involved: mass transport of the reactant species to the electrode surface, electron transfer
between the electrode and the reactant species, and mass transfer from the electrode
surface back to solution.!!? In reality, reactions may be significantly more complex than
this and could involve processes such as adsorption to the electrode surface, bond
breakage/formation, multiple electron transfer, and phase formation. For electrocatalysts,
adsorption is often an important factor, as it can serve to reduce reaction overpotentials by
decreasing reaction energy barriers and/or providing alternate reaction pathways.'!? It is
important to note that because many catalytic reactions involve both the formation and
breaking of adsorption bonds, intermediate binding site-reactant bond strengths are

actually preferable over very strong interactions.'!?

If the bonds formed are too strong, the
product molecule will be difficult to dissociate from the binding sites and remain bound,
blocking further reactivity; conversely, if the bonds are too weak, the reactant will not
interact as strongly with the binding sites, thereby also resulting in decreased reactivity.
Characterization of these electrode reactions can be conveniently performed via CV
experiments.

CV experiments can be used to provide both qualitative and quantitative

information regarding the reactions occurring at an electrode surface.''> A three-
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electrode setup is commonly employed in CV experiments that study materials with
potential electrocatalytic applications, as illustrated in Figure 2.9.37!%!15 When it is
necessary to control the gas content of an electrolyte solution, a gas bubbler or diffuser is
used to purge the solution with a reactive (e.g., O> for measuring ORR activity) or inert
(e.g., Ar for determining ECSAs) gas, as required for the experiment being performed.'!'
The use of a variety of reference electrodes can be found in the literature; when using CV
to study Pt-based electrocatalysts, however, using a Pt wire or mesh for the counter
electrode is common procedure. While a number of reference electrodes should perform
satisfactorily, those containing chloride or other strongly adsorbing counterions may have
a negative effect on the catalytic activity of Pt-based materials and are not recommended

for such studies.!'®!17

Reference Electrode

\

Counter Electrode

Gas
Bubbler/Diffuser

\

Purging Gas

Working Electrode

Figure 2.9. Simple schematic illustrating the important components of a typical three-electrode setup: RDE
working electrode, Pt counter electrode, reference electrode, and gas bubbler/diffuser.
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Finally, the working electrode used in the measurement of electrocatalytic activity
is often a glassy carbon rotating disk electrode (RDE), onto which nanoparticle samples
are deposited for characterization.!'> When nanoparticle electrocatalysts are characterized
using CV, they are often first deposited onto a support material in order to promote their
electrical conductivity and prevent particle aggregation. This support is often a simple
carbon black powder, but various other materials may also be used, including graphene,
carbon nanotubes, and metal oxides.'®"

Both the ORR and, to a lesser extent, the FAO reaction are of particular research
interest due to their applicability to fuel cell systems.**!'® Such experiments are
performed under conditions very similar to those used for simple CV experiments, except
that the fuel molecule is added to the electrolyte solution.*® In the ORR, this means
saturating the electrolyte solution with bubbled Oz(g), whereas the FAO reaction requires
preparing a solution containing both the electrolyte and formic acid fuel at the correct
concentrations.*® Once the electrochemical setup is ready, data acquisition can begin.

In a CV experiment, the potential applied to the working electrode is swept
linearly from a low potential to a high potential and back, as illustrated in Figure 2.10a.'"”
At each step in this potential sweep, the resulting current is measured, thereby providing
insight into the reactions occurring at the surface of the working electrode.!'” A
representative cyclic voltammogram obtained using a commercial Pt/C catalyst material
(HiSPEC 3000) is shown in Figure 2.10b. Characteristic peaks corresponding to hydrogen
desorption (i), surface oxide formation (ii), and surface oxide reduction (iii) are
indicated.!?%!2! These regions can be used to infer information regarding the surface
structure of catalysts, including their respective ECSAs.!?

As an example of catalytic activity measurement using CV, a typical
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voltammogram obtained from this Pt/C catalyst in electrolyte solution containing 0.1 M
formic acid is presented in Figure 2.10c. The drastic increase in peak intensity from the
forward sweep (iv) to the reverse sweep (v) following the stripping of CO from the
electrode surface (vi) reflects the significance of surface poisoning by CO, which is a
major obstacle to the use of Pt in catalyzing the reactions of small molecules like formic
acid and methanol.?”-!® These results thus provide invaluable insight into the reactions

occurring at nanoparticle surfaces.
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Figure 2.10. (a) Illustration of the linear voltage sweeps used in CV measurements, and representative
voltammograms obtained from a commercial Pt/C catalyst in Ar(y-saturated (b) perchloric acid and (c)
perchloric acid/formic acid electrolyte solutions. Highlighted regions indicate (a) peaks due to (i) hydrogen
desorption, (ii) partial Pt surface oxidation, and (iii) Pt surface reduction reactions on the Pt/C catalyst; and
(b) FAO activity on the (iv) forward and (v) reverse potential sweeps, as well as (vi) a significant peak
corresponding to surface poisoning by CO.
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Chapter 3 — Local Structure of Fluorescent Pt
Nanoclusters
Adapted with permission from Reference 119:
Reproduced by permission of the Royal Society of Chemistry
Duchesne, P.N.; Zhang, P. “Local Structure of Fluorescent Platinum Nanoclusters”

Nanoscale, 2012, 4 (14), 4199-4205.
© 2012 Royal Society of Chemistry

3.1 Contributions
PND synthesized the Pt nanoclusters, acquired and analyzed UV-vis absorption
and fluorescence spectroscopy data, acquired and analyzed XAS data, and wrote the

manuscript. PZ supervised PND and helped with manuscript revision.

3.2 Foreword

One relatively recent development in the field of nanoparticles has been the
controlled synthesis of increasingly small particles. These “nanoclusters” tend to have
discrete atomic compositions, and can exhibit behavior not observed in larger
nanoparticles. This chapter focuses on determining the structure of Pt nanoclusters
prepared using a simple and convenient method. The suitability of XAS techniques for
characterizing these materials is demonstrated, and methods are developed for application

to future nanoparticle samples.

3.3 Introduction

Recent experiments have revealed that some small metal nanoparticles exhibit
unexpected optical fluorescence behaviour;?®!24-12% these nanoparticles are often referred
to as “nanoclusters” due to the fact that they are smaller than 2 nm in diameter, and so

approach the scale of molecular clusters sometimes observed in the field of inorganic
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chemistry.'?”!?® For such nanomaterials, the conduction band structure seen in bulk
metals breaks down as the number of atoms in the cluster is reduced, resulting in the
formation of discrete electronic energy levels and giving rise to their optical
fluorescence.'?” Metal nanoparticles and fluorescent nanoclusters composed of Ag, Au,
Pd, and Pt have recently been prepared using a simple, “surfactant-free” approach that
employs N,N-dimethylformamide (DMF) as both the surface-protecting ligand and
reducing agent, in addition to its more common role as a solvent.?6124125:130 Baged on
preliminary experimental results, applications of such nanoclusters have been suggested
in promising fields such as bio-detection and catalysis.?®!24125

Various characterization methods have been employed in the study of these
nanoclusters, but uncertainty still remains regarding their local structure. It was
hypothesized that XAS could be a very useful technique for addressing this issue. To this
end, Pt L3-edge XAS measurements were conducted for a series of fluorescent Pt—-DMF
nanoclusters prepared using the aforementioned “surfactant-free” approach. By
implementing EXAFS and XANES techniques in conjunction with UV-vis absorption
and fluorescence spectroscopies, the local structures and oxidation states of the samples
were investigated. While not strictly related to the catalytic applications of bimetallic Pt
nanoparticles, studying these simpler, monometallic nanoclusters provided an opportunity

to obtain better familiarity XAS techniques and the extent to which it can be used to infer

structure-property relationships in nanoparticles.
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3.4 Experimental Methods
3.4.1 Materials

Hydrogen hexachloroplatinate(IV) hexahydrate (99.9%, Alfa Aesar), N,N-
dimethylformamide (ACS Grade, ACP Chemicals, Inc.), and acetonitrile (laboratory
grade) were used in this reaction. De-ionized water (18.2 MQ-cm) was obtained from a
Barnstead NANOpure® DIamond™ UV water purification system. All reagents and

solvents were used as received, without further purification.

3.4.2 Synthesis

Samples were synthesized following the procedure outlined by Kawasaki et al.?®
In accordance with this procedure, 200 mL of DMF were placed in a 250 mL round-
bottom flask attached to a reflux condenser and heated to 140 °C while being stirred
magnetically at 600 RPM. A quantity of 0.2 mmol H2PtCls-6H>O (i.e., the Pt precursor)
was then dissolved in 2 mL of de-ionized water and added to the pre-heated DMF.
Aliquots of 50 mL were removed from the flask after 2, 4, 8, and 24 h of reaction time.
After cooling, a small amount of solution (1 mL) was taken from each aliquot for analysis
using UV-vis absorption and fluorescence spectroscopic techniques before being
recombined with the remainder of the aliquot. Each aliquot was vacuum dried on a
Schlenk line equipped with a solvent trap before being finally transferred to a small

sample vial and stored under argon to prevent oxidation. The 0 h sample was obtained by

dissolving a small amount of the precursor material in de-ionized water.

3.4.3 UV-vis Spectroscopy
UV-vis absorption spectra were recorded using a Cary 100 Bio UV-visible

spectrophotometer and fluorescence spectra were recorded using a Cary Eclipse

41



Fluorescence Spectrometer, both by Varian, Inc.). For each sample, 1 mL of the reaction
mixture was diluted using DMF in a 1 cm path length quartz cuvette to a total volume of
3 mL. UV-vis absorption spectra were recorded over the range of 200 to 700 nm and
fluorescence scans were performed using excitation wavelengths from 300 to 600 nm
(with a step size of 10 nm) and a recorded emission spectrum from 300 to 700 nm.
Background subtraction was performed using a de-ionized water or DMF standard, as
appropriate.
3.4.4 X-ray Absorption Spectroscopy

Pt nanocluster samples were prepared for XAS analysis by dissolving the dried
materials in approximately 2 mL acetonitrile. These diluted suspensions were then
transferred to Teflon® liquid-sample cells equipped with Kapton® film windows to
facilitate transmission of the X-ray beam.

Samples were analyzed using the Sector 20-BM beamline of the Advanced Photon
Source at Argonne National Laboratory in Argonne, IL. A standard transmission mode
configuration was employed, with an in-line metal reference foil used for energy
calibration. X-ray monochromation was performed using a Si(111) double-crystal
monochromator in conjunction with a rhodium-coated silicon focusing mirror; in order to
help reject higher harmonics of the selected wavelength, the mirror was detuned to pass
only 60% of the incident beam intensity.

Data processing for both EXAFS and XANES analyses was performed using the
commercial software WinXAS.”® In order to obtain meaningful information from the
EXAFS data, it was necessary to reduce the number of free-running parameters in the

fitting algorithm by making some reasonable assumptions. Based on a knowledge of the

42



reaction mixture composition and exploratory fitting of the FT-EXAFS spectra, it was
determined that the two primary scattering paths observed in the experimental spectra
could be identified as Pt—O/N and Pt—Cl interactions, with determined bond lengths of ca.
2.01 A and ca. 2.32 A, respectively.!3!"1** Distinguishing between paths arising from Pt—
O and Pt—N scattering interactions was impossible due to the similarities in size and
atomic number between these two elements, and so a single path (referred to hereafter as
Pt—O) was used to account for both.

The o values of the Pt-O and Pt-Cl scattering paths were then assumed to be
equal, an effective approach demonstrated by W.A. Spieker ef al. in their study of
H,PtCls-6H20 speciation in aqueous media using EXAFS analysis.!** Likewise, the AE
values for the Pt—Cl and Pt—O paths were also assumed to be equal, based on the fact that
values for these parameters should be similar in any reliable fitting of experimental data.’
Furthermore, the sum of Pt—O and Pt—C1 CNs for the 0 h sample was fixed at 6 (full
coordination for the octahedral Pt** complex) in order to obtain an appropriate Sy’
value.'** Applying this Sy’ value to subsequent samples, however, resulted in
unreasonable total CNs. Due to the fact that XANES results (vide infra) suggested that all

t2" species, a second Sy’ value was determined for the

of the nanocluster samples exist as P
Pt** complexes observed in later samples by assuming a total CN of 4 for the 24 h sample

(the optimal number for such a square planar complex).

3.5 Results and Discussion

3.5.1 UV-vis Spectroscopy

UV-vis absorption and fluorescence spectra were recorded as the reaction
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progressed and are depicted in Figure 3.1. Strong similarities were observed between
these experimental results and those reported in the literature, indicating that the correct
product had been obtained.?® As the reaction progressed, the peak at ca. 460 nm in the
UV-vis spectrum of the precursor material quickly disappeared and was replaced by a
broad absorption at shorter wavelengths (ca. 400 nm) that gradually increased in
intensity. For the fluorescence spectra, a broad, low-intensity peak slowly developed at
ca. 470 nm during the course of the reaction. Whereas the peak width remained largely
unchanged, this peak continually increased in intensity while becoming slightly red-
shifted as the reaction progressed. This red-shifting may have been a result of the changes

in coordination environment and oxidation state suggested by EXAFS and XANES

analyses.
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Figure 3.1. Plots of UV-vis (a) absorption and (b) fluorescence spectra obtained from as-synthesized
fluorescent Pt nanoclusters in DMF after having cooled to room temperature. The small peak near 420 nm
in the 0 h fluorescence spectrum is due to scattering of the excitation beam. Adapted with permission from
Reference 119.
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3.5.2 EXAFS Data Analysis

XAS measurements were performed on sample aliquots isolated from the reaction
vessel after various lengths of time. For the purpose of qualitative comparison, Figure 3.2
shows the isolated EXAFS spectra for these samples. In general, the amplitude of each
spectrum is proportional to the coordination number of the absorbing atom, but is also
affected by constructive and destructive interference resulting from electrons
backscattering from different atoms within the sample.!'**> As a result, a decrease in
coordination number could be inferred from the amplitude reduction observed between
the precursor material and the longer-duration samples; however, in order to quantify this

observation, a more thorough analysis of the FT-EXAFS is required.
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Figure 3.2. EXAFS spectra (k*-weighted) obtained via absorption measurements at the Pt Li-edge.
Fluorescent Pt nanoclusters prepared with various reaction times were dissolved in acetonitrile prior to
performing these measurements. Adapted with permission from Reference 119.
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A comparison of the FT-EXAFS spectra is provided in Figure 3.3. Two dominant
peaks are observed in each spectrum at ca. 1.5 A and 2 A, corresponding to Pt—O and Pt—
Cl scattering paths, respectively. From these spectra, it can be qualitatively seen that the
degree of Pt—Cl coordination had undergone a rapid initial decrease by the two hour
mark, followed by a slower continuous decrease in successive samples. A slow,
simultaneous increase in Pt—O coordination was also observed, indicating a gradual

replacement of the initially-present chloride by nitrogen- or oxygen-containing species.
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Figure 3.3. (a) Overlapped and (b) offset FT-EXAFS spectra (k3-weighted) obtained from Pt L;-edge
EXAFS spectra. Adapted with permission from Reference 119.

Fitting results for samples isolated after various reaction times are shown
in Figure 3.4. Good agreement was observed between the experimental data and fitted
equations in all samples. It is important to note that these fits were performed only over a
region of interest between 1.25 A to 2.33 A. Physical parameter values extracted in the
course of this process are presented in Table 3.1. The associated uncertainties were

determined using Analyzer v0.1 software, as described in Section 2.1.6.
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Figure 3.4. Experimental and fitted Pt Ls-edge FT-EXAFS spectra of Pt nanocluster samples prepared over
the course of (a) 0, (b) 2, (c) 4, (d) 8, and () 24 hours. Adapted with permission from Reference 119.

Table 3.1. Values obtained for CN, R, 02, and AE, parameters via fitting of Pt L;-edge FT-EXAFS spectra.
Uncertainties in the last decimal place of each value are indicated in parentheses (treated as one standard
deviation). Values indicated by an asterisk (*) indicate a shared uncertainty, due to these values being
correlated to a maximum total CN of 6. Adapted with permission from Reference 119.

Reaction Scattering CN R o? AEy
Time / h Path /a.u. /A /102 A% /eV
PO 1(y* 2.119)
0 2809) 502)
PECl Sy 2.325(9)
PO 0.83)  2.08(2)
2 2765 5.6(8)
PtCl 36(4)  2318(4)
PO 152)  2.03Q2)
4 3108) 41
Pt_Cl 29(4)  2309(5)
PtO 173)  2.022)
8 3 3Q)
Pt_Cl 25(4)  2305(7)
PLO 221y 2.001(7)
24 206)  3(1)
Pt_Cl 1.8(1)*  2.303(6)
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In order to better illustrate trends in these data, important structural parameters
(CN, R, and 6?) and their corresponding uncertainties are plotted in Figure 3.5. As
suggested qualitatively by the EXAFS spectra, an abrupt reduction in total CN was
initially observed due to a significant reduction in CN for the Pt—Cl scattering path. This
is indicative of a reduction of the octahedral Pt*" precursor species to some Pt** species,
which (as a d® Pt-group metal) should prefer a four-coordinate square-planar geometry.'¢
In terms of bond length, a slight reduction seemed to occur for both scattering paths,
although the effect was more pronounced for Pt—O than Pt—CI bonds. This likely
represents a change from the initial coordination by water molecules to coordination by
other O- and N-bearing species as the reaction progresses.'** The value of g2 is
interpreted physically as a measure of the disorder (both static and thermal) within the

scattering paths of a sample,®® with the values for all samples being similar in magnitude.
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Figure 3.5. Plots illustrating the obtained (a) coordination number, (b) bond length, and (¢) Debye-Waller
factor parameter values and corresponding uncertainties for Pt nanoclusters prepared with different reaction
durations. Adapted with permission from Reference 119.

3.5.3 XANES Data Analysis
From the comparison of XANES spectra in Figure 3.6a it can be seen that all
samples had relatively similar absorption edge profiles; however, as is more clearly

shown in Figure 3.6b, a marked decrease in the intensity of both the white line and post-
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edge features was observed between the precursor material and the later samples. More
quantitative information was obtained from these spectra by integrating the area beneath
the white line region of each, according to the method of Sham et al., and then calculating
the number of vacancies (or “holes”) in the Pt 5d electron orbitals.'*” Except for the 8 h
sample, for which only three data points were available, these values were averaged from
four independently measured integrals taken over the range £y9 — 10 eV to Ep + 10 eV.
Calculations were performed by assuming a d-hole count of 4 for the Pt*" precursor
species and using a count of 1.334 for the Pt foil reference, as computed by Mattheiss and

Dietz.!38
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Figure 3.6. (a) Overlapped and (b) offset Pt L;-edge XANES spectra obtained from Pt nanoclusters
prepared with different reaction durations and a Pt foil reference sample. Reproduced with permission from
Reference 119.
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As shown in Figure 3.7, all samples except for the precursor material (0 h, with a
d-hole count of ca. 4) exhibited d-hole counts of ca. 2; this result suggests a rapid
reduction of the initial Pt*" species to Pt*" in less than 2 h. Additionally, a slight increase
in the d-hole count was observed for the 24 h sample, which may indicate the replacement
of Pt—N coordination by Pt—O, in which case the more electron-withdrawing, oxygen-

containing ligand is coordinated to the Pt centre.
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Figure 3.7. Calculated d-hole counts for Pt nanocluster samples obtained via integration of the Pt L3-edge
white line peak. Error bars indicate the 99% confidence interval for each value. The dashed line represents
the computed d-hole count for metallic Pt. Reproduced with permission from Reference 119.

3.5.4 Further Discussion

The combined implications of these experimental results are interesting enough to
warrant further discussion here. Both the optical absorption and fluorescence peaks
increased in intensity as the reaction progressed, and a red-shift was observed in the
emission spectra from samples taken at later reaction times. Based on this continued
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evolution of these spectra, and those obtained from XAS measurements, it appears that
the synthetic reaction continued throughout the 24 h duration of the synthesis. The
EXAFS and XANES results also indicated a significant reduction in oxidation state from
the initial Pt*" precursor salt after just 2 h, based on observed low total Pt CNs and
reduced white line intensity, respectively.

t+* precursor to Pt’ was not achieved, as the

It seems evident that reduction of the P
XANES spectra indicate that all samples were still oxidized relative to metallic Pt.
Notably, it has been reported that DMF is a very weak reducing agent, and is unable to
convert Pt*" to Pt® under ambient conditions without requiring many days of reaction
time.'* Further supporting this observation is the notable absence of a significant
contribution from Pt—Pt scattering paths in the FT-EXAFS spectra (attempts to fit Pt—Pt
scattering paths to the experimental data inevitably failed despite repeated attempts to
overcome the problem).

It is important to realize that nanoclusters such as these, containing only a few
atoms in total, will not exhibit the separate metallic core and molecular surface binding
modes as larger clusters (e.g., Auzs, Auss, and Auas).'* However, even if each atom is
effectively a member of the surface and no metallic core exists, interactions between
adjacent surface Pt atoms should still contribute to a measurable Pt—Pt peak in the FT-
EXAFS spectrum.'*! It is worth noting, though, that marked deviations of the metal—
metal bond lengths (relative to those seen in the corresponding bulk metals) may be
observed in very small clusters.!*>"'** When all the aforementioned evidence is taken into
consideration, it seems logical to conclude that the products of this synthesis are not

metallic, but more closely resemble an inorganic complex.

Due to the fact that XAS spectra represent an average of all atomic environments
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for the element of interest within a sample, it may be that the apparent Pt** oxidation state

is the result of a mixture of Pt’ and Pt**

species. Such an occurrence could also be
consistent with CN values obtained from the EXAFS refinements if the Pt’ species were
less than four-coordinate in nature. A three-coordinate arrangement is sometimes
observed when Pt is coordinated to one or more alkene-type ligands, although four-
coordinate Pt’ complexes are also common; thus, it is not possible to verify the presence
of Pt>* on the basis of these XAS data alone.!*1*® Appealing to the results of the X-ray
photoelectron spectroscopy (XPS) from the original synthetic paper,?® however, yields

t>* species, as is discussed later in this

convincing evidence in favour of the presence of P
section.

With regard to the structure of the nanoclusters, the solvent used in this reaction
(DMF) is itself capable of coordinating to metal centres;'*” however, the amide nitrogen
atom bears sterically demanding methyl groups which might make it a poor nucleophile

for the Pt atom. However, as in any redox reaction, the reduction of the Pt*"

precursor
requires that some other species in the reaction medium must be oxidized. DMF contains
an aldehyde functional group that could easily be oxidized to a carboxylic acid, thereby
producing a molecule more capable of coordinating Pt as a bidentate ligand.'*>!3° If such
ligands are present in solution, they might also be able to serve as bridging ligands to
form polynuclear Pt complexes, as has been demonstrated both directly and by analogy

with Pd in the scientific literature;'*1>

even simple chloride ions (Cl7) have been
observed to act as bridging ligands between Pt*" centres in complexes.'*°
There are two types of Pt>" complexes reported to exhibit optical fluorescence: Pt

atoms coordinated to ligands like polypyridine, and dinuclear complexes in which charge

transfer between two Pt atoms is possible.!>”!1*8 Based on the experimental results
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discussed previously, it has been proposed that a di- or poly-nuclear Pt complex might be
responsible for the fluorescence observed in these DMF-reduced samples. While no Pt—Pt
peak could be conclusively found in the experimental data, it is possible that an indirect
or weak, and therefore unusually long, bond could be present.

Long bonds (on the order of 3 A or more) are sometimes observed between Au
atoms in nanoparticles,'*! and bonds of similar lengths can be seen in previously reported
di- and poly-nuclear Pt complexes.'*!"!>° Thus, it is not unreasonable to suppose that
similar bonding could be responsible for the fluorescent behaviour observed in these Pt—
DMF nanoclusters. This notion of small, inorganic clusters is also consistent with the

L ’26

mass spectrometry results reported by Kawasaki ef al.,”® which suggest that these

nanoclusters primarily ranged in size from four to six Pt atoms. As a result, these

t2*

nanoclusters are likely composed of Pt™" sub-units held together by bridging ligands

and/or weak Pt—Pt bonding interactions.!'>®

t>* formation is also available. As mentioned

Further evidence in favour of P
previously, similar syntheses using DMF have also been performed to generate
nanoclusters from metals such as Ag, Pt, and Au.?%!2>-13% Notably, only those reactions
using Ag showed conclusive evidence of metallic nanoparticle formation, and
accomplishing this required the addition of a suitable surfactant to produce a stable
colloidal suspension.!*°

Furthermore, the aforementioned Au and Pt nanoclusters were characterized using
various techniques, including XPS. It was observed that the Pt and Au 41" peaks

reported in the respective articles?®!12°

indicated greater binding energies for the products
than are typical for the elements in their metallic states, a discrepancy that the authors

attributed to a “nanosize effect”. Although an increase in binding energy has been
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observed in the case of ca. I nm nanomaterials, such shifts are not typically as large as
those reported for the metal-DMF products.!>*!%0 It is also worth noting that these
reported binding energies are very similar to those published for molecular Pt** and Au®

species in general,!6!-168

and are in particular agreement with previously reported values
for the respective metal ion complexes with DMF.'*° Likewise, if the observed white line
intensities and CNs from the experimental results (described previously) were due to an

average of Pt’ and Pt**

species, distinct peaks corresponding to these oxidation states
should be (but are not) observed in the corresponding XPS spectra. '’

Following a number of literature searches for “fluorescent platinum nanoclusters,”
a few additional articles were found on the subject. One article, in particular, claimed to
have successfully synthesized fluorescent Pt nanoclusters, but the species thus produced
were stabilized by a type of dendrimer known to exhibit similar fluorescence behaviour
upon becoming oxidized. As a result some uncertainty exists as to the origin of the
fluorescent activity.!”” Nonetheless, the results of their analysis using mass spectrometry
are in good agreement with those published by Kawasaki et al.;*® unfortunately, though,
no attempt was made to identify the oxidation state of the product.'”

Finally, one study did provide convincing evidence of metallic Pt production (via
XPS analysis), but the observed fluorescence for the samples was very poor in
comparison with both Au nanoclusters prepared using the same method and the DMF-
synthesized nanoclusters reported herein.!”! Overall, those publications which were

actually relevant to the subject did not report evidence contrary to our proposed non-

metallic nanocluster theory.
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3.6 Conclusions

In summary, results have been presented detailing the local structure and
oxidation states of a series of Pt nanoclusters prepared with various reaction durations.
FT-EXAFS fitting has shown that the Pt—Pt bonding seen in metallic nanoclusters is
lacking in these compounds, and that evolution of the local structure occurs primarily due
to changes in the metal-ligand coordination environment. Analysis of XANES data and
literature reviews have indicated that the oxidation state of Pt in these samples is neither
Pt’, as expected, nor a combination of Pt’ and Pt*', but instead Pt**. Based on these
findings, it is proposed that a non-metallic, likely multinuclear Pt cluster is responsible
for the observed fluorescence behaviour. Although the evidence currently available is
insufficient to elucidate the exact structure of the observed products, the utility of XAS
characterization methods in determining the structure of Pt-based samples has been well
demonstrated. While the anticipated metal nanoparticle structure was not observed,
investigations performed on more complicated bimetallic nanoparticle samples provide an

opportunity to more fully demonstrate the capabilities of this technique.
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Chapter 4 — Local Structure, Electronic
Behavior and Surface Reactivity of CO-
reduced Pt-FeOx Nanoparticles
Adapted with permission from Reference 168:
Duchesne, P.N.; Chen, G.; Zheng, N.; Zhang, P. “Local Structure, Electronic Behavior
and Surface Reactivity of CO-reduced Platinum-Iron Oxide Nanoparticles” J. Phys.

Chem. C, 2013, 117 (49), 26324-26333.
© 2013 American Chemical Society

4.1 Contributions

PND and GC (College of Chemistry and Chemical Engineering, Xiamen
University) synthesized the Pt—-FeOx nanoparticles and deposited them onto the carbon
powder support. High-Resolution TEM (HRTEM) image acquisition and EDS peak
integration were performed by GC and analyzed by PND. PND acquired and analyzed
CV and ORR activity data, performed XAS measurements and data analysis, conducted
ab initio calculations, and wrote the manuscript. PZ supervised PND and helped with
manuscript revision. NZ (College of Chemistry and Chemical Engineering, Xiamen

University) supervised GC and helped with manuscript revision.

4.2 Foreword

The study presented in Chapter 3 explored the significant potential of XAS
techniques for investigating the structure of Pt-based nanomaterials. This sort of analysis
is fairly straightforward for pure Pt materials, but becomes more difficult for multi-
metallic nanoparticles. Additionally, the Pt nanoclusters studied previously did not have
the metallic structure required for many catalytic processes. In order to address both of
these issues, this chapter describes the characterization of a series of larger nanoparticles

synthesized using Pt and Fe. Emphasis is placed on the use of a “clean” synthesis and
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easy sample purification, XAS characterization at both Pt and Fe absorption edges, and an

initial exploration of electrocatalytic activity in the ORR.

4.3 Introduction

Energy generation and storage are essential for the sustenance of technology in
our modern societies. As a result, much interest is focused upon such topics of research,
which include batteries, supercapacitors, fuel cells, and novel hybrids thereof.3*!173-

177 While the status quo leans heavily toward the use of batteries, developing technologies
such as PEMFCs continue to improve, having sufficiently high energy densities to be
practical for motor vehicle applications.!”>!”® A major limiting factor in the further
development of high-performance fuel cells is the low efficiency of the ORR occurring at
the cathode; this cathodic ORR reaction remains an active area of research, with evidence
indicating that it can be alleviated by employing the appropriate electrocatalysts.>*

Finely dispersed Pt metal (often supported on some form of carbon or metal
oxide) is the premier catalyst employed in many chemical reactions, including the ORR in
PEMFCs.!7"!8 Unfortunately, the high cost and low abundance of Pt are prohibitive for
many developing technologies. The most common approach is to employ high-surface-
area nanoparticles, which can help compensate for these drawbacks by maximizing the
available surface area per unit mass of Pt.** Further improvements may also be gleaned
by incorporating less costly 3d metals into the catalyst in order to minimize the amount of
Pt required without reducing its activity. Thus, syntheses of nanoparticles comprising
binary and even ternary Pt alloys are currently being explored.

Nanoparticles of many elemental compositions can be created by incorporating

other metals, a process which could be crucial in the development of efficient and
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affordable catalysts for fuel cell applications.!®*!8 It has been demonstrated that the
formation of homogeneous 3d—5d metal alloys can even enhance the observed activity of
Pt catalysts.*®!86¢187 Correlation of this enhanced Pt catalytic activity with a number of
measurable structural and electronic parameters has been previously attempted. Both
structural features (decreased Pt—Pt bond lengths and formation of a Pt-rich surface
“skin’) and electronic effects (lowering of the Pt d-band position relative to the Fermi
energy and reduced d-electron density at Pt) have been observed to correlate with high
activity in Pt alloy catalysts.'%® However, causation is still a matter of some debate.

In addition to the elemental composition of the nanoparticles, the synthetic
method used in their production can also be an important factor. Many different synthetic
methods may be employed in order to obtain pure and bimetallic Pt and nanoparticles;
however, recently developed methods employing protecting molecules and reducing
agents that are both multifunctional and easily removed during subsequent purification
(such as the method employed herein) allow for cleaner and more reproducible
syntheses.?>>*189-191 [n Jight of these encouraging developments, the value of further
advancement in this field is readily apparent. Unfortunately, advances are hindered by the
inherent difficulty in characterizing the structure of such complex materials and will
likely require the use of specialized techniques.

As active electrocatalysts, Pt-based materials are readily characterized using
electrochemical methods, such as cyclic and linear sweep voltammetry using a three-
electrode RDE cell.'” HRTEM is useful for measuring the general structure of
nanomaterials and can even be used to measure lattice spacing in crystalline samples, but
is incapable of providing specific information regarding local atomic structure.!®*> By

comparison, XAS is able to provide more specific information regarding both electronic
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properties and local atomic structure for a wide range of sample types.'** XAS has also
been previously used to provide accurate structural and electronic information for a

159,195

variety of nanomaterials, including mono- and bimetallic nanoparticles, and

nanoclusters.'?*177

The selectivity and sensitivity afforded by XAS are often simply not obtainable
using more conventional methods, which could prove damaging to the sample
materials.”*!%® Furthermore, the utility of XAS in characterizing bimetallic nanoparticle
catalysts has already been well demonstrated using analogous metals such as Au and
Pd."71% Employing these X-ray techniques to study the structure—property relationships
of the nanoparticle samples allows the features responsible for their enhanced activity to
be understood. This information can then be used to develop more highly active
nanoparticle catalysts.

Herein is reported the synthesis of a series of nearly monodisperse platinum—iron
oxide (Pt-FeO,) nanoparticles using a clean CO-reduction method; with the term “FeOx”
being used to encompass a range of possible oxidized Fe species, including oxides,
hydroxides, and oxyhydroxides. Their local structure and electronic behavior were
studied using XANES and EXAFS measurements of the Pt L3- and Fe K-edges. The CO-
reduction method allowed for the synthesis of high-quality nanoparticles (i.e., near-
monodisperse particle sizes and controlled compositions), enabling a reliable
investigation of their structural and electronic properties. This structural and electronic
information was then correlated with the surface reactivity of these nanoparticles in the

ORR.
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4.4 Experimental Methods
4.4.1 Materials

Iron(II) acetylacetonate (Fe(acac)z, 99.95% trace metal basis) and n-butylamine
(99.5%) were purchased from Sigma-Aldrich. Platinum(II) acetylacetonate (Pt(acac)a,
minimum 48.0% Pt), HISPEC 3000 carbon-supported Pt catalyst (Pt/C, < 500 ppm
impurities), and Nafion® (5% w/w in water/1-propanol) were purchased from Alfa Aesar.
Oleylamine (OAm, C18-content 80-90%) was purchased from Acros Organics. Vulcan
XC-72 carbon powder was purchased from Cabot. All reagents and solvents were used as
received, without further purification.
4.4.2 Synthesis of Pt—FeOx Nanoparticles

Nanoparticle samples with varying elemental compositions were synthesized
according to a synthetic procedure previously employed by Chen et al.'® In a typical
synthesis, a 0.1 mM total concentration of metal ions was used. Pt(acac), was first
dissolved in 3 mL OAm and purged with carbon monoxide gas before being charged to a
pressure of 1 atm. This mixture was heated from room temperature to 60 °C over a 10 min
period in order to ensure complete dissolution. The temperature was then increased to 120
°C over a 10 min period in order to induce the nucleation of Pt seed nanoparticles and
held constant for 30 min. A 2 mL solution of Fe(acac), in OAm was quickly injected into
the reaction vessel and the temperature raised to 200 “C over a 20 min period in order to
incorporate Fe into the seed nanoparticles. After a further 30 min, the reaction vessel was
removed from heat and allowed to gradually cool to room temperature. The product
nanoparticles were purified and precipitated by adding 1 mL of hexanes and 5 mL of

anhydrous ethanol (laboratory grade) to the reaction mixture and then centrifuging the
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resulting suspension at 6,000 RPM for 2 min. After decanting the supernatant solution,
the product nanoparticles were re-dispersed in hexanes/ethanol and purified twice more
using the aforementioned procedure before finally being dispersed in 1 to 2 mL of
hexanes.

This synthetic approach was described as “clean” relative to more common
methods, as the reaction mixture is simplified considerably by the fact that both OAm and
CO serving as surface-protecting ligands in addition to their respective roles as solvent
and reducing agent. As a result, fewer by-products are present post-synthesis.
Furthermore, the gaseous nature of CO and its oxidation product, CO, under standard
conditions renders them easily removed from the final reaction mixture. Similarly, excess
OAm can be simply decanted following precipitation and centrifugation of the
nanoparticle product. By contrast, the dissolved protecting ligands used in other methods
tend to precipitate during purification and can prove troublesome to separate.

Experiments have also shown that the scale of the reaction can be doubled (to yield ca. 40
mg of product) without negatively affecting nanoparticle yield or morphology.
4.4.3 Deposition onto XC-72 Carbon Powder

After being purified, nanoparticle suspensions were precipitated by adding three to
four volume equivalents of ethanol and then centrifuged at 6,000 RPM for 2 min. After
decanting the supernatant, sufficient carbon powder was added to achieve the desired
catalyst loading (i.e., 30 wt% Pt) and the carbon/nanoparticle mixture was dispersed in n-
butylamine at an approximate concentration of 1 mg-mL"!. The resulting suspension was
simultaneously mixed and sonicated for several minutes in a 50 mL round-bottom flask.

This suspension was purged with nitrogen and sealed in order to minimize oxygen
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exposure, then allowed to stir for 48 h. Finally, centrifugation was employed to isolate the
carbon-supported nanoparticle product; after being thrice washed with ethanol and
centrifuged, the product was dried under flowing nitrogen and stored in a Parafilm®-sealed
sample vial. This ligand-exchange and washing process also served to help remove OAm
ligand molecules from the nanoparticle surfaces, thereby increasing the number of binding

sites available for electrocatalysis.

4.4.4 Electron Microscopy

Samples used for HRTEM and EDS analyses were prepared using identical
methods. A small portion of catalyst material was suspended in ethanol and drop-cast
onto a Formvar-coated copper HRTEM grid. All measurements were performed by
Guangxu Chen at Xiamen University in Fujian, China. The instrument was operated in
bright field mode on a Tecnai F-30 high-resolution transmission electron microscope
operated at 300 kV. Nanoparticle diameters were measured using MacBiophotonics
ImageJ image processing software in conjunction with the respective HRTEM
micrographs of each sample.!” Relative elemental compositions were calculated from the

integrated peak areas corresponding to Pt and Fe.

4.4.5 Cyclic Voltammetry

Prior to electrocatalytic activity testing, Pt—-FeOx and Pt/C samples were drop-cast
onto a mirror-polished glassy carbon electrode. Approximately 1 mg of the supported
catalyst material was dispersed in a 40 vol% solution of isopropanol in de-ionized water
and mixed with 0.04 mL Nafion® solution to form a catalyst ink. The Pt concentration of
this ink was subsequently determined using inductively coupled plasma atomic absorption

spectroscopy. Sonication for ca. 1 min was sufficient to thoroughly disperse the catalyst
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material, 20 uL of which were deposited onto a glassy carbon electrode in 5 pL aliquots
and allowed to dry under a gentle flow of air while rotating slowly (ca. 5 Hz) to produce a
uniform film; this film was then stabilized by applying an additional 1 pL Nafion®
solution and allowing the surface to dry completely before immersing it in the electrolyte
solution. Sample loadings for RDE voltammetry experiments were confirmed using
inductively coupled plasma optical emission spectroscopy. A commercial, carbon-
supported Pt catalyst (HISPEC 3000, 20 wt% Pt loading), hereafter referred to as Pt/C,
was also used as a reference material for structural characterization and electrocatalytic
studies.

Electrochemical measurements were obtained using a RDE apparatus from Pine
Instrument Company, in the laboratory of Prof. Jeff Dahn at Dalhousie U/niversity. A
rotation rate of 1,600 RPM was used for all experiments. A 0.1 M perchloric acid solution
was used as the electrolyte in all measurements, and all glassware was boiled in deionized
water prior to use and handled carefully to prevent contamination. A three-electrode
system was employed, with a mirror-polished glassy carbon RDE working electrode, a
simple Pt wire counter electrode, and a Koslow mercury/mercurous sulfate reference
electrode. Prior to electrochemical testing, samples were cycled repeatedly (30 to 50
times) between 0.03 or 0.05 mVrug) and 1.2 Vrye in Ar)-saturated perchloric acid
solution until voltammograms became reproducible. ORR voltammograms were recorded

while the electrolyte solution was saturated with or Ozg), respectively.

4.4.6 X-ray Absorption Spectroscopy
XAS measurements were performed using the Sector 20-BM beamline of the

Advanced Photon Source at Argonne National Laboratory in Argonne, IL. Samples were
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measured either as pure powders (given a sufficient volume of material) or dispersed in a
solid matrix of boron nitride. A cryostat was used to maintain a sample temperature of 50
+ 1 K during measurements; these low-temperature conditions allowed for better-quality
XAS data to be obtained via suppression of thermal vibrations, which significantly affect
oscillation intensity and can result in lowered signal-to-noise ratios. A double-crystal
Si(111) mirror monochromator was used for wavelength selection and, in combination
with a Rh-coated Si focusing mirror, detuned to 80 % in order to reject higher harmonics;
sample data were collected using either a gas ionization chamber or a 12-element Ge
fluorescence detector, depending on the sample concentration. Data workup and FT-
EXAFS fitting were performed using the IFEFFIT software suite.”’

Information regarding the fitting of Pt L3-edge EXAFS spectra (krange used for
Fourier-transformation, region of interest (ROI) used for peak fitting, efc.) is summarized
in Table 4.1. Data ranges were selected in order to include as much of each spectrum as
possible in the fits while excluding excessively noisy regions of the data, and thus differ

slightly between samples.

Table 4.1. Conditions used for the fitting of the Pt Ls-edge FT-EXAFS spectra. Reproduced with
permission from Reference 168.

Sample kWeight k—/Rg{llge 1}21 Fitted Paths

PtooFero 2 25t013.0 19to3.1  Pt-Fe|Pt-Pt
Pt7oFes0 2 25t011.0 1.6to3.1  Pt-Fe|Pt-Pt
PtsoFeso 2 25t010.0 1.6t03.2  Pt-Fe|Pt-Pt
Pt-C 2 25t013.0 1.5t03.1 Pt-O |Pt-Pt
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4.4.7 Ab Initio Calculations

Ab initio calculations of electronic properties were performed using FEFF8
software.”® A modified version of FEFF8.4 was employed, in which the initial electron
configuration for Fe was modified from [Ar]3s23d%4s'4p! to a more typical value of
[Ar]3s23d®. This change was made in order to prevent anomalous charge transfer from Pt
to Fe due to the unusual default orbital occupations. The optimized structural models

were based upon those from a previously published paper by Wang et al.>*

4.5 Results and Discussion
4.5.1 EDS and HRTEM Characterization

Representative EDS spectra for purified Pt—-FeOx nanoparticles were obtained by
Guangxu Chen and are shown in Figure 4.1a. Measurements were taken at multiple sites
on each sample grid and averaged in order to more accurately determine relative
elemental compositions. On the basis of Pt and Fe peak areas, final atomic compositions
of PtooFe10, Pt7oFeso, and PtsoFeso were obtained, thereby confirming the incorporation of
Fe into the as-synthesized nanoparticles. Relative uncertainties in these composition
measurements were approximately 10 atom% for all samples; however, these
compositions differed markedly from the molar ratios of Pt and Fe used in preparing the
nanoparticles (3:1, 1:1, and 1:2, respectively). This phenomenon could be explained by
either sampling error or incomplete incorporation of Fe into the nanoparticle product. It is
well-known that bulk analysis using transmission electron microscopes is limited by the
mean free path of the electrons within the sample material. The applied acceleration

voltage (300 kV), however, should easily permit electron transmission through these
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nanoscale Pt—-FeOx materials (as per the Kanaya-Okayama depth penetration formula);**!

thus, effects from sampling error should be negligible. Subsequent UV-vis spectroscopy
analysis revealed that the pale yellow supernatant recovered following purification of the
nanoparticles contained measurable amounts of Fe**; this provided strong evidence for
the incomplete incorporation of the Fe precursor molecules into the final product, thereby

explaining the relatively low measured Fe content.
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Figure 4.1. (a) EDS spectra of PtogFeio, Pt7oFeso, and PtsoFeso nanocatalysts normalized to the Pt L, peak
intensity (ca. 9.5 keV); representative HRTEM images and (lower right) corresponding particle size
distributions (N = 250) of (b) PtooFeio, (¢) PtsoFeso, and (d) PtsoFeso carbon-supported nanoparticles are also
shown. White lines and arrows in the images of individual nanoparticles indicate lattice spacings observed
in the HRTEM image. Adapted with permission from Reference 168.
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Representative HRTEM images depicting the carbon-supported Pt—FeOx
nanocatalysts are shown in Figure 4.1b-d. Nanoparticles appear in high contrast, while the
significantly larger XC-72 carbon support particles (ca. 40 nm in diameter) are less
distinct. Also shown for each sample are high-magnification micrographs (lower left) and
histograms (lower right), illustrating the respective lattice fringes and size distributions
for each sample. These images indicate that the carbon-supported nanoparticles were
well-dispersed with little to no aggregation, thereby maximizing their available surface
areas. Mean Pt—FeOx nanoparticle diameters of 4.4 + 0.6 nm, 4.0 +£ 0.5 nm, and 3.5 £ 0.5
nm were obtained for PtooFeio, Pt7oFeso, and PtsoFeso, respectively. ANOVA testing
revealed that these values were significantly different at the 99.9 % confidence level and
indicated a trend toward decreasing particle size with increasing Fe content.

The observed trend in particle size is readily explained by the fact that the total
concentration of metal ions used in each synthesis was held constant; as a result, the
concentration of Pt ions is lower during the growth phase for samples with greater Fe
content, resulting in decreased particle sizes. By comparison, the mean nanoparticle
diameter for Pt/C from TEM is smaller than those of the Pt-FeOx samples, at just 2.8 =
0.7 nm.?*? The high uniformity of elemental compositions and size distributions for these
nanoparticles was essential in accurately determining their structural properties. Large
variations in size and/or composition would make attempting to correlate these qualities
with other observed properties (e.g., electrocatalytic activity) unfeasible due to the
differences between individual particles.

Parallel lines in each high-magnification image (see Figure 4.1b-d) illustrate
lattice fringes corresponding to Pt(111) planes in the featured particle. Mean lattice

spacings of 2.30 = 0.05, 2.31 £ 0.03, and 2.28 = 0.02 A were observed for PtooFeio,
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PtyoFeso, and PtsoFeso, respectively. These values were determined from the lattice fringes
of multiple particles in each sample and are consistent with values for face-centred cubic
(FCC) Pt. Interestingly, even in samples containing nearly equal amounts of Pt and Fe,
lattice fringes corresponding to either metallic Fe or iron oxide phases were not clearly
visible. This could be explained by the fact that amorphous materials do not register as
clearly in TEM images, as evidenced by the use of amorphous carbon films on many
TEM grids.?® However, EXAFS analysis (vide infia) provides evidence of direct Pt—Fe
bonding interactions, suggesting that even if discrete iron FeOx nanoparticles were also
formed during synthesis, the Pt-Fe nanoparticles likely comprise a metallic Pt core and an
amorphous FeOx surface layer. Unfortunately, nanoparticles such as these often cannot be
reliably characterized using conventional techniques, such as X-ray diffraction.?**
Therefore, in order to verify our hypothesis, structural analysis was performed using
XANES and EXAFS, which are well-suited to probing the local structure of both
nanocrystalline and amorphous materials from an element-specific perspective.
4.5.2 PtL3-Edge and Fe K-Edge XANES Analysis

XANES spectra corresponding to both Pt—FeOx nanoparticles and relevant
reference samples are presented in Figure 4.2. It should be noted that these data reflect the
as-synthesized nanoparticle materials, and that the structure of these samples may change
in situ during catalytic testing. In the case of the Pt Ls3-edge, the white line represents a 2p
to 5d electronic transition; thus, its intensity is reflective of the occupation of the 5d
orbitals; lower occupation results in greater white line intensity and vice versa.

The shape of the near-edge region is sensitive to both the phase and oxidation

state of the element of interest; thus, the strong similarities in fine structure between the
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Pt L3-edge XANES spectra of the Pt—FeOx nanoparticles and the Pt foil (shown in Figure
4.2a) illustrate the metallic FCC character of Pt in these samples. The Pt—FeOx
nanoparticles possessed d-electron densities lower than that of Pt foil but greater than that
of Pt/C, indicating a degree of oxidation intermediate between the two references.
However, no correlations were observed between these white line intensities and other
structural or electronic properties. This absence of correlations was attributed to the
combination of factors contributing to the d-electron density of Pt, including particle size,
surface oxidation, and Fe content. In order to gain another perspective on this problem,

XANES measurements were also performed on the Pt—FeOx samples at the Fe K-edge.
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Figure 4.2. Overlapped (a) Pt Ls- and (b) Fe K-edge XANES spectra of carbon-supported Pt—FeOx
nanoparticles and some relevant reference compounds. Stacked (c) Pt and (d) Fe spectra are included in
order to better illustrate similarities in near-edge features. Adapted with permission from Reference 168.
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Fe K-edge XANES spectra of the Pt—FeOx electrocatalysts are shown in Figure
4.2b. K-edge white lines represent an s-to-p electronic transition, and thus, their peak
intensities do not correlate with d-electron density as do those of L3-edges. Still, the
overall shape of the XANES region can be used as a spectral fingerprint to provide
insight into the observed phase. Such analyses revealed that Fe species within the sample
more closely resembled the Fe3O4 reference than Fe foil, indicating that Fe was present
primarily in an oxidized state. Unfortunately, due to significant structural disorder of the
FeOx phase and strong similarities between the XANES spectra of various Fe oxides,?*
its exact phase could not be determined.

The relative amount of low-valent Fe (i.e., Fe°) in each sample does, however, still
significantly influence overall peak shape. A greater abundance of low-valent Fe is
reflected in both the increased intensity of the pre-edge feature at just before 7.12 keV
and the reduced intensity of the most intense peak near 7.13 keV. Close inspection of the
trend for these two features in Figure 4.2b reveals that the relative amount of low-valent
Fe in the nanoparticles increases in the order PtsoFeso < Pt7oFeso < PtooFei0. On the basis
of this result, it seems likely that the low-valent Fe exists at the interface between Pt and
FeOy, being stabilized by the interaction with the Pt surface. In contrast, the high-valent
Fe likely exists farther from the Pt surfaces, or as discrete FeOx nanoparticles. When the
atomic Fe:Pt ratio is increased, a thicker layer of FeOx would be also expected, resulting
in a relative decrease in the amount of low-valent Fe. While this analysis afforded
important insight into the nanoparticles’ structure, more quantitative information

regarding the local structure was also obtained via EXAFS data analysis and fitting.
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4.5.3 EXAFS Analysis and Fitting

Qualitative information regarding the structure of Pt in the Pt-FeOy samples can
be obtained from the Pt L3-edge EXAFS spectra presented in Figure 4.3. By comparing
Pt/C and Pt—FeOx nanoparticles to the Pt foil reference, it can be seen that all of these
samples are very similar to one another and exhibit spectra characteristic of FCC lattices.
The increased noise in spectra obtained from Pt—FeOy nanoparticles containing a larger
proportion of Fe (i.e., Pt7oFeso and PtsoFeso) is likely the result of increased background
absorption by Fe species. Nevertheless, visible oscillations are observed up to and beyond

12 A™!, providing ample data for the fitting of Fourier-transformed spectra.
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Figure 4.3. Pt Ls-edge EXAFS spectra (£-weighted) for Pt—FeOy nanoparticles and reference materials.
Reproduced with permission from Reference 168.
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Fitted, Pt L3-edge FT-EXAFS spectra for Pt—FeOx nanoparticles and a commercial
Pt/C reference are shown in Figure 4.4; structural parameter values obtained from these
fits are presented in Table 4.2. A k~weight of 2 was selected for fitting these data in order
to give more emphasis to the low-intensity Pt—Fe scattering path, which would be harder
to resolve from the Pt—Pt path using the typical A~~weight of 3, due to the fact that
higher A~~weights preferentially emphasize contributions from heavier elements. The
observed similarities between Pt—Fe CNs indicated similar degrees of Pt—Fe bonding
from the perspective of Pt in all Pt—-FeOy samples (i.e., CNs of 1 to 2). These values were
much lower than those expected for intermetallic Pt;Fe or PtFe nanoparticles, suggesting

that much of the Fe present in the samples was not intermixed directly with Pt, but instead
existed as a FeOx shell atop the observed Pt core.
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Figure 4.4. Experimental and fitted Pt L;-edge FT-EXAFS spectra for Pt—-FeOy and Pt/C catalyst samples.
Adapted with permission from Reference 168.
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Table 4.2. Structural parameter values obtained via fitting of Pt L;-edge FT-EXAFS spectra. Uncertainties
are indicated in parentheses (treated as one standard deviation). Adapted with permission from Reference
168.

Sample  Path O S 15;-j 2 Jev
PloFers o o 1é(()ﬁ) 22_'7677;(2;) 3 12
PtroFeso g::f)f 1%;) i;gﬁ; 62) 202
e, T 0 m0
e RO DR w

Lower metallic CNs are typically observed in metal nanoparticles of sufficiently
small size, due to their increased specific surface areas, and indicate a large proportion of
atoms at surface sites. Thus, the low Pt—Fe CN may also be indicative of the presence of
Fe atoms at or near the nanoparticle surface, a finding that is also consistent with the
results of Fe K-edge XANES analysis. It was further observed that the total Pt-M (M = Pt
or Fe) CNs for the Pt—-FeOx samples were lower than expected for nanoparticle of these
sizes (being all significantly larger than those of Pt/C). Because both the reported bond
lengths and HRTEM lattice fringes for Pt confirm that the FCC structure is retained in
these samples, this discrepancy was attributed to vacancies and other defects at the Pt
core formed during synthesis.

In addition to the observed trends in CN values, the experimental data provided
useful information in terms of bond lengths. Significant differences in Pt—Pt bond lengths
were identified, with the more Fe-rich samples (Pt7oFeso and PtsoFeso) possessing
significantly shorter bonds than those containing little or no Fe (PtooFeio and Pt/C). It is

possible that this observation reflects a greater amount of intermetallic interaction near
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the Pt surface of the Fe-rich nanoparticles, which has been observed to result in similarly
decreased Pt—Pt bond lengths.?°%2%7 The increased likelihood of incorporation of Fe into
the Pt core can be explained by the relatively larger number of Fe ions present in the
reaction mixture for these nanoparticles, which increases the probability of significant
Fe diffusion into the metallic Pt lattice under the reductive synthetic conditions. This
trend is likely not visible from the Fe XANES spectra is that, as is also shown by Fe K-
edge EXAFS spectra, FeOx is much more abundant than metallic Fe in these samples.

It is readily apparent from the similarities between the corresponding Fe K-
edge EXAFS spectra presented in Figure 4.5a that Fe present in the Pt—FeOx
nanoparticles exists primarily in an oxidized state. The high degree of noise observed in
these spectra can be attributed to two predominant factors, the presence of significant
amounts of Pt in each sample and the lack of long-range order in the FeOx phase. The
large absorption cross section of Pt can result in considerable attenuation of the incident
X-ray beam, thereby interfering with the signal obtained from Fe species. Furthermore,
samples lacking long-range order (such as these Pt—-FeOx nanoparticles) tend to exhibit
reduced amplitudes of oscillation at higher k-values. Additional support for the latter of
these causes is provided by analysis of the corresponding FT-EXAFS spectra. Although
quantitative fitting of the Fe K-edge FT-EXAFS was precluded by the noisiness of the
data, qualitative comparisons of peak positions (shown in Figure 4.5b) revealed apparent
similarities between all Pt—FeOx nanoparticles and the Fe3;O4 reference. However, an
apparent shift to higher R-values and significant reduction in the Fe—Fe peak intensity (ca.
2.8 A, corresponding to the iron oxide phase) for the Pt—FeOx nanoparticles indicated a

lack of significant long-range order relative to bulk Fe;Oa.
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Figure 4.5. Fe K-edge EXAFS presented as (a) EXAFS and (b) FT-EXAFS from Pt-FeOy nanoparticles
and reference materials. Note that the intensities of both the EXAFS and FT-EXAFS spectra for the Fe foil
reference have been reduced by half to allow for easier graphical comparison. Peaks indicated by dashed
lines correspond to (i) Fe—O bonding, (ii) Fe—Fe metallic bonding, and (iii) Fe—Fe bonding in iron oxides.
Adapted with permission from Reference 168.

The observed shift and decrease in peak intensity are to be expected from more
amorphous materials, which have a broader distribution of bond lengths due to their
decreased order; this further helps to corroborate the absence of measurable Fe oxide
lattice fringes in the measured HRTEM images. The proportion of metallic Fe—Fe
bonding in each sample was estimated from the intensity of the Fe—Fe scattering peak at
ca.2.2 A. From a comparison of these features, it was concluded that, consistent with the
Fe XANES results, the relative amount of low-valent Fe in each sample increased in the
order PtsoFeso < PtroFes3o < PtooFero. This indicates that a greater proportion of the Fe
precursor is reduced when less is initially added and that total reduction may be possible
when only very small amounts of Fe are added to the reaction mixture. For these samples,

particularly those with greater Fe content, FeOx predominated over metallic Fe. Due to
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the fact that Pt seed particle nucleation occurred prior to addition of the Fe precursor
during synthesis, finding a Pt—Fe core-shell structure was to be expected, and evidence of
the Pt—FeOx structure was provided by many of the employed characterization techniques.
In order to better understand the electronic effects of surface FeOx on the Pt core, ab

initio calculations were employed to investigate interactions at the Pt—FeOy interface.

4.5.4 Simulation of Electronic Structure

As illustrated in Figure 4.6, ab initio electronic calculations were used to
determine charge transfer, electron counts, and d-electron density of states (d-DOS)
information for atoms located at the (111) surfaces of three model structures: pure
metallic Pt, an intermetallic PtFe alloy, and metallic Pt with a partial surface layer of FeO
(denoted Pt@FeO). As expected given their respective electronegativities, both the
overall charge transfer and d-electron counts of Fe revealed significant electron donation
from Fe to Pt in PtFe and Pt@FeO. Figure 4.6a shows that although considerable charge
density was lost by surface Fe sites in the Pt@FeO system, nearly negligible charge
density gain was experienced by each individual Pt atom. This effect can be simply
attributed to the relatively large number of Pt atoms present in the model (ca. 18 atoms Pt
per atom of Fe), as supported by the fact that more significant charge gain per Pt atom is
observed for PtFe, in which more similar numbers of Pt and Fe atoms is present.

Although this 18:1 ratio is higher than expected for any of the actual Pt—FeOx
samples, it allows the model to include a several-layer depth of Pt atoms, which more
accurately represents the Pt nanoparticle core. The effects of PtFe interactions and surface
FeO on d-electron counts are presented in Figure 4.6c. As a result of the aforementioned

charge transfer, Fe d-electron counts in the Pt—Fe model were reduced relative to Fe
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metal for both systems, with a greater decrease observed for Pt@FeO due to the presence
of many electronegative O atoms. The effects on the Pt d-electron counts were less
dramatic, and the only appreciable change was an increase for the PtFe model. Thus, it
can be expected that the presence of interfacial Fe species will contribute little to the d-

electron density of Pt in the Pt—FeOx nanoparticles.
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Figure 4.6. Ab initio FEFF8 simulation results, including (a) calculated interatomic charge transfer, (b)
structural models used for simulations, (c) atomic d-electron counts, and (d) d-DOS spectra for edge-site Pt
and surface-site Fe atoms in Pt (gray), PtFe (orange), and Pt@FeO (red). Adapted with permission from
Reference 168.
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It has been observed that Pt valence d-band properties correlate with the
electrocatalytic behavior of Pt-based catalysts.*’ 4b initio d-DOS simulations, shown in
Figure 4.6d, were performed in order to study the effects of surface Fe oxide on the Pt d-
band in Pt—FeOy nanoparticles. These simulations revealed a slight overall broadening of
the Pt d-band for Pt@FeO, as opposed to the significant narrowing observed for PtFe.
Center positions of the d-bands relative to the Fermi energy were determined for each
sample by integrating over the entire d-DOS region, yielding values of —2.24, —2.36, and
—2.56 eV for Pt, PtFe, and Pt@FeO, respectively. The lowered d-band positions of both
PtFe and Pt@FeO relative to Pt are in agreement with the experimentally determined d-

177.18% and reveal that the

band shifts of some highly active intermetallic PtFe catalysts
surface oxide structure is also capable of significantly influencing the electronic structure

of Pt sites.

4.5.5 Testing Electrocatalytic Activity

In order to evaluate the relationship between the structural and electronic
properties of Pt—FeOx nanoparticles and their surface reactivity, cyclic and linear sweep
voltammetry measurements were performed. The reference electrode was calibrated
before each session of CV measurements. Cyclic voltammograms for the Pt-FeOx and
Pt/C samples (presented in Figure 4.7a) were normalized using their experimentally
determined ECSAs for closer comparison. Several features of interest were observed,
including H-desorption and Pt surface oxidation regions (positive peaks at 0.0 to 0.4 VruE
and at 0.7 to 1.2 Vrug, respectively).

The peak areas in the H-desorption region correspond to the amount of charge

passed in order to desorb surface-bound H atoms and were used to determine the ECSA
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of each sample in accordance with standard procedures.?*® It was observed that all three
Pt-FeOx samples possessed very similar specific ECSAs (ca. 40 cm? mg! Pt), while that
of the Pt/C reference was approximately twice as large (ca. 80 cm®> mg! Pt). In
conjunction with results from EDS and HRTEM analyses, this observation of very similar
specific ECSAs for all Pt—-FeOx samples was found to further support the proposed Pt
core/FeOx shell structure.

By assuming that the Pt—-FeOx nanoparticles were spherical, that the diameters
measured using HRTEM reflected only the size of the Pt core, and that the oxide layer is
made up of Fe»Os, the compositions of each sample should exhibit uniform surface
FeOx layers of 0.25, 0.60, and 0.93 nm in thickness for PtooFe1o, Pt7oFeso, and PtsoFeso,
respectively. The presence of characteristic Pt features in the cyclic voltammograms,
however, demonstrates that Pt is not totally obstructed by the FeOx surface layer and that
an island-like structure of FeOx on Pt may be more probable.

While smaller nanoparticle diameters should exhibit larger specific ECSAs, the
larger amount of FeOx present in these samples could result in blocking of surface sites,
thereby counteracting the effects of particle size. The shapes of peaks in the H-desorption
region also provide information regarding the presence of different Pt crystallographic
facets, which could not be reliably assumed from HRTEM measurements obtained prior
to electrochemical treatment and testing. Based upon the absence of H-desorption peaks
centered between 0.3 and 0.4 Vrue (corresponding to Pt(100) surfaces*”) and the
predominance of peaks centered in the range of 0.0 to 0.3 Vrug (corresponding to Pt(110)
and Pt(111) surfaces*”) for the cyclic voltammograms of both the Pt—FeOx nanocatalysts
and the Pt/C reference, it was proposed that the majority of surface Pt sites existed at the

more highly active Pt(111) and Pt(110) surfaces, with minimal contributions from
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Pt(100).2% This distribution of surface facets is most likely due to the (previously
discussed) preferred formation of certain crystalline facets at nanoparticle surfaces, as
governed by the ligands employed in their synthesis.

The onset of the Pt surface oxidation region is typically associated with the
adsorption of hydroxyl groups to form a Pt—OHags layer, followed by more extensive Pt
oxide formation as the potential is swept to increasingly positive values.**!° It was
observed that the half-maximum onset potential for this initial oxidation in the studied
materials shifted to lower potentials for Pt7oFesoand PtsoFeso, yielding a half-maximum
potential of ca. 0.80 Vruk instead of the ca. 0.85 Vrug value observed in PtooFeio and the
commercial Pt/C catalyst. This shift demonstrates that the Pt in these more Fe-rich
samples was able to more easily adsorb species such as ~OH. This enhanced affinity for
oxygenated species was also found to correlate with shorter Pt—Pt bond lengths in
PtsoFeso and PtsoFeso (2.72 A ! versus 2.775 A™), as determined from Pt Ls-edge FT-
EXAFS fitting results.

Linear sweep voltammetry was used to measure both the current densities and
mass-normalized currents exhibited by each sample. Figure 4.7b (inset) shows that all
three Pt—FeOx nanoparticles shared linear sweep voltammetry profiles that were very
similar after normalization, but differed from that of Pt/C. The observed half-maximum
potentials for these samples occurred at ca. 0.88 VryE instead of ca. 0.83 V, representing
facilitation of the ORR process and granting the nanoparticles a broader range of
operating potentials. Voltammograms normalized by the ECSA of each sample are shown
in Figure 4.7c and illustrate the markedly increased activities of the Pt—-FeOx nanoparticles
as a function of their Fe content. This effect is further illustrated in Figure 4.7d, wherein

current densities were observed to increase by up to a factor of two under diffusion-
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controlled conditions and by up to a factor of ten under kinetically controlled conditions.
Thus, a positive correlation between both the specific ORR activity of the Pt—

FeOx electrocatalysts and their relative Fe contents was observed.
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Figure 4.7. (a) Cyclic and (b) linear sweep voltammograms normalized by ECSA, (c) linear sweep
voltammograms normalized by Pt mass, and (d) current densities for each Pt—FeOx catalyst in various
regions of interest. Coloured curves and bars represent PtogFeo (orange —), PtyoFeso (green —), PtsoFeso
(red —), and Pt/C (blue —) samples, respectively. Adapted with permission from Reference 168.

The positive correlation between Fe content and increasing ORR activity can be
interpreted by combining the Pt—FeOx surface activity results with their structural and
electronic information from XANES, EXAFS, and ab initio calculations presented
previously. Shorter Pt—Pt bond lengths have been observed to correlate with higher ORR

188 particularly in the case of bimetallic Pt nanoparticles.

activity in Pt catalysts,
Coincidently, the Pt—FeOx nanoparticles exhibiting the highest electrocatalytic activities

(Pt7oFes0 and PtsoFeso) were found to also have significantly shorter Pt—Pt bond lengths
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than both PtooFe1o and the Pt/C reference. Thus, the effect of the Pt—Pt bond length seems
to contribute significantly to the observed ORR performance of the Pt—-FeOx
nanoparticles.

In addition, it was deduced from EXAFS results (as discussed previously) that the
nanoparticles with higher Fe content should have a tendency toward increased Fe
diffusion into the Pt core region. This could account, at least in part, for the higher ORR
activity for the nanoparticles with more Fe content. Although both XANES and EXAFS
results showed a trend toward relatively less low-valent Fe as the Fe content increased,
the predominance of the FeOx phase could easily obscure any increase in Pt—Fe
interactions. 4b initio calculations indicated that both Pt-FeO and Pt-Fe interactions were
able to induce a shift of the Pt valence d-band to lower energy levels, which has also been
recognized as a favorable factor in the enhanced ORR activity of Pt.!®® This dependence
of surface reactivity on Fe content would, thus, provide an explanation for the slightly

higher ORR reactivity of PtsoFeso relative to PtyoFeso.

4.6 Conclusions

In summary, a simple and clean CO-reduction method was used to prepare a series
of carbon-supported, nearly monodisperse platinum—iron oxide nanoparticles with varied
Pt—Fe ratios (PtooFe10, Pt7oFeso, and PtsoFeso). In conjunction with HRTEM imaging, XAS
measurements made from the perspectives of both Pt and Fe demonstrated that the three
nanoparticle samples consisted of Pt cores with partial surface layers of amorphous iron
oxide, but did not rule out the possible presence of discrete FeOx nanoparticles. Detailed
information regarding nanoparticle local structure and electronic properties was obtained

by analyzing the XANES and EXAFS data, and was further supported by computational
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results. Remarkably, the ORR activity of these Pt—FeOx nanoparticles was found to be
superior to that of the commercial Pt/C catalyst and dependent on the Pt—Fe molar ratio.
The results of this analysis suggest that this enhanced catalytic activity is the result of Fe
incorporation into Pt, in good agreement with prior literature investigations of PtFe
nanoparticle systems. Furthermore, an essential role was played by XAS in the
characterization of the Pt—FeOx samples, illustrating its suitability for addressing the
challenges posed by such complex materials.

Based upon these results, however, it could not be definitively determined
whether the observed enhancement in ORR activity was due to electronic effects arising
from the presence of surface Fe/FeOx species or to the lattice strain indicated by
shortened Pt—Pt bond lengths. These catalytic tests also represented a first foray into the
field of electrochemistry, and could be extended to afford further information regarding
these samples. Additionally, the possibility of significant changes in the surface structure
of the Pt-FeOx nanoparticles under the conditions used for electrochemical
measurements, including strong acidity and rapidly changing applied potentials, was still
a major concern. In order to better understand the role of the Fe component in these

samples, as well as their electrochemical stability, further studies were required.
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Chapter 5 — Surface Reconstruction and
Reactivity of Pt—-FeOx Nanoparticles
Adapted with permission from Reference 206:
Duchesne, P.N.; Chen, G.; Zhao, X.; Zheng, N.; Zhang, P. “Surface Reconstruction and
Reactivity of Platinum—Iron Oxide Nanoparticles” J. Phys. Chem. C, 2014, 118 (49),

28861-28867.
© 2014 American Chemical Society

5.1 Contributions

PND and GC (College of Chemistry and Chemical Engineering, Xiamen
University) synthesized the Pt—-FeOx nanoparticles and deposited them onto the carbon
powder support. XZ (College of Chemistry and Chemical Engineering, Xiamen
University) acquired TEM images and PND performed image analyses. PND isolated
samples from the electrode surface, acquired and analyzed CV and ORR activity data,
performed XAS measurements and data analysis, and wrote the manuscript. PZ
supervised PND and helped with manuscript revision. NZ (College of Chemistry and

Chemical Engineering, Xiamen University) supervised GC and XZ.

5.2 Foreword

The study described in Chapter 4 represented a first foray into the characterization
of multi-metallic Pt-based nanoparticles and showed good success for the use of XAS
techniques. Although the as-synthesized samples exhibited a Pt—FeOx structure instead of
forming metallic PtFe nanoparticles, their electrocatalytic activities were still improved
relative to a commercial Pt/C catalyst. The relationship between the surface Fe species
and the catalytic activity enhancement was still unclear, however, due largely to the
possibility of significant modification of the nanoparticle surfaces on exposure to

electrocatalytic reaction conditions. The study presented in this chapter thus serves as a
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follow-up to the initial characterization of the Pt—-FeOx samples. Emphasis is placed on
determining the extent of nanoparticle surface modification under electrocatalytic
conditions, further characterizing the electrocatalytic activity of Pt—FeOx, and
investigating the electronic effects of surface Fe species via experimental and

computational methods.

5.3 Introduction

While previous research did reveal that enhanced ORR activity is exhibited by Pt—
FeOx nanoparticles, it was unable to clarify whether this enhancement was due to
electronic effects from the presence of Fe/FeOx species or surface strain. Electrochemical
measurements also showed that the Pt-FeOx voltammograms continued to change over
the course of several tens of cycles. One possible explanation for this change is the
inherently lower stability of non-noble metal components of these nanoparticles under
standard fuel cell operating conditions (corrosive electrolytes, strong electrical potentials,
etc.), which are prone to leaching.!”!?% As a result, the structure of the active catalyst
could differ significantly from its as-synthesized form. The effect of leaching on surface
structure has previously been explored using various combinations of Pt and 3d transition
metals, revealing that such processes lead to the formation of a Pt-enriched “skin” due to
the lesser stability on the non-noble metal component.*”-184212 Interestingly, some of the
same studies also revealed 3d metal enrichment in the first sublayer of metal atoms,
which was implicated in the enhanced activity of such surfaces.*’” Furthermore, changes in
the surface structure of even pure Pt nanoparticles can be effected via electrochemical
treatments.'?! As a result of these factors, there was no guarantee that the characterization

data accurately described the catalytic material in its active state.
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In order to investigate the possible impact of surface structural changes on the
electrocatalytic activity of Pt—-FeOx nanoparticle catalysts, samples of each elemental
composition (i.e., PtooFeio, Pt7oFeso, and PtsoFeso) were analyzed both before and after
electrochemical characterization. In addition to observing any gross morphological
changes to the particles themselves using TEM, changes in their local structure and
electronic properties are elucidated through the use of EXAFS and XANES analyses. A
more thorough investigation of the electrocatalytic activities of these samples was also
performed, providing deeper insight into correlations between the structure and activity of

Pt catalysts following electrocatalytic testing in acidic media.

5.4 Experimental Methods

5.4.1 Sample Preparation

Pt—FeOx nanoparticles synthesized previously using a facile, “clean” method were
used in this study.!”? Briefly, these nanoparticles were formed at elevated temperatures in
OAm solution under a reducing atmosphere of carbon monoxide. Control of the Pt:Fe
precursor ratio in the reaction mixture was used to generate nanoparticles with differing
elemental compositions. Surface-protecting OAm ligands were removed via ligand
exchange with excess n-butylamine in the presence of suspended Vulcan XC-72 carbon
powder, inducing immobilization of the nanoparticles onto the carbon support (30 wt% Pt
loading). Catalyst loading was measured using inductively coupled plasma optical
emission spectroscopy. A commercial Pt catalyst (HiSPEC 3000, 20 wt% loading,
denoted “Pt/C”) was also used as a reference during characterization of the Pt—FeOx

samples.
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Although in situ measurements were precluded by the lack of an on-site
electrochemical systems (and would have been significantly complicated by the need to
properly orient the incident X-ray beam, operating RDE electrochemical cell, and
fluorescence detector for data collection), it was still possible to study the structure of the
Pt—FeOx samples using ex situ methods. Following electrochemical characterization,
samples of the post-treatment Pt—FeOx and Pt/C materials were obtained for further XAS
analysis. First, the RDE was removed from the electrolyte solution and carefully dried by
wicking away any residual liquid with the edge of a Kimwipe tissue. After allowing the
sample several minutes to dry, a strip of cellophane tape was applied to the surface of the
glassy carbon RDE; removing the tape also removed a thin, but appreciable, layer of
sample. This was repeated several times to ensure collection of sufficient material before

the exposed catalyst sample was sealed-in with a second strip of tape.

5.4.2 Cyclic Voltammetry

A Pine Instrument Company RDE system was used to perform electrochemical
measurements in the laboratory of Prof. Jeff Dahn at Dalhousie University. Full
experimental details have been presented previously.!”* In brief, a three-electrode cell was
assembled, consisting of a glassy carbon RDE working electrode, Pt wire counter
electrode, and Koslow mercury/mercurous sulfate reference electrode in 0.1 M perchloric
acid (HCIOq4) electrolyte. Glassware was decontaminated by boiling in deionized water
prior to use. Measurements were then conducted according to standard ORR
characterization procedures.?®

To investigate the effects of electrochemical treatment on Pt—FeOx nanoparticles,

samples in Arg-saturated electrolyte were exposed to applied potentials between 0.02 and
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1.2 Vrue. The treatment continued for 50 cycles at a sweep rate of 50 mV-s~!. The activity
of each sample with regards to the ORR was measured by saturating the electrolyte
solution with O(g) and then sweeping the applied potential over the same potential range
used for the initial electrochemical treatment. A rotation rate of 1,600 RPM was used for
all experiments. Area-specific current densities were obtained by correcting these
experimental data to account for key factors, including non-Faradaic contributions, mass

transport at the electrode surface, and ECSA for each sample.?!?

5.4.3 X-ray Absorption Spectroscopy

XAS data acquisition was performed using the Sector 20-BM beamline of the
Advanced Photon Source at Argonne National Laboratory in Argonne, IL. A double-
crystal Si(111) mirror monochromator was used for wavelength selection and, in
conjunction with a Rh-coated Si focusing mirror, detuned to 80% in order to reject higher
harmonics. Standard gas-ionization chamber detectors were used for collecting reference
foil data, whereas the limited quantity of both the Pt-FeOx and Pt/C samples necessitated
the use of a more sensitive a 12-element Ge fluorescence detector. A cryostatic sample
holder was used to maintain a stable temperature of 50 £ 1 K (for pre-treatment samples)
or 90 + 1 (for post-treatment samples) in order to further enhance the intensity of the
EXAFS signal via suppression of thermal vibrations, thereby obtaining better signal-to-
noise ratios. Processing and fitting of XAS data were performed using the IFEFFIT
software suite.”’
5.4.4 Transmission Electron Microscopy

Due to the fact that they had been preserved between strips of cellophane tape for

XAS characterization, preparation of the post-treatment nanoparticle samples for TEM
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analysis required some processing. After carefully separating the strips of tape
encompassing the post-treatment sample material, both strips were inserted into a small
(1.5 mL) sample vial filled with n-hexane and sonicated until their adhesive dissolved,
releasing the sample from the cellophane backing. The undissolved cellophane backing
was then carefully removed, and the remaining suspension centrifuged at 15,000 RPM for
5 min to separate the sample material from the supernatant, which was then decanted.
Each sample was then washed with 1 mL of laboratory grade ethanol (i.e., sonicated, then
centrifuged again under the same conditions). Finally, each sample was dispersed in 200
pL of ethanol via sonication and drop-cast onto Formvar-coated copper TEM grids.
Sample imaging was performed at the Dalhousie University Scientific Imaging Suite
using a Tecnai F-30 transmission electron microscope operated at 300 kV in bright-field
imaging mode. Size distributions of the nanoparticles were measured using
MacBiophotonics Image] software and several representative images from each

sample.'”

5.5 Results and Discussion
5.5.1 Cyclic Voltammetry

Cyclic voltammograms of both the Pt—-FeOx samples and Pt/C reference catalyst
are presented in Figure 5.1. After 50 cycles, marked changes were observed in the
voltammograms over several regions of interest. Most of these regions are characteristic
of Pt, but peaks attributable to the oxidation and reduction of the Fe**/Fe** redox couple
(ca. 0.74 Vrug on the forward sweep and ca. 0.70 Vrug on the reverse sweep) were

apparent in the Pt-FeOx voltammograms.?'* In general, it was observed that peaks
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indicative of H-adsorption/desorption (0.05 to 0.35 Vrug) and Pt-surface reduction peaks
increased in intensity, those representative of Hy ) evolution (ca. 0 Vrug) decreased in
intensity, and those reflective of Pt-surface reduction increased in intensity. In
conjunction with the differences indicated by XAS data analysis (vide infra), these
changes are consistent with restructuring of the Pt surface as a result of potential cycling,
and indicate the emergence of distinct Pt(111) and Pt(110) crystallographic facets from a
more irregular initial structure.?’” Peaks associated with the Fe**/Fe** redox couple were
observed to disappear after only a few scans, suggesting that these species were only
initially present at the Pt surface and dissolved readily into the acidic electrolyte solution.
As expected, the most intense Fe?"/Fe*" feature was observed for PtsoFeso, which
has the greatest Fe content; however, the Pt7oFes3o sample did not exhibit a peak intensity
intermediate between the former sample and PtooFe10, as might have been expected given
its relative composition. It is likely that this discrepancy is due to the samples being
immersed in the acidic electrolyte for different lengths of time prior to the onset of
electrochemical cycling. In contrast with that located at the nanoparticle surface, Fe
located beneath the Pt surface layer should be both physically shielded from the acidic
electrolyte and electronically stabilized by its numerous Pt neighbours. It is to these
stabilized sub-surface Fe atoms that the enhanced activity of the Pt-FeOx nanoparticles is

attributed.
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Figure 5.1. Evolution of cyclic voltammograms from Pt—FeOy and Pt/C reference samples over the course
of 50 cycles. Red arrows indicate the direction of change for each region of interest. Adapted with
permission from Reference 206.

5.5.2 Transmission Electron Microscopy

TEM images (see Figure 5.2) were acquired by Xiaojing Zhao for each
nanoparticle sample in order to ensure no drastic changes in morphology had occurred as
a result of the electrochemical treatment. In fact, very little change was observed, with
particle sizes of 3£ 1 nm,4 £ 1 nm, 5+ 1 nm, and 4 + 1 nm being observed for PtsoFeso,
PtyoFeso, PtooFeio, and Pt/C, respectively. These values matched closely with those
determined for the samples prior to electrochemical treatment (3.5 £ 0.5 nm, 4.0 = 0.5
nm, 4.4 = 0.6 nm, and 2.8 + 0.7 nm, respectively), suggesting that no significant particle
aggregation occurred during electrochemical cycling. Close analysis of the TEM images

reveals that some fusion of adjacent particles to form oblong, rod-like structures did occur
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for a small number of particles; however, such behavior has also been reported by other
researchers and does not appear to degrade catalyst performance as significantly as does
the formation of large, spherical aggregates.!! Overall, only minor structural changes

were observed relative to the results of pre-treatment TEM analysis.
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Figure 5.2. TEM micrographs of Pt-FeOy and reference Pt/C catalyst samples after electrochemical
treatment. Inset histograms depict measured nanoparticle diameters as measured from a series of images
(444 <N <599). Adapted with permission from Reference 206.
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5.5.3 X-ray Absorption Spectroscopy

XAS measurements were performed at the Pt L3 absorption edge in order to study
Pt—FeOx and Pt/C catalyst samples both before and after electrochemical cycling. XANES
spectra from these measurements are presented in Figure 5.3. Although the Pt-FeOx
samples appear to have behaved differently with regards to electrochemical treatment, the
observed changes can, nonetheless, provide useful insight into their structure. Overall,
electrochemical treatment appears to have had the effect of homogenizing the XANES
spectra of the Pt—-FeOx nanoparticles. Both PtsoFeso and PtooFe1o samples exhibited little
change in white line shape or intensity as a result of treatment, indicating that changes to
the average Pt environment in these samples were minimal. In contrast, the white line

intensity of Pt7oFeso increased slightly post-treatment, while that of Pt/C decreased.
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Figure 5.3. Comparisons of Pt L;-edge XANES spectra acquired (a) before (at 50 K) and (b) after (at 90 K)
electrochemical treatment in 0.1 M HClO4 electrolyte. Adapted with permission from Reference 206.

From a basic understanding of XANES principles, the observed changes can be
interpreted as arising from changes in the Pt d-electron density, with decreased electron
density resulting in increased white line intensity.?!> This decreased electron density of Pt

in Pt7oFe30 after electrochemical treatment may be related to the loss of charge transfer
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from Fe to Pt atoms in the nanoparticles. The fact that the Pt electron density is reduced
as a result of treatment could indicate that a significant amount of metallic Fe near the
surface was removed from the nanoparticles alongside the surface Fe-oxides. This is also
consistent with the conclusion that the PtyoFeso sample contains a relatively greater
amount of metallic Fe than the other Pt—FeOx samples.

The increase in d-electron density experienced by Pt/C should not be due to
leaching of its components (primarily Pt and O) as was the case for the Pt—-FeOy samples,
but could be explained by a reduction of oxidized surface Pt species accumulated during
exposure to air. In order to better understand the root causes for these changes, it is
helpful to closely study the local structure of each sample. FT-EXAFS spectra for Pt—
FeOx samples and Pt/C are presented in Figure 5.4. Despite being obtained at a higher
temperature (90 £ 1 K, versus 50 & 1 K for the untreated data), the post-treatment spectra
exhibited more intense peaks corresponding to Pt—M scattering paths. As the unusually
low intensity observed for the Pt—M paths prior to cycling has been attributed to
destructive interference between Pt—Pt and Pt—Fe scattering paths, this increased intensity
could be understood as a decrease in one of these two contributions to the overall peak
intensity.

Overall, the qualitative similarity of the FT-EXAFS spectra, especially at higher
R-values, indicates that the samples have become more structurally similar. Differences
introduced during sample synthesis appear to have been removed by the electrochemical
cycling process. Additionally, the intensity reduction of the Pt—O peak of Pt/C (ca. 1.7 A)
indicates that less Pt-oxide is present post-treatment, further supporting the reduction of
surface Pt based on XANES analysis. In order to fully characterize the structural changes

in these samples, fitting of experimental FT-EXAFS spectra was performed.
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Figure 5.4. Comparisons of Pt L3-edge FT-EXAFS spectra for Pt—FeOy and Pt/C samples acquired (a)
before and (b) after electrochemical treatment in 0.1 M HClOj4 electrolyte. Adapted with permission from
Reference 206.
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Figure 5.5. Pt L;-edge FT-EXAFS experimental (hollow circles) and fitted spectra (red lines) for
electrochemically treated (a) PtsoFeso, (b) Pt7oFeso, (¢) PtooFeio, and (d) Pt/C samples. Adapted with
permission from Reference 206.
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Fitted FT-EXAFS spectra are presented in Figure 5.5. Corresponding structural
parameters obtained from the fitting of pre-treatment!’? and post-treatment Pt—FeOyx and
Pt/C samples are presented in Table 5.1. Immediately apparent from these data is the
significant decrease in the degree of Pt—Fe bonding after electrochemical cycling;
however, as indicated by their respective Pt—Fe CNs, both Pt;oFe3o and PtooFeo retained a
measurable degree of Pt—Fe interaction. Given the structural information available from
cyclic voltammetry and XANES analyses, this is likely due to the relatively large amount
of metallic Fe located just beneath the Pt surfaces of the nanoparticles. Further support for

this conclusion is afforded by the observed Pt—Fe bond lengths.

Table 5.1. Structural parameters obtained from fitting of Pt L;-edge FT-EXAFS spectra prior to, and
following, electrochemical cycling. Uncertainties in the last decimal place of each value are indicated in
parentheses (treated as one standard deviation). A double asterisk (**) indicates that contributions from the
Pt—Fe scattering paths in these samples were too weak to be measured. Adapted with permission from
Reference 206.
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For the pre-treatment samples, it was observed that the mean Pt—Fe bond length
was correlated with greater Fe content. On the basis of the Fe K-edge XANES results
from the as-synthesized Pt—FeOx,!”* samples with greater Fe content also possessed

relatively more Fe-oxide than metallic Fe. Thus, it can be inferred that a predominance of
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metallic Pt—Fe interactions yields shorter average bond lengths (ca. 2.67 A) than does that
of oxide Pt—Fe interactions (ca. 2.72 A). Therefore, the relatively short Pt—Fe bond length
for post-treatment PtyoFeso indicates that the remaining Fe is likely present in a metallic
environment.

With regard to the observed Pt—Pt CNs, an increase was observed for all samples
as a result of electrochemical cycling. This is easily explained by surface reconstruction,
as is indicated by the evolution of the characteristic H-adsorption/desorption peaks in the
voltammograms for each sample. From the low Pt—Fe and Pt—Pt CNs obtained prior to
treatment, it appears that both the Pt-FeOx samples and Pt/C catalyst possessed irregular
or highly defected surface morphologies in their as-synthesized forms, likely facilitated
by the presence of a stabilizing surface Fe oxide layer. The harsh conditions introduced
by electrochemical cycling have clearly proven sufficient to effect considerable
transformation of this initial structure, resulting in higher CNs more indicative of an
ordered Pt surface.

5.5.4 ORR Activity Testing

The ORR activities of the Pt—-FeOx and Pt/C samples were evaluated via linear
sweep voltammetry, with the resultant normalized current densities and Tafel plots
presented in Figure 5.6. By further correcting for mass-transfer limited diffusion using the
Levich relation,**® reliable measures of specific current density (jspeciic) under kinetically
controlled conditions (i.e., 0.95 Vrug) were obtained. Half-wave potentials (E£;.,
measured at one-half the maximum diffusion-limited current density) are generally
indicative of the thermodynamic efficiency (or voltage efficiency) of an electrochemical

reaction.?!® In the case of ORR activity, a more positive potential is indicative of a lower
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overpotential being required to drive the reaction, and, thus, greater electrocatalytic
efficiency. Tafel plots were also prepared and fitted using linear regression in order to
obtain their characteristic Tafel slopes. Experimentally determined values of £/, jspecific,
and Tafel slope for each sample are presented in Table 5.2. An anomalous feature was
observed in the data from Pt;oFe3o at ca. 0.8 Vrug, making the veracity of its superior
performance uncertain. From these data, it appears that Pt7oFes3o exhibits the largest £;,» of
the four samples tested (0.965 Vrug), followed by PtooFeio (0.939 Vrug), PtsoFeso (0.917

Vrue), and Pt/C (0.913 VrauE).
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Figure 5.6. (a) Current density plots normalized by maximum diffusion-limited current (at 0.5 Vrug) and
(b) Tafel plots of the Pt-FeOy samples and Pt/C reference. Adapted with permission from Reference 206.

Table 5.2. Figures of merit for the ORR activities of Pt—FeOyx and Pt/C samples. Uncertainties
representative of noise in the experimental data are shown in parentheses; these uncertainties represent three
standard deviations. Adapted with permission from Reference 206.

Sample Half-wave Potential SpeciﬁcﬁzCurrent l?zensity Tafel Slop?1
(VRrHE) (10 mA-cm™) (mVrug-dec™)
PtooFe1o 0.939(1) 9.9(2) —69(1)
PtroFeso 0.965(1) 13.2(3) —78(1)
PtsoFeso 0.917(1) 9.8(3) —67(1)
Pt/C 0.913(1) 7.1(2) —69(1)
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In keeping with the obtained half-wave potentials, Pt;oFeso also offered the highest
kinetic current density (1.32 x 10~! mA-cm2). PtooFe1o had the next best jipecisic (9.9 x 1072
mA cm2) but was not significantly better than PtsoFeso ( 9.8 x 1072 mA-cm2), and Pt/C
demonstrated the poorest performance (just 7.1 x 10 mA-cm™). One possible
explanation for the similar jgpeciic values of PtooFe1o and PtsoFeso, despite the more positive
E1/> of the former, is that both two-electron (O2 + 2H" + 2¢~ — H,0) and four-electron
(02 + 4H" + 4¢~ — 2H,0) pathways exist for the reduction of Oy at Pt surfaces.?!’
While the latter typically predominates under these conditions, the former is also viable.
It could be possible that the relatively greater jgpecisic of PtsoFeso is due to the competing
two-electron formation of H20», thereby explaining its similar performance to PtooFe1o
despite the differences in their local structures (as indicated by EXAFS analysis).
Additional experiments performed using a rotating ring disk electrode would allow the
contributions from H>O> formation to be clearly quantified; however, the similar Tafel
slopes for these samples suggest that they follow the same reaction mechanism, and so
this is not the best explanation for the results.

Experimentally, the reduction of Oz) on Pt corresponds to Tafel slopes of
approximately —60 mV-dec! at more positive potentials (i.e., greater than 0.8 Vrug) and
—120 mV-dec™! for measurements obtained at less positive potentials (i.e., less than 0.8
Vrug).2!® This is explained by a difference in the rate-determining step of the ORR on
Pt/Pt—O and pure metallic Pt surfaces, respectively. A comparison of the samples studied
revealed slopes well in line with those published previously for Pt and PtFe nanoparticle

219

samples”” with one exception. Pt;oFeso demonstrated a Tafel slope 13 % greater in

magnitude than those of the other samples (—78 mV-dec™! versus ca. —68 mV-dec™!); this
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suggests that there may be some contributions from H>O» formation in the Pt7oFe3o data,
and could also explain the unusual feature in its data at ca. 0.8 Vrue. The small deviations
of the other Pt—FeOx samples from the ideal value for a mixed Pt/Pt—O surface is most

likely due to their small particle size, which can result in increasingly steep Tafel slopes

for nanoparticles in the size range of 6 to 1 nm.??°

5.6 Conclusions

In summation, XAS data analysis was successfully used in conjunction with
electrochemical measurements to characterize the physical changes in Pt-FeOx
nanoparticle surfaces, which occurred due electrochemical cycling in acidic media. It was
found that, following electrochemical treatment, surface Fe and FeOx species were
removed, leaving behind a P-rich skin, as described previously in the literature. As a
result, it was deduced that activity enhancement observed for these nanoparticle catalysts
was due to the effects of sub-surface Fe species; however, whether this was due to
electronic or surface strain effects was still unclear. Regardless, it was observed that those
samples retaining measurable quantities of Fe (Pt7oFeso and PtogFe1o) exhibited the
greatest reduction in ORR overpotential, although the values observed for Pt70Fe30 were
somewhat called into question by the possibility of competing H>O» formation at the
electrode surface. In addition to the helping explain the role of Fe in enhancing
electrocatalytic activity, characterization of the used nanoparticle catalysts revealed the
subsequent reconstruction of their surfaces following electrochemical treatment. This
reconstruction resulted in significant changes in the Pt—FeOx materials, highlighting the
critical importance of in situ and/or post-catalyst characterization, and again emphasizing

the utility of XAS techniques in contributing to such analyses.
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Chapter 6 — Growth Mechanism, Local
Structure, and Electronic Properties of Pt
Clusters Formed on Ag Nanoparticle Surfaces

Adapted with permission from Reference 216:

Duchesne, P.N.; Zhang, P. “Element-Specific Analysis of the Growth Mechanism, Local
Structure, and Electronic Properties of Pt Clusters Formed on Ag Nanoparticle Surfaces”
J. Phys. Chem. C, 2014, 118 (37),21714-21721.
© 2014 American Chemical Society

6.1 Contributions

PND synthesized samples, prepared them for ICP-OES measurements, and
analyzed the resulting data. ICP-OES measurements and peak fitting were performed by
Daniel Chevalier (Minerals Engineering Centre, Dalhousie University). PND acquired
and analyzed UV-vis absorption, TEM, and XAS data; performed ab initio simulations of
XANES spectra; and wrote the manuscript. PZ supervised PND and helped with

manuscript revision.

6.2 Foreword

The previous chapters have repeatedly demonstrated the utility of XAS techniques
in the characterization of Pt-based nanoparticles, including bimetallics. The studies
presented in Chapters 4 and 5, in particular, showed that performing measurements at
both the Pt and Fe absorption edges provides invaluable structural information. However,
the structure of those Pt—FeOx nanoparticles was less than ideal for catalytic applications,
as the majority of the Pt material is localized within the nanoparticle cores. The study
described in this chapter explores alternative syntheses to produce surface-localized Pt
sites. Emphasis is placed on the formation of core-shell AgPt nanoparticles, thorough
XAS characterization of their structure from both the Ag and Pt absorption edges, and

corroboration of the inferred particle structures using ab initio methods.
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6.3 Introduction

While the previous studies of Pt-FeOx nanoparticles were successful in terms of
sample characterization, the synthesis was not well-suited to the production of metallic
PtFe nanoparticles. Both mono- and bimetallic nanoparticle catalysts currently see
widespread study and application in a variety of chemical processes, including fuel cell
operation and the production of combustible fuels from biomass.?’®?2222> However, as
discussed in previous chapters, the incorporation of some baser elements (e.g., Fe) into Pt
materials can be hindered by their rapid oxidation.!”? Fortunately, a satisfactory solution
can be found in the combination of Pt with less costly noble metals such as Ag, leading to
AgPt nanoparticles with more complex structures.>*

In addition to being less prone to oxidation than those containing base metals
(e.g., Fe, Co, etc.), AgPt nanoparticles with core-shell structures can also be better suited
to catalytic applications than pure Pt. Their primary benefit is that the surface localization
of Pt can be greatly enhanced in a core-shell structure. However, the difficulty with this
approach comes in controlling the growth of the shell layer; if the layer is too thick, many
Pt atoms will still lie beneath the exposed surface and be inaccessible and inactive. As a
result, monolayer or sub-monolayer coverage of the particle core by Pt is highly
desirable; in the latter case, interfacial regions between the two metals can exist at the
nanoparticle surface, upon which the catalyzed reaction may proceed differently or even
more efficiently than on Pt alone.?** Bimetallic Pt nanoparticles consisting of small Pt
clusters on the surface of larger metal cores (i.e., sub-monolayers) should allow for
reduced cost, high catalytic surface area, and a strong interaction between Pt and the
substrate. Unfortunately, obtaining a uniform coating of limited thickness can be very

challenging.?**A ready solution to this challenge is found in the use of galvanic
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replacement reactions; shell thickness is limited by the ability of metal ions to access and
replace less-noble surface metal atoms in these reactions, making them well-suited for the
formation of monolayer and sub-monolayer nanoparticle shells.?2>%26

As is often the case for nanomaterials, the characterization of surface structure in
bimetallic Pt nanoparticles using conventional techniques remains a challenge. As the
previous studies on Pt—FeOy samples have demonstrated, XAS techniques can be well
suited for such materials, particularly in that both the Ag and Pt environments can be
probed separately (via their respective absorption edges). Attempts to employ these
nanoparticles as ORR catalysts were unsuccessful, however, and so emphasis is placed on
structural characterization using both experimental and ab initio XAS techniques. ICP-

OES, UV-vis, and TEM measurements are further used to understand the structure and

formation mechanism of these AgPt nanoparticles.

6.4 Experimental Methods

6.4.1 Materials

Silver nitrate (AgNO3, 99.9+ %), polyvinylpyrrolidone (PVP, MW 8,000 Da), and
dihydrogen hexachloroplatinate(IV) hexahydrate (H>PtCls-6H20, 99.9 %) were purchased
from Alfa Aesar. Sodium borohydride (NaBHa, 99%) and n-butylamine (BuNHb>, 99.5 %)
were purchased from Sigma-Aldrich. Potassium hydroxide (KOH, 85+ %) and
hydrochloric acid (HClaq), 36.5 to 38.0 % w/w) were purchased from ACP Chemicals.
Nitric acid (HNO3agq), 67 to 70 % w/w) was purchased from Caledon Laboratory
Chemicals. Vulcan XC-72 carbon powder was purchased from Cabot Corporation.
Deionized water (DIW, 18.2 MQ-cm) was obtained using a Barnstead NANOpure

DIamond UV ultrapure water system. All reagents and solvents were used as received.
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6.4.2 Preparation of Ag Nanoparticle Seeds

A single large batch of Ag nanoparticle seeds was first synthesized using a
procedure derived from that published by Zhang et al.?*’ In detail, fresh stock solutions of
PVP@q) (8 g in 88 mL of DIW), KOHg) (28 mg in 25 mL of DIW), and AgNO3(aq) (17
mg in 5 mL of DIW) were first prepared. The PVP(,q) was transferred to a 250 mL round-
bottom flask, to which 2 mL of KOH(q) and 5 mL of the AgNO3(aq) were then added. This
reaction mixture was stirred and de-gassed with nitrogen for 30 min. A fresh solution of
NaBH4 (19 mg in 5 mL of ice-cold DIW) was prepared and added to the reaction mixture,
which was then sealed under a N atmosphere and allowed to react for 1 h. Finally, the
mixture was aged for 48 h without stirring so that any excess NaBH4 was allowed to
decompose (thus ensuring that the Pt precursor could be reduced only via galvanic
reaction with the Ag nanoparticle seeds).

6.4.3 Formation of AgPt Nanoparticles

A fresh stock solution of HoPtCls:6H20 (13 mg in 25 mL of DIW) was used in the
preparation of AgPt nanoparticle samples. First, 20 mL of the previously synthesized Ag
seed nanoparticles were transferred to a 50 mL round-bottom flask, followed by a
predetermined volume of HoPtCls-6H2Oaq) (1, 3, 5, or 8 mL). This mixture was purged of
oxygen using Nz and then refluxed at 100 °C for 10 min before being allowed to cool
for 24 h while still under N»(g) atmosphere. After cooling, the mixture was centrifuged at a
relative centrifugal force (RCF) of 15,000 to remove any silver chloride or other insoluble

by-products formed during the reaction.
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6.4.4 Purification of AgPt Nanoparticles

In order to purify the final AgPt nanoparticles, each sample was first treated with
four volume equivalents of acetone (laboratory grade) to induce precipitation of its
constituent particles; at this point, the suspensions became visibly cloudy. Low-
temperature centrifugation (3 °C, RCF = 15,000) was performed to isolate the
precipitated nanoparticles, which were then re-dispersed in a minimal amount of DIW
before being precipitated with acetone and centrifuged once more. The final, twice-
purified product was again re-dispersed in a minimal quantity of DIW and lyophilized.
The resultant yellow or brown powders were light and easily handled for further analyses;
however, due to the large PVP content of the final product, further preparation was
required to prepare samples for TEM measurements (see Section 6.4.6).
6.4.5 Preparation of Samples for ICP-OES Analysis

In preparation for ICP-OES analysis, 10 to 20 mg of each AgPt nanoparticle
sample were added to a 5 mL volumetric flask and treated with 1 mL of HNO3(aq) to first
dissolve the Ag component of the particles. The flask was then stoppered and the mixture
gently stirred for 24 h. Following this treatment, the suspension took on a partially
opaque, brownish colouration that was visibly darker for samples with greater Pt content
(resulting from the remaining Ag-depleted nanoparticles). Next, 3 mL of HCl(aq) was
added to the mixture to form an aqua regia solution capable of dissolving the Pt
component of the particles. The flask was then loosely stoppered to prevent pressurization
and the mixture allowed to stir for a further 24 h. Following this stage of treatment, the
solutions had visibly cleared and taken on a yellow-orange colouration; each solution was

finally diluted to a volume of 5 mL before being analyzed.
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6.4.6 Standard Characterization Methods

Elemental analysis of the samples was conducted on a Varian Vista Pro (radial
view) ICP-OES instrument. Prior to measurement, the samples were diluted using 10 %
HClag) to reduce their acid concentration. The instrument was operated with a power of
1.3 kW, a plasma flow of 15.0 L-min!, an auxiliary flow of 1.50 L-min~!, and a read time
of 10 s with three replicates for each sample.

UV-vis spectroscopy measurements were performed using a Cary 100 Bio UV—
visible spectrophotometer. For each AgPt sample, a 100 uL aliquot was taken via
micropipette and diluted to a total volume of 3 mL before being analyzed. A DIW blank
reference was also measured and used to background-subtract each spectrum. Spectra
were normalized at 320 and 600 nm to more clearly illustrate the evolution of the Ag SPR
absorption peak.

Each sample was also imaged using TEM; however, the relatively large amount of
PVP ligand material present in the final products proved problematic and resulted in very
low contrast for the nanoparticles. In order to facilitate TEM analysis, a small portion of
each AgPt sample was deposited onto carbon powder and washed thoroughly according
to standard procedures.!” In brief, several milligrams of lyophilized nanoparticle product
were dispersed in a 1 mL of n-butylamine suspension of Vulcan XC-72 and stirred for 48
h. The samples were then successively purified (three times in total) via high-speed
centrifugation in absolute ethanol (laboratory grade), with the supernatant being removed
each time using a Pasteur pipet. After the final such purification, a small amount of the
product dispersed in ethanol was drop-cast onto Formvar-coated copper TEM grids. After
the samples dried, they were analyzed using bright field imaging on an FEI Tecnai-12
transmission electron microscope (80 kV operating voltage). Mean particle diameters

were measured from TEM images using the digital image processing tool ImagelJ.!”’
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6.4.7 X-ray Spectroscopy and 4b Initio Calculations

XAS data acquisition was performed using the Sector 20-BM beamline of the
Advanced Photon Source at Argonne National Laboratory in Argonne, IL. The
lyophilized AgPt powders were analyzed in the solid state without further modification or
dilution. In order to suppress thermal vibrations and enhance EXAFS signal intensity, a
cryostat was used to maintain a constant sample temperature of 50 + 1 K throughout the
course of the measurements. A double-crystal Si(111) mirror monochromator was used
for wavelength selection. In conjunction with a toroidal focusing mirror, the incident
beam intensity was detuned to 80% to reject higher harmonics of the selected wavelength.
Spectra were acquired using either a 12-element solid state Ge X-ray fluorescence
detector (AgPt nanoparticles) or gas ionization chamber (metal foil references) as
appropriate, given the resulting signal intensity. XAS data processing was performed
using the IFEFFIT software suite.”’

Absorption edge energies for Pt and Ag XANES spectra were calibrated relative
to an in-line metal foil reference (Pt or Ag) and normalized using first- and third-order
polynomials to fit the pre- and post-edge regions of the spectra, respectively. XANES
simulations of Pt Ls-edge spectra were generated using FEFF8 software.”® For the fitting
of the experimental FT-EXAFS data, two metal-metal paths were used, with their 6% and
AE) parameters correlated in order to provide more degrees of freedom. The Pt and Ag
spectra were first fitted separately in order to obtain reasonable starting values for
subsequent fits; the spectra were then fitted simultaneously under identical conditions,
save that the Ag—Pt and Pt—Ag bond lengths were correlated to reflect the fact that they

represent a single bonding interaction. Uncertainties for the reported parameter values
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were calculated from the off-diagonal elements of the correlation matrix for the final fit.
These values were further weighted by the square root of the y° value, taking into account
shot noise in the range 15 to 25 A, as recommended by Newville et al.3* Note that the
Fourier-transformed regions were obtained over the available range of 2.5 to 12.5 A™! and

fitted only within the range of 2.2 to 3.1 A (i.e., the primary metal-metal scattering paths).

6.5 Results and Discussion

6.5.1 Initial Characterization

Concentrations of Ag and Pt in the AgPt nanoparticles were determined via ICP-
OES elemental analysis performed by Daniel Chevalier of Dalhousie University. These
concentrations were then used to calculate the relative atomic compositions of each
sample. Mass concentrations of Ag and Pt, as well as elemental compositions
corresponding to each volume of Pt solution added to Ag nanoparticle seeds, are

presented in Table 6.1.

Table 6.1. Elemental compositions of AgPt nanoparticles as calculated from ICP-OES measurements.
Adapted with permission from Reference 216.

Pt Added | Ag content Pt content Elemental Composition
/ mL / mg-L! / mg-L! / atom%
1 9.9 1.3 Ago3Pts
3 6.5 2.8 AgsiPtio
5 6.0 4.3 Ag7Ptog
8 15.6 15.5 AgesPtss
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For convenience, AgPt samples are hereafter identified by their experimentally
determined elemental compositions (i.e., AgosPt7, AggiPtio, Ag72Ptag, and AgesPtss).
Preferential deposition of Pt atoms onto the surfaces of the Ag seed nanoparticles was
encouraged by employing a self-limiting galvanic reduction reaction during synthesis (as
illustrated in Figure 6.1a). Data pertaining to average particle size and standard deviation
are shown in Figure 6.1b. Mean particle diameters of 4 + 1 nm for pure Ag nanoparticles
(Ag NPs), 4 £ 1 nm for AgosPt7, 5+ 1 nm for AggiPtig, 4 £ 1 nm for Ag7Pts, and 5 £ 1

nm for AgesPt3s were determined.
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Figure 6.1. (a) Schematic illustration of the synthetic procedure, (b) mean particle diameters, and (c-g)
TEM images depicting AgPt nanoparticles deposited onto a Vulcan XC-72 carbon powder support. Inset
histograms show respective nanoparticle size distributions as determined graphically from TEM images.
Adapted with permission from Reference 216.
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Representative TEM images from each AgPt sample are presented in
Figure 6.1c-g. The AgPt nanoparticles are observed as small (ca. 2 to 5 nm diameter) dark
particles in the bright field images; the larger structures (ca. 20 nm or greater diameter)
are particles of the carbon support material used to facilitate TEM data collection and
improve sample stability for long-term storage. The unimodality of the particle diameter
histograms supports the successful deposition of Pt onto the Ag NP surfaces, as the
nucleation of discrete Pt nanoparticles should result in a bimodal distribution. From these
images, the successful deposition of the nanoparticles onto the carbon support is also
clearly confirmed. To further characterize the properties of these AgPt nanoparticles,
UV-vis absorption spectra were acquired for each sample.

Background-corrected UV—vis absorption spectra for AgPt nanoparticle samples
prior to deposition on Vulcan XC-72 are presented in Figure 6.2. An intense SPR band
characteristic of nanosized Ag is prominent in the spectrum of the Ag NPs. When greater
amounts of Pt were added to the Ag NPs, extinction of this SPR band was observed to
occur. Experimental evidence from similar noble metal nanoparticles reveals that the peak
absorption of an SPR band is dependent on the both the dielectric constant of the
constituent material and particle size.??® Given that the observed differences in mean
particle diameter were not sufficient to significantly affect the SPR band**° and that TEM
imaging precludes the possibility of nanoparticle aggregation, it is concluded that the
observed loss of absorption must be due to the incorporation of Pt atoms into the surfaces
of Ag NPs. To further investigate this hypothesis, XAS analysis was employed to

measure the resulting electronic and structural changes in the AgPt nanoparticle samples.
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Figure 6.2. Background-corrected UV—vis absorption spectra of AgPt nanoparticle samples after adding
increasing amounts of Pt. Reproduced with permission from Reference 216.

6.5.2 EXAFS Analysis

In order to characterize the structure of these bimetallic nanoparticles from both
the Pt and Ag perspectives, focus was placed on element-specific EXAFS analyses. The
k*-weighted EXAFS spectra corresponding to the AgPt samples are presented in Figure
6.3a. It can readily be seen that the EXAFS oscillation patterns of both the Ag K-edge and
Pt Ls-edge spectra from the AgPt nanoparticles closely resemble those of their respective
metal foil references. The relatively low intensities of the Pt and Ag foil reference spectra
are due to their being measured at ambient temperature (ca. 300 K), whereas the AgPt
samples were measured at low temperatures (50 = 1 K). Among the AgPt samples, those
with greater Pt content were observed to have less-intense Ag K-edge EXAFS
oscillations; this finding can be explained by destructive interference between the Ag—Ag
and Ag—Pt scattering paths. Analogous amplitude reduction was also observed in the
corresponding FT-EXAFS spectra between 2 and 3 A. Conversely, analysis of Pt Ls-edge
spectra revealed more consistent amplitudes between samples in both the EXAFS and FT-
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EXAFS spectra, suggesting greater similarity in their local structural environments.

Fitting of the FT-EXAFS spectra was also performed using standard methods in order to

more thoroughly investigate these data.'?!"2
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Figure 6.3. (a) EXAFS and (b) FT-EXAFS spectra acquired at (top) the Ag K-edge and (bottom) Pt Ls-
edge for AgPt samples and respective metal foil references. Adapted with permission from Reference 216.

Fitted FT-EXAFS spectra are presented in Figure 6.4, with the corresponding
structural parameters presented in Table 6.2. The obtained parameter values indicated a
decrease in the total Ag—Ag CN as more Pt was incorporated into the Ag NPs; this was
likely due to etching of Ag caused by the galvanic reduction of Pt. Extensive etching is
expected due to the fact that four atoms of Ag must be oxidized in order to reduce a single
atom of Pt (as dictated by the corresponding partial redox reaction: Pt**(aq) + 4Ag%s) —
Pt + 4Ag*(aq). In reality, the reaction occurring is likely even more complicated due to

the reductive action of PVP, which could lead to conversion of Pt** species to Pt** and/or
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re-reduction of Ag" to Ag’ at nanoparticle surfaces (thereby explaining why mean particle
diameters for the AgPt nanoparticle samples did not decrease as Pt content was
increased).??%*! Significant surface roughening is also suggested by the low Ag-Ag
CNs, particularly in the samples with the highest Pt contents. The only clear trend in
terms of bond lengths was observed for the Ag—Ag scattering path, where a gradual
decrease was observed as Pt content was increased. This effect is likely due to lattice
contraction caused by the electronic effects of having greater quantities of Pt present in
these samples. In contrast, the Pt—Pt CN was observed to initially increase on changing
the composition from Ago3Pt7 to AggiPtio, but remained constant thereafter, despite
continued increases in relative Pt content. While this result may at first seem unusual, it
can be interpreted as indicating an increase in surface coverage by the Pt clusters rather
than a continual growth in their size.

The degree of interaction between the Ag and Pt components of the nanoparticles
is indicated by their respective Ag—Pt and Pt—-Ag CNs. Based on the measured elemental
compositions and mean particle diameters, a large proportion of the Ag atoms is expected
exist in the particle cores where they have little to no interaction with Pt, resulting in
consistently low Ag—Pt CNs. By contrast, the greater degree of Pt—Ag coordination
observed from the Pt perspective is readily explained by a high proportion of interfacial
sites due to the preferential surface localization of Pt. Taken together, and in conjunction
with the SPR band extinction trend from UV-vis results, these observations provide
strong evidence in support of the formation of small Pt clusters on the surface of the

(albeit significantly etched) Ag nanoparticle cores.
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Figure 6.4. Experimental (empty circles) and fitted (solid red lines) FT-EXAFS spectra from AgPt
nanoparticles at the (a) Ag K-edge and (b) Pt L;-edge. Adapted with permission from Reference 216.
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Table 6.2. Structural parameter values obtained from fitting Ag K-edge and Pt L3-Edge FT-EXAFS spectra.
Uncertainties in the last decimal place of each value are indicated in parentheses (treated as one standard
deviation). An asterisk (*) indicates that these parameter values were correlated during fitting. A double
asterisk (**) indicates that contributions from this scattering path were too weak to be included in the fit.
Adapted with permission from Reference 216.

CN R a? AE,
Samples  Edge Path /au. A JI00A eV
Ag NPs AgK Ag-Ag 99(8)  2.8753)  2.8(4) 2.5(7)
Ao K Ag-Ag 10.0(5) 2.8722)  322) 29(4)
AgosPt g Ag—Pt * % * % Kk * %k
937
Pt_Pt 2(1) 2.77(5)
Pt Ls PLAg 62) 2.84(1) 31 502)
Ag-Ag 7(1) 2.847(9)
AgaiPt Agk Ag-Pt 1(1) 2812 2O 1)
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The preference of Pt to form small clusters can be attributed to its tendency to
form shorter, and therefore stronger, bonds with Pt atoms than with Ag. Island growth
mechanisms are common for metal nanoparticles formed on a variety of substrate

materials,>3? 234

and so it can be reasonably assumed that a similar process could be at
work in these AgPt nanoparticles. In order to clearly illustrated how these developing
particles might look, simple Ag(111) surface model is shown in Figure 6.5a. Based on the
structural information provided by these FT-EXAFS fitting results, it is proposed that
small Pt clusters initially nucleate at the Ag surface, become larger as the concentration of

Pt is increased, and finally continue to increase their surface density once a maximum

cluster size has been reached.
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Figure 6.5. Proposed growth scheme for Pt clusters at the surface of Ag nanoparticle seeds. Pt ions are
reduced onto (a) the initial Ag surface to form (b) very small clusters, which grow into (c) larger clusters
when sufficient quantities of Pt ions are available in solution. Reproduced with permission from Reference
216.

The Pt—Pt CN data in Table 6.2 can also offer quantitative information on the
structural evolution of the Pt clusters. The Pt-Pt CN of 2 for Ago3Pt; suggests a triangular,
three-atom Ptz cluster structure (nominal Pt-Pt CN = 2), as illustrated in Figure 6.5b. The
other three samples (AggiPtio, Ag72Ptzg, and AgesPtss) all show similar values of 5 to 6 for
the Pt—Pt CN that roughly correspond to a Pti3 cluster model (nominal Pt-Pt CN = 5.5), as
shown in Figure 6.5c¢. Interestingly, the aforementioned samples showed no clear
evidence of intermediate structures (e.g., tetrahedral or planar Pt4 with a Pt-—Pt CN = 3);
this finding may suggest that certain cluster structures, such as Ptz and Pt;3, may be more
favorable during the Pt growth process.

It is also worth discussing how the ratio of Pt and Ag precursor materials involved
in Pt reduction (i.e., 1:4 for Pt*'/Ag® or 1:2 for Pt**/Ag") might affect the resulting AgPt

nanoparticle structure. If a Pt**

-based reaction were dominant during the reaction, the
resulting Ag—Pt particles with high Pt concentration (e.g., Ag7>Pt2g) would be
considerably smaller than the pure Ag NPs. However, mean particle diameters
determined from TEM results have indicated that there is no noticeable size decrease for

t2+

samples with higher Pt concentrations, suggesting that the Pt~ mechanism may be more

favorable. This conclusion is also in good agreement with the reducing effect of PVP on
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metal ion species, as discussed previously. Having thus provided good insight into the

structure of these AgPt samples, further electronic characterization was sought.

6.5.3 XANES Analysis and Simulation

In order to probe the electronic properties of the nanoparticles, XANES spectra
were acquired from the AgPt samples. These Ag K-edge spectra (Figure 6.6a) closely
resembled that of the Ag foil reference, indicating their metallic structure and ruling out
significant oxidation or contamination of the samples with unreduced metal salts. The
general shape of the AgPt nanoparticle Pt L3-edge XANES spectra (Figure 6.6b) was also
observed to be very similar to that of the reference Pt foil, indicating the metallic
character of Pt. Unlike the Ag K-edge, however, the white line in Pt L3-edge spectra
arises from the excitation of core-level p electrons to vacancies in valence d-orbitals, and
so its intensity can be used to monitor the oxidation state of Pt. Interestingly, a slight
decrease and broadening of the Pt white line peak were observed in the Pt L3-edge spectra
of AgPt samples relative to the Pt foil reference, suggesting the occurrence of charge
transfer from Ag to Pt; this effect was most significant by far for AgosPts.

The aforementioned reduced white line intensity and increased peak breadth of the
Ago3Pt7 spectrum stand out as unusual. In order to better understand the origin of these
features, FEFF8 was used to perform ab initio simulations of XANES spectra, which
were then compared with the experimental data. Before these simulations could be
performed, however, it was necessary to generate reasonable structural models to reflect
the structure of Pt sites in the Ago3Pt7 nanoparticles. Based on CN and bond length
parameter values obtained from FT-EXAFS data fitting, a three-atom Pt cluster on the Ag

surface was selected as a representative model for the Ago3Pt; sample.
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Figure 6.6. Overlapped (left) and stacked (right) plots of (a) Ag K-edge and (b) Pt L;-edge XANES spectra

from AgPt samples. Adapted with permission from Reference 216.

Experimental Ago3Pt; and simulated Pt cluster spectra are presented together in
Figure 6.7a. In order to verify the reliability of the simulation, a bulk Pt spectrum was
also simulated and compared with experimental data from a Pt foil reference in Figure

6.7b. Comparison shows that the simulated spectrum of small Pt clusters on Ag closely
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resembles that of the Ago3Pt; nanoparticles. While this agreement was encouraging, it was
unclear whether the observed differences relative to the Pt reference were due to the Pt—
Ag bonding interaction or to the small size of the Pt clusters, alone; thus, it was necessary
to determine which of the two provided a more significant contribution. The simulated
spectrum of a “free” Pt cluster with no supporting Ag surface (also shown in Figure 6.7a)
was markedly dissimilar to the experimentally obtained data. It was thus concluded that
the interesting electronic behavior of Ago3Pt7 arose primarily as a result of Ag—Pt surface
bonding interactions, with lesser influence due to the small size of the Pt cluster. These
results also provided evidence that the selected Pt cluster model was a reasonable

representation of Pt sites in the Ago3Pt; nanoparticle sample.
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Figure 6.7. Experimental (black line) and simulated (red line) Pt L;-edge XANES spectra for (a) a Pt
cluster on an Ag surface (dotted red line: “free” Pt cluster) and (b) bulk Pt; the corresponding structural

models of the (c) Pt; cluster and (d) bulk Pt are also shown for reference. Adapted with permission from
Reference 216.
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6.6 Conclusions

To summarize, a series of AgPt nanoparticles was prepared, consisting of small Pt
clusters grown at the surfaces of Ag seed particles. Evidence for the incorporation of both
Ag and Pt into individual particles was provided by multiple characterization techniques,
including TEM, UV-vis absorption, FT-EXAFS data fitting, and analysis of experimental
and simulated XANES spectra. More importantly, structural models generated using
information gleaned from FT-EXAFs data fitting allowed the unusual electronic structure
observed in the Ago3Pt; XANES spectrum to be reproduced using ab initio simulated
spectra, illustrating the important synergy between these techniques in the determination
of local structure and electronic properties of nanomaterials. This detailed information
regarding the local structure, electronic properties, and formation mechanism of AgPt
nanoparticles helps to provide a better understanding the relationships between surface

structure and catalytic activity in bimetallic Pt nanoparticles.
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Chapter 7 — Effects of Surface Structure on the
FAO Activity of Bimetallic PtAu Nanoparticles

7.1 Contributions

PND synthesized PtAu nanoparticles and deposited them onto the carbon powder
support. Xiaojing Zhao (College of Chemistry and Chemical Engineering, Xiamen
University) and Dr. Ali Aldalbahi (King Abdullah Institute for Nanotechnology, King
Saud University) acquired TEM images of the PtAu nanoparticles. PND prepared samples
for ICP-OES measurements and analyzed the resulting data. Daniel Chevalier (Minerals
Engineering Centre, Dalhousie University) performed ICP-OES measurements and peak
fitting. Ziyou Li (School of Physics and Astronomy, University of Birmingham)
performed high-angle annular dark field (HAADF) and EDS mapping experiments.
Christopher Deming (University of California, Santa Cruz) performed CV and FAO
activity measurements. Victor Fung (Department of Chemistry, University of California —
Riverside) performed DFT calculations regarding CO binding affinities. PND performed

XAS measurements and data analysis. PZ supervised PND throughout the project.

7.2 Foreword

The study presented in Chapter 6 demonstrated the feasibility of preparing
bimetallic Pt nanoparticles with surface-localized Pt sites. Structural analysis revealed
that the surfaces of some of these nanoparticles consisted of small Pt clusters with
extensive Ag regions accessible to the acidic electrolyte. This exposed Ag surface area is
believed to have been responsible for the instability of the AgPt nanoparticles under

typical electrocatalytic conditions (i.e., acidic electrolyte and oxidizing applied
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potentials®®>”). To address this stability issue, a modified OAm method (resembling those
used in Chapters 4 and 5) was developed in order to obtain a more electrochemically
stable core structure. Although the use of Au (rather than less expensive metals) does
little to reduce the cost of such nanoparticles, the resulting bimetallic Pt nanoparticles can
be used as a foundational study for future experiments studying different combination of
metal and/or different catalytic reactions. While analysis of PtAu nanoparticles using
XAS is greatly complicated by the overlap of Pt and Au Ls-absorption edges, a practical
technique for minimizing this effect was employed in this study. Overall, emphasis was
placed on the synthesis of PtAu nanoparticles with stable metallic Pt surfaces, evaluating
their electrocatalytic activity, and using structural characterization techniques (such as
XAS) and DFT calculations to closely investigate the relationship between observed

structure and catalytic activity.

7.3 Introduction

Despite the electrochemical instability of the AgPt nanoparticles described in
Chapter 6, few-atom surface clusters of catalytically active metals are a promising subject
of research.!7>*!1¥ These few-atom catalytic sites are often supported on carbon-based or
metal oxide materials, but have also been prepared on the surfaces of metal
nanoparticles.'®3>35 While it might seem intuitive that the sub-monolayer coverage of the
core material by the catalytically active element should result in diminished catalytic
activity, excellent performance is often observed for these materials.!” Furthermore, high
atom economy can be achieved using these few-atom surface sites, due to the fact that (in

contrast with larger and/or monometallic nanoparticle catalysts) virtually all of the
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catalytically active atoms are located at accessible sites.?*°

The observed enhancement in catalytic activity also seems to be dependent on the
nature of bonding interactions between the active atomic site and support material.>*® For
some catalysts, the support serves as a co-catalyst by providing binding sites for
molecules involved in the catalytic reaction.”*’ In other cases, the primary role of the
support seems to be stabilizing and maintaining separation between the few-atomic
sites.?*® However, given the relatively recent arrival of few-atom catalysts on the research
scene, it is often still unclear exactly what role the support plays for a given material >

Herein, it is undertaken to synthesize and characterize a series of PtAu
nanoparticles, in an effort to generate catalytically active few-atom Pt sites for use in the
FAO reaction. The use of bottom-up colloidal synthetic methods allows for great control
over the structure of the resulting nanoparticles and affords good uniformity in terms of
particle size and morphology. The XAS techniques developed in preceding chapters are
ideally suited for characterization of these nanoparticles, and are used to great effect.
Electrochemical measurements, including CV and FAO reaction activity are also used to
both study the surface structure of the nanoparticles and gauge their electrocatalytic

performance. By analyzing PtAu nanoparticles with a variety of surface structures, the

effects of core-shell, sub-monolayer, and few-atom sites on catalytic activity is explored.

7.4 Experimental Methods
7.4.1 Materials
Dihydrogen hexachloroplatinate (H2PtCls-6H2O, 99.9 %), hydrogen

tetrachloroaurate (HAuCls-3H2O, 99.9 %), ethylene glycol (EG, 99+ %), and HiISPEC
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3000 carbon-supported Pt catalyst (Pt/C, < 500 ppm impurities) were purchased from
Alfa Aesar. Oleylamine (OAm, C18-content 80-90 %) and formic acid (HCOOH, 99 %)
were purchased from Acros Organics. Vulcan XC-72 carbon powder was purchased from
Cabot. Nafion® 117 Solution (Nafion, 5 %) and n-butylamine (BuNH>, 99.5 %) were
purchased from Sigma Aldrich. Perchloric acid (HCIO4, 70 %) was purchased from
Fisher Scientific. Ethanol used in cyclic voltammetry experiments (EtOH, 96 %) was
purchased from J.T. Baker. All reagents and solvents were used as received, without
further purification.
7.4.2 Synthesis of PtAu Nanoparticles

Bimetallic PtAu nanoparticles were prepared using a modified version of the
synthesis described in Section 4.4.2, and based originally upon the procedure employed
by Chen et al.'® This synthetic process differed from the original method in that the CO
reducing agent/co-ligand was replaced with ethylene glycol (EG). In addition to removing
the need for pressurized gases during synthesis, this modification was important because
poisoning of Pt surfaces by CO is a major cause of activity loss in the catalytic FAO
reaction.’”!'® As a result, it could be reasonably assumed that the as-prepared Pt-based
nanoparticles obtained using this method were at least initially free from CO-poisoning.

PtAu nanoparticles were prepared from stock solutions of Pt and Au chloride
precursor salts, with nominal compositions of 10, 25, 50, and 75 atom% Pt being selected
by controlling the ratio of precursors used. In a typical synthesis, 72.5 mg H2PtCls-6H>0
and 55.1 mg HAuCl4-3H>0 were each dissolved in 70 mL of OAm through a
combination of ultrasonication and manual mixing to obtain metal precursor stock

solutions. Appropriate volumes of these Pt and Au stock solutions (prepared in OAm)
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were then added to a 100 mL round-bottom flask to give the desired Pt-to-Au ratio with a
total volume of 20 mL. An additional 20 mL of EG was then added while mixing
vigorously using a magnetic stirrer. The resulting mixture was subsequently bubbled with
Nz(g) for several minutes in order to remove dissolved Oz) from solution. Each mixture
was then placed in a 180 °C oil bath, sealed, and allowed to react for 1 h. Once the
reaction was complete, flask was removed from heat and allowed to cool to room
temperature while still sealed under a N atmosphere. Due to the large excess of
reducing agents employed in this reaction (OAm and EG, also functioning as solvents),
all Pt** and Au®* species can reasonably be assumed to have been reduced to a zero-valent
state.

In order to purify the product nanoparticles, each sample was divided amongst
several 30 mL polypropylene centrifuge tubes. The nanoparticles were precipitated via
addition of two to three volume equivalents of EtOH, and then isolated by centrifuging
the resulting suspension (at 6,000 RPM for 5 min) and decanting the supernatant. The
precipitated nanoparticles were then redispersed in hexanes via brief ultrasonication and
shaking before being again precipitated and centrifuged. After this second centrifugation
cycle, the purified nanoparticles were redispersed in hexanes and centrifuged once more

to remove any insoluble material.

7.4.3 Deposition of PtAu Nanoparticles onto XC-72 Carbon Powder

Following purification, the nanoparticle samples were deposited onto an XC-72
carbon powder support material via ligand exchange-induced destabilization. A
nanoparticle loading of 20 wt% (by total mass of Pt and Au) was selected in order to

allow for better comparison with the commercial Pt/C catalyst (HiISPEC 3000, 20 wt% Pt)
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used as a reference material for electrocatalytic testing. For each sample, four mass
equivalents of XC-72 powder (assuming a theoretical yield of 100 % for each
nanoparticle sample) were added to 15 mL of BuNH> and thoroughly dispersed via
ultrasonication. Each purified nanoparticle sample was then precipitated using EtOH and
isolated via centrifugation and decantation. The isolated nanoparticle material was
redispersed and extracted from the centrifuge tube using ultrasonication and successive
aliquots of the previously prepared XC-72/BuNH; suspension. This final mixture was
then allowed to stir magnetically for 24 h in order to allow the ligand exchange and
nanoparticle deposition to occur gradually. Finally, the post-deposition PtAu nanoparticle
materials were isolated once more via EtOH addition and centrifugation (at 12,000 RPM

for 20 min) and allowed to dry in air.

7.4.4 Transmission Electron Microscopy

Bright field TEM imaging of the samples was performed both prior to and
following deposition onto the XC-72 carbon support. In preparation for analysis, each
sample was dispersed in ca. 200 pL of ethanol via sonication and drop-cast onto Formvar-
coated copper TEM grids. Unsupported PtAu nanoparticle samples were imaged by Dr.
Ali Aldalbahi at King Saud University using a JEOL JEM-2100F transmission electron
microscope operated at a 200 kV accelerating voltage. PtAu nanoparticle samples
supported on XC-72 carbon powder were imaged at Xiamen University by Xiaojing Zhao
using a Tecnai F-30 transmission electron microscope operated at a 300 kV accelerating
voltage. Size distributions and mean particle diameters of the nanoparticles were
measured and calculated at Dalhousie University using MacBiophotonics ImageJ

software!”” using several representative images from each sample. HAADF and EDS
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mapping measurements were performed by Dr. Ziyou Li and Prof. Jun Yuan at the
University of Birmingham using a JEOL 2100F scanning transmission electron
microscope. A JEOL annular dark field detector was used for HAADF imaging and a
Bruker XFlash 4030 silicon drift detector was used for EDS mapping of the PtAu
nanoparticle samples.
7.4.5 X-ray Absorption Spectroscopy

XAS measurements were performed using the Sector 20-BM beamline of the
Advanced Photon Source at Argonne National Laboratory in Argonne, IL. The end-
station was equipped with a double-crystal Si(111) monochromator for wavelength
selection, which was detuned to 80 % in order to help reject higher harmonics of the
desired energy; a toroidal focusing mirror was also employed to further enhance harmonic
rejection. Gas-ionization detectors were used to measure the absorption spectra of Pt and
Au foil reference materials; however, data acquisition from the bimetallic nanoparticles
was complicated by overlap between the spectra obtained at the Pt and Au Ls-edges
(occurring at 11,562.76 eV and 11,919.70 eV, respectively**). This challenge was
addressed by employing a 12-element Ge fluorescence detector to collect data from the
bimetallic PtAu nanoparticles. Although there also exists overlap between the Pt and Au
L« emission peaks centered at 9,442.3 eV and 9,713.3 eV, repectively?*), nearly all of the
interfering signal could be filtered out by excluding the overlapping energy region
between the two. While excluding this region also resulted in a reduction of fluorescence
intensity, the loss was largely offset by the greater sensitivity of the fluorescence detector
relative to standard absorption detectors. As a result, useable spectra were obtained for all

samples through the use of this method.
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In order to compensate for the greater amount of noise present in the fluorescence
data, PtAu nanoparticle samples were held at 90 + 1 K during measurement in order to
enhance EXAFS signal intensity by supressing thermal vibrations in the material. Data
processing and fitting were performed using WinXAS’® and Analyzer v0.1 (see Section
2.1.6) software. A single metal-metal scattering path was used in fitting the FT-EXAFS
data because insufficient degrees of freedom were available to include separate Pt and Au
scattering paths; the Pt-M and Au—M fitting values reported herein thus represent

averages of the Pt—Pt/Pt—-Au and Au—Au/Au—Pt contributions.

7.4.6 Cyclic Voltammetry

Cyclic voltammetry was performed by Christopher Deming at the University of
California in Santa Cruz, California. A CHI 710 electrochemical work station with a
three-electrode setup was employed, including a polished glassy carbon RDE working
electrode, a Ag/AgCl reference electrode, and a Pt sheet counter electrode. A solution of
0.1 M perchloric acid was used as the supporting electrolyte, with the addition of 0.1 M
formic acid during FAO activity measurements. Catalyst “ink™ suspensions were prepared
by dispersing the carbon-supported PtAu material in EtOH via ultrasonication to obtain a
final catalyst concentration of 1 ug-uL™'. A volume of Nafion solution equal to 1 % the
volume of added EtOH was then added and sonicated for a further 15 min to complete the
preparation.

Catalyst inks were deposited onto polished RDE surfaces using a microliter
syringe. For ORR testing, 20 pL of catalyst ink were drop-cast onto the electrode surface
and allowed to dry completely. A 3 pL volume of diluted Nafion solution (20 % v/v in
EtOH) was then deposited onto the dried catalyst layer in order to help improve its
physical stability and electrical conductivity. The electrode surface was allowed to dry
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completely prior to electrochemical testing. After purging the electrolyte solution with
ultrahigh purity Nz, CV measurements were performed. Pt ECSAs were calculated from

the integrated region beneath the H-desorption peaks in each voltammogram.

7.4.7 DFT Calculations

DFT calculations were performed by Victor Fung at University of California,
Riverside, using Vienna ab initio package (VASP) software. The revised Perdew-Burke-
Erzerhof (RPBE) form of the generalized-gradient approximation (GGA) was chosen for
electron exchange and correlation in order to correct for the over-binding of small
molecules at transition metal surfaces observed using the standard Perdew-Burke-
Erzerhof approach. The electron-core interaction was described using the projector-
augmented wave method (PAW). A kinetic energy cutoff of 450 eV was used for the
planewaves, and the Brillouin zone was sampled using a 3x3x1 Monkhorst-Pack scheme.
The surface model slab was created using a 4x4 supercell of the Pt/Au unit cell, with four
atomic layers and a 15 A unit cell. Adsorption energies were calculated using the
following equation:

Eads = Esurface+adsorbate — (Esurface + Eadsorbate), (6.1)

wherein the energy of the adsorbate, Eadsorpate, was computed by placing the CO adsorbate
molecule in a 10 A wide cubic cell vacuum to prevent intermolecular interactions

resulting from the periodic boundary conditions.

7.5 Results and Discussion

7.5.1 Initial Characterization of PtAu Nanoparticles

Initial characterization of the carbon-supported PtAu nanoparticles was performed
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using ICP-OES and TEM in order to measure their elemental compositions and confirm
successful sample preparation (see Table 7.1). The results of elemental analysis showed
good agreement between the ideal and measured compositions, and samples are hereafter
identified by their measured Pt content: Pt;sAuzz, Pts3Ausr, Pti7Auss, and Pt7Auos. Total
metal loadings for these samples were very similar (11 + 2 wt%), but consistently less
than the target 20 wt%. TEM measurements performed following deposition onto XC-72
carbon powder (Figure 7.1) revealed a high degree of nanoparticle uniformity, with
observed mean particle diameters of ca. 7 nm for all samples and a high degree of

dispersion on the carbon powder support.

Figure 7.1. TEM micrographs and mean particle diameters from carbon-supported PtAu nanoparticles.
Inset images show unsupported PtAu nanoparticles. One standard deviation from the mean diameter is
indicated by the number following the plus-minus symbol.
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Table 7.1. Elemental compositions and mass loadings calculated from ICP-OES measurements of PtAu
nanocatalysts, and mean particle diameters determined graphically from TEM images.

Ideal Measured Metal Pt Mean Particle
Composition Composition Loading Loading Diameter
/ atom % / atom % / mass % / mass % / nm
Pt75Auzs Pt7gAun 13 10.1 8+1
PtsoAuso Pts3;Ausy 12 6.4 T+1
PtysAuys Pti7Auss 10 1.7 6+1
PtioAugg Pt7Augs 11 0.8 T7+1

HAADF imaging and EDS mapping were employed in order to provide insight
into the local structure of these PtAu nanoparticles. By rastering the electron beam across
an individual nanoparticle and measuring the observed Pt and Au X-ray fluorescence
intensities, it was possible to map their spatial distribution. The individual dots represent
the fluorescence intensity for Pt or Au in that pixel of the image: greater intensity is
reflected by a brighter colouration, and is not directly representative of Pt cluster size.
This analysis revealed a distinct Au core/Pt shell structure for all samples, with further
evidence of Pt sub-monolayer and few-atom cluster surface coverage in those samples
with low Pt content (i.e., Pt7Auoz). Support for this finding is afforded by the single-
particle EDS mapping (Figure 7.2a-b), in which the Pt signal of Pt7Aues is much more
highly dispersed than that of the Pt;sAuzz sample. While these results are encouraging,
more quantitative evidence of these sub-monolayer and few-atom cluster surface

structures is made available by FT-EXAFS analyses.
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Figure 7.2. HAADF images and EDS elemental maps of Pt and Au for (a) few-atom clusters in Pt;Auo;
nanoparticles and (b) complete core-shell structure in Pt;sAuy, nanoparticles.

7.5.2 EXAFS Fitting Results

FT-EXAFS spectra for Pt7Augs are presented alongside reference spectra from
pure Pt and Au nanoparticles in Figure 7.3. From these plots, a marked difference in peak
intensities was observed between the Pt and Au Ls-edge spectra of Pt;Augs, with the low
intensity of the Pt peak being indicative of a low CN. Parameter values (shown in Table
7.2) obtained by fitting the Pt L3-edge FT-EXAFS spectra shown in Figure 7.4 confirmed
that Pt was significantly under-coordinated (Pt-M CN = 7.4, versus Au—M CN = 12),
indicating a strong preference for the surface-localization of Pt over Au. It is remarkable
that these complex surface morphologies were achieved via simultaneous reduction of the
two metals, whereas similar control over surface structure generally requires a stepwise

synthesis.>*
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Figure 7.3. (a) Pt and (b) Au Ls-edge FT-EXAFS spectra of few-atom Pt;Aue; compared against pure Au or
Pt nanoparticle reference samples.

From the Au perspective, the majority of Au—M bond lengths was observed to
gradually switch from Au—Au to Au—Pt with increasing Pt content. This shift reflects
greater degrees of Pt incorporation into the nanoparticles, but does not provide direct
support for the formation of a core-shell nanoparticle structure. Based on the Pt—-M bond
lengths determined from FT-EXAFS fitting, homometallic bonding between Pt atoms was
found to be greatly predominant in both Pts3Aus7 and Pt7sAuzz nanoparticles. The close
agreement of the measured Pt—-M bond lengths in Pt;Aues and Pti7Auss with that expected
for Pt-Au (i.e., 2.822 A), however, reveals that Au atoms comprise the majority of atoms
neighbouring Pt. This finding is consistent with the presence of few-atom Pt clusters at

the surfaces of predominantly Au nanoparticles.
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Table 7.2. Comparison of coordination number, bond length, and degree of heterometallic bonding for
PtAu nanoparticles, as obtained via FT-EXAFS fitting. Uncertainties in the last decimal place of each value
are indicated in parentheses (treated as one standard deviation).

Au-M PtM
Sample | ;R AwPt| CN R  PtAu
/au. /A /% | /au. /A / %
Pt oAU, 11.1(5) 2.772(1) ==-

Pt Au,,| 12(1) 2.839(4) 66 9(1) 2.776(4) 8

PtAu,, |12.109) 2.851(3) 42 | 9(2) 2.776(8) 8

Pt,,Aug, [ 11.6(9) 2.861(3) 22 | 9(1) 2.818(5) 92

Pt,Aug | 12(1) 2.862(4) 20 |7.4(9) 2.813(5) 82

Pt,Au, | 12.0(4) 2.872(1)

CN values obtained from FT-EXAFS fitting provide additional support in favour
of the surface localization of Pt. The observed Au—M CNs of all PtAu samples are rather
high for nanoparticles of their size (as determined from TEM images), whereas the Pt-M
CNs are more reasonable, if not lower than expected. Furthermore, the combination of
extensive Pt—Pt bonding and higher Pt—-M CNs in Pts3Aus; and Pt;gsAuas suggests that
thicker Pt shells are formed in these samples than in those containing less Pt. Based on
the information obtained from the various characterization techniques employed,
heretofore, it is possible to construct hypothetical particle structures for some of the PtAu

nanoparticles.
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Figure 7.4. Experimental (hollow circles) and fitted (red lines) FT-EXAFS spectra acquired at the (a) Au
and (b) Pt Ls-edges of PtAu nanoparticle samples.

Examples of few-atom Pt cluster and core-shell surface structures are illustrated in
Figure 7.5a-b. Strong support for these distinct surface structures is provided by the
respective Pt—H, Pt—O, and Au—O formation and removal peaks revealed by CV

measurements in Figure 7.5c. As might be intuited, spectra from samples with lower Pt
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content (i.e., Pt7Auoz and Pt17Aus3) exhibited less-intense Pt—H and Pt—O peaks and
significant Au—O peaks, whereas samples with higher Pt content (i.e., Pts2Aus7 and
Pt73Auy) featured more intense Pt—H/Pt—O peaks and little to no Au—O intensity.
Interestingly, though, the position of the Pt—O removal peak in the reverse potential
sweep was observed to shift gradually from ca. 0.8 Vrug for pure Pt to ca. 0.7 Vrur as a
function of decreased Pt content; this shift represents an increased binding affinity of Pt
for O atoms, and could reflect significant changes in the catalytic behaviour of these

samples.
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Figure 7.5. Models depicting examples of (a) few-atom Pt and (b) core-shell PtAu surface structures at the
partial surface of a polyhedral nanoparticle, and (c) cyclic voltammograms with highlighted regions of
interest for PtAu samples in 0.1 M HCIO4 and 0.1 M HCOOH (sweep rate: 100 mV-s™!).
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The FAO electrocatalytic activities of the PtAu samples were normalized
according to their respective Pt masses and compared with a commercial Pt/C reference
material. The effect of CO poisoning on Pt surfaces is immediately evident from the FAO
peak currents (ca. 0.6 Vrug) in the forward potential sweeps of Pt/C, Pt;sAusz, and
Pts3Aus7 shown in Figure 7.6a. The much greater peak intensities observed for samples
bearing few-atom and sub-monolayer Pt sites (i.e., Pt7Aug; and Pt17Auss), however,
indicate that CO poisoning was being largely averted. This increased FAO peak intensity
was also correlated with the disappearance of the CO oxidation peak at ca. 0.9 Vrug, and
is more clearly illustrated by the highlighted peak at ca. 0.85 Vrye in the first derivative
of the forward sweep (Figure 7.6b). CO oxidation also occurs on Au surfaces at 0.8 to 0.9
Vrug,2H therefore the absence of a peak in this region of the forward FAO sweeps of
Pti7Auss and Pt7Augs indicates that no CO oxidation is occurring at either Pt or Au.
Furthermore, while Au surfaces are resistant to CO poisoning and can serve to catalyze
the FAO reaction, they are much less active than Pt surfaces.’** Peak FAO activity is
achieved at ca. 0.6 Vsck (0.9 Vrug) on Au surfaces,?*? and the fact that no such peak is
observed in the voltammograms shown in Figure 7.6 indicates that Pt sites are responsible

for the majority of the observed FAO activity.
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Figure 7.6. (2) Mass-normalized forward sweep and (b) first-derivative voltammograms, as well as (c) total
ECSA-normalized forward sweep voltammograms corresponding to the PtAu nanoparticle and Pt/C
reference samples in 0.1 M HCIO4 and 0.1 M HCOOH (sweep rate: 10 mV-s™").
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As these results demonstrate, eliminating CO poisoning at the Pt surface sites had
a profound effect on the peak FAO current and led to increases in electrocatalytic
performance by nearly two orders of magnitude, depending on the nature of the Pt surface
sites involved. A clear trend was observed for the peak FAO currents presented in Figure
7.7a, with the few-atom Pt sites of Pt;Auo; demonstrating activity much greater than that
of pure Pt surfaces (i.e., 66 times the current per unit mass of Pt/C and 92 times that of
Pt7sAuy). It is also important to note that the observed activity enhancement is not an
artefact of normalizing only by the mass of Pt; Figure 7.6c illustrates that significant
activity enhancement is also observed when the activity is normalized by the total ECSA
(i.e., the sum of Pt and Au ECSAs).

Despite this great enhancement, chronoamperometry measurements indicated that
there was still a significant loss of activity over time when the samples were held at
constant potential (Figure 7.7b). As discussed previously, CO poisoning in these samples
has been virtually eliminated, and so cannot be the source of this gradual loss of activity;
a more likely explanation is the gradual accumulation of electrosorbed electrolyte ions
and reactants/intermediates at the electrode surface.*® This hypothesis is supported by the
observation that much of this loss is recoverable, as indicated by the retention of 70%
maximum peak current by Pt;Auos after 1,500 rounds of CV potential cycling (Figure
7.7¢). The irreversible losses brought about by this repeated cycling treatment can be
ascribed to rearrangement of surface atoms, which can smooth or restructure defected

surfaces, thereby resulting in reduced catalytic activity.?*
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Figure 7.7. (a) Peak mass activity, (b) 0.55 Vrur chronoamperometry plots, and (c) mass activity after
repeated cycling between 0.1 and 1.1 Vg for PtAu and commercial Pt/C samples in 0.1 M HCIO4 and 0.1
M HCOOH (sweep rate: 10 mV-s™).

The observed orders-of-magnitude increase in catalytic activity certainly warrants
further exploration. Because CO has such an impact on the measured activity of Pt-based
FAO catalysts, it is an excellent probe molecule to use in this investigation. DFT

calculations were performed to study the binding properties of CO at few-atom Pt sites
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relative to pure Pt surfaces (Figure 7.8a-b). Multiple binding sites for CO exist at both
few-atom and pure Pt surfaces (in order of adsorption energy: apical < bridging < HCP
hollow < FCC hollow).The results of these calculations indicate that CO binding is
weakened at all binding sites on few-atom Pt cluster surfaces (see Table 7.3); this finding
suggests that FAO activity should be enhanced due a reduction of the typically too-strong
CO adsorption on Pt (as per the Sabatier Principle).?** However, while this weakened CO

binding is consistent with the observed activity enhancement, it is generally recognized

118

that the surface morphology itself makes the greatest contribution to FAO activity.

Figure 7.8. (i) Apical, (if) bridging, (ii{) HCP hollow, and (iv) FCC hollow CO adsorption sites on model
(111) lattices of (a) complete core-shell and (b) few-atom cluster Pt surface sites; also shown are
predominant FAO reaction pathways on (c) complete core-shell and (d) few-atom Pt surfaces illustrating
the selectivity achieved via the ensemble effect.

140



Table 7.3. DFT-calculated adsorption energies for CO at specific sites on monometallic and few-atom Pt
surfaces.

Adsorption Energy at Site / eV
Surface Type
i i 1ii v
Pure Pt -1.268  -1.374 -1.396 -1.421
Few-atom Pt -1.063  -1.161 -1.277 -1.255

While multiple possible pathways exist for the oxidation of formic acid at Pt
surfaces, the dehydrogenation (HCOOHads 2 Ha(ads) + CO2(ads)) and dehydration (HCOOH
> H2Oads) + COads)) pathways tend to predominate overall; these pathways are illustrated
in Figure 7.8¢.>? Of these pathways, the former pathway is generally responsible for the
observed FAO activity of Pt, whereas the latter leads to the formation of adsorbed CO
species at Pt sites and blocks them from participating in future reaction steps. Due to its
large impact on catalytic activity, surface morphology also plays a large role in
determining which of these two reaction pathways will predominate. Both DFT
calculations®* and experimental evidence®*® support this observation, indicating that one
to two adjacent Pt atoms are required for formic acid dehydrogenation, whereas the
indirect dehydration pathway requires a greater number of adjacent atoms. This
“ensemble effect” strongly discourages the detrimental dehydration reaction, leaving the
dehydrogenation reaction as the primary reaction pathway, as shown in Figure 7.8d, and

readily explains the remarkable activity of the few-atom PtAu nanocatalysts.
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7.6 Conclusions

A simple and convenient solvothermal method was developed for the synthesis of
ca. 7 nm PtAu nanoparticles, and their subsequent deposition onto an XC-72 carbon
powder support material. Using this method, structured nanoparticles with complete core-
shell, sub-monolayer, and few-atom Pt surface structures were generated by carefully
controlling the atomic ratios of metal precursors employed in the synthetic reaction.
Unlike many other published syntheses, this method required only a single step to achieve
significant variation in surface structure. A comprehensive suite of structural
characterization techniques was employed to elucidate the bulk and surface structures of
these PtAu nanocatalysts, including ICP-OES, TEM, STEM, EDS, and EXAFS. The
structural information so obtained was found to be in good agreement with the results of
electrochemical characterization performed using both CV and chronoamperometry
techniques, and was well able to explain the observed orders-of-magnitude increase in
specific FAO activity for the best PtAu nanocatalyst (2.75 A-mgp; ! for few-atom
Pt7Auos) relative to the poorest (0.03 A-mgp; ! for the pure Pt shell surface of Pt7sAuz).
DFT calculations further supported these results by revealing weakened adsorption of CO
to few-atom Pt surfaces, although it was concluded that the ensemble effect was likely the
predominant factor affecting CO formation and corresponding activity of each PtAu

sample.

Furthermore, this work confirms the ensemble effect theory for reaction pathway
selectivity on Pt catalyst materials, and demonstrates the utility of employing multiple,
complementary characterization techniques, including powerful structural determination

methods such as EXAFS and CV. In particular, EXAFS was able to provide strong
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evidence of few-atom, sub-monolayer, and Pt shell surfaces atop a primarily Au-based
nanoparticle core. Likewise, a wide range of ancillary characterization techniques were
used to provide a clear picture of the physical structure and electronic properties of these
PtAu nanoparticles. While incorporating Au does not help compensate for the inherently
high material costs of Pt catalysts, the magnitude of the observed FAO activity
enhancement does begin to make these nanocatalysts a viable option for real-word
applications. Furthermore, while less-expensive elements such as Ag and Cu are liable to

be unstable in acidic electrolyte solutions, related research?4’-24°

shows that employing Pt-
based alloys of these metals in conjunction with a non-acidic electrolyte could result in
future generations of bimetallic Pt nanocatalysts that exhibit both excellent FAO activity

and greatly reduced material costs; with such continued developments, the development

and more widespread application of fuel cell technologies could be enabled.
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Chapter 8 — Conclusions and Future Work

8.1 Conclusions

Given the extensive use of Pt-based nanoparticles in a range of chemical and
electrochemical reactions, it is crucially important to understand the relationships
between their surface structure and catalytic activity as fully as possible. In working to
address this issue, the studies presented herein have focused on three key goals: exploring
the suitability of XAS techniques for characterizing the surface structure of bimetallic Pt
nanoparticles, corroborating the inferred surface structures through the use of
supplementary techniques, and correlating this structural information with the observed
catalytic behavior. A minor emphasis was also placed on the use of simple synthetic
methods requiring little subsequent work-up or purification.

In Chapter 3, the study of fluorescent Pt nanoclusters served as an opportunity to
gain familiarity with the use of XAS techniques in characterizing Pt-based nanoparticles.
The synthesis method was kept as simple as possible, requiring only a metal precursor
salt and DMF, which served as a 3-in-1 solvent, reducing agent, and stabilizing ligand.
Following sample preparation, and subsequent EXAFS characterization, it was concluded
that the nanoclusters responsible for the observed optical fluorescence were not metallic,
but instead consisted of polynuclear molecular complexes formed by Pt** ions with DMF
and its oxidation products. Based on this structural evidence, charge transfer involving the
Pt atoms and their coordinated ligands was implicated as a possible mechanism for the
observed fluorescence. Overall, these results demonstrated that XANES and EXAFS
analyses can yield a wealth of structural information for even very small Pt nanoparticles,
providing insight that could not be obtained in previous studies using less-specialized

techniques.
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In Chapter 4, focus was shifted to the synthesis of bimetallic Pt nanoparticles
using another “clean” synthetic method. This synthesis was made possible by the use of a
few components capable of performing multiple roles simultaneously; CO was used as
both a reducing agent and capping ligand, while OAm served as a solvent, ligand, and
reducing agent, all in one. Samples with elemental compositions of PtooFe10, Pt7oFeso, and
PtsoFeso were prepared, and structural characterization using XANES and EXAFS
techniques revealed a metallic Pt core with a surface layer of FeOx species (Pt—FeOy),
however the possibility of discrete FeOx nanoparticles being formed was not conclusively
ruled out. Regardless, testing the ORR activity of these samples revealed enhanced
electrocatalytic activity relative to pure Pt nanoparticles, apparently due to the
incorporation of Fe into their surface structure. While a more proximal cause for this
activity enhancement could not be clearly determined, ab initio simulations were used to
investigate the electronic contributions of Fe and FeOx species interacting with Pt. Thus,
through the combined use of XAS data, ORR activity measurements, and ab initio
calculations, it was possible to infer relationships between the structures of Pt—FeOx
nanoparticles and their catalytic performance. Overall, these results demonstrated the
advantage of using complementary XAS data (obtained at X-ray absorption edges of both
components) in characterizing the structure of metallic Pt-based nanoparticles.

In Chapter 5, close attention was paid to the effects of electrochemical operating
conditions on the surface structure of the Pt-FeOx nanoparticles prepared in Chapter 4.
CV and XAS techniques were found to be instrumental in monitoring the changes in
surface structure. The former technique revealed rapid removal of Fe species (including
virtually all of the surface-bound FeOx) and gradual rearrangement of the remaining Pt

surface, while the latter confirmed that only very little Fe remained in the samples
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following this electrochemical treatment. It was further found that those samples which
retained detectable levels of Fe exhibited the best catalytic performance in the ORR,
suggesting that the enhanced catalytic activity of these nanoparticles was due to sub-
surface Fe species beneath the restructured Pt surface. Overall, this study highlighted the
crucial importance of performing in situ or post-catalysis characterization of materials
when investigating relationships between their structure and catalytic activity.

In Chapter 6, AgPt nanoparticles were prepared by forming few-atom Pt
nanoclusters at the surfaces of Ag nanoparticle seeds. Based on the amount of Pt added,
cluster sizes varied from ca. 3 atoms (Ago3Pt7) to ca. 13 atoms (AggiPtio), with Pt
coverage of the Ag surface being correlated with greater Pt content (as seen in Ag72Pts
and AgesPtss). Insight into the structure and growth mechanisms of the Pt surface clusters
was made possible by the fitting of EXAFS spectra acquired at both the Ag K and Pt L3
absorption edges. Simulated Pt L3-edge XANES spectra were also generated via ab initio
methods and used in comparison with experimental spectra to support the inferred
nanoparticle structure. Overall, these results demonstrated the high level of structural
detail that can be determined using measurements from multiple X-ray absorption edges,
and further emphasized the benefits of combining both experimental data and ab initio
simulations in the characterization of nanoparticle structure.

In Chapter 7, PtAu nanoparticles with distinct core-shell structures were prepared
via a one-step reaction by employing a modified version of the “clean” synthetic method
(i.e., using CO and OAm) described in Chapter 4. XAS data acquisition was substantially
complicated by partial overlap of the Pt and Au Ls-edge absorption spectra; however,
through the implementation of X-ray fluorescence detection methods and careful channel

selection, good-quality spectra were obtained from these PtAu samples in both the
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XANES and EXAFS spectral regions. Based on the corroborative results of EXAFS, CV,
and FAO electrocatalytic activity analyses, all PtAu nanoparticles were found to share the
same general Au-core/Pt-shell structure; however, those with the lowest Pt contents
(Pt7Aug3 and Pti7Auss) showed evidence of Pt surface clusters similar to those observed in
Chapter 6.

The high peak oxidation currents and absence of CO oxidation peaks in the FAO
activity plots also lent support for the existence of few-atom Pt sites. These findings
suggested that, via the ensemble effect, these few-atom sites allowed for extremely high
selectivity against the decomposition of formic acid to CO at the Pt surfaces, thereby
resulting in much more efficient bimetallic Pt catalyst by preventing CO poisoning.
Overall, these results demonstrated the value of employing multiple complementary
characterization techniques, including XAS, in conjunction with electrocatalytic activity

measurements to perform mechanistic studies on heterogeneous Pt catalysts.

8.2 Future Work

8.2.1 Complementary Characterization Techniques

Due to the significant structural and compositional differences between the
fluorescent Pt nanoclusters synthesized in Chapter 3 and the bimetallic Pt nanoparticles
synthesized in subsequent chapters, future studies of these materials would also differ in
focus. Despite considerable successes in evaluating the structure of the Pt nanoclusters,
some questions still remained to be answered. Although it was determined that these
nanoclusters consisted of molecular complexes instead of metallic particles, their exact

structural compositions could not be determined using XAS techniques alone. However,
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their molecular structure could be advantageous for characterization techniques such as
195pt NMR. Pt NMR is usually infeasible for metallic nanoparticles due to extensive
coupling between the many Pt atoms, leading to excessive peak broadening;?*° however,
it could be much better suited to dealing with the molecular fluorescent Pt nanoclusters
that lack this metallic structure.®® Likewise, measuring XPS peak positions (as has been
done by other researchers?®) would help to determine the oxidation state of Pt with greater
confidence than was possible through XAS analysis, thereby strengthening evidence for

the molecular structure of these fluorescent Pt nanoclusters.

8.2.2 New Metal Compositions

With regard to bimetallic Pt nanoparticles, perhaps the most obvious subject for
further experimentation is synthesis. While the synthetic method used to prepare Pt—-FeOx
nanoparticles in Chapter 4 resulted in poor incorporation of Fe, this is likely due to
inherent difficulty in reducing Fe ions. While fine-tuning of the synthetic method could
likely potentially improve the efficiency of Fe addition, new compositions with
heightened catalytic activities could also be obtained by substituting Fe with other metals
less prone to oxidation. Unfortunately, it is likely that these materials are ultimately
doomed to failure as catalysts, as the bulk of the nanoparticles is made up of Pt instead of
the cheaper 3d metal. However, the incorporation of alternative metals could also be
applied to the synthetic methods employed in Chapters 6 and 7.

Finally, while bimetallic Pt nanoparticles have been quite extensively studied,
three-component compositions containing Pt represent a relatively unexplored avenue of
research. Unfortunately, performing XAS characterization of such materials is implicitly

more likely to face complications (e.g., overlapping absorption edges, or convolution of
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EXAFS spectra due to a greater number of distinct metal-metal bond lengths). However,
this greater number of components can also be boon, as it affords a greater number of
measureable X-ray absorption edges and, thus, perspectives into the nanoparticles’
structure. XAS characterization of these trimetallic Pt catalysts could thus be a fruitful

next step in the further development of this research.

8.2.3 Alternative Catalytic Reactions

While major changes in surface structure were observed for Pt—FeOx nanoparticles
under electrocatalytic conditions, they were not as problematic as were those observed for
the AgPt nanoparticles in Chapter 6. Due to the greater corrosion susceptibility of 3d and
4d metals when used in electrocatalysis, particle dissolution was found to be a formidable
obstacle to the use of these nanoparticles as electrocatalysts. The catalytic reactions
studied in the preceding chapters, however, represent only a small fraction of the potential
catalytic applications of Pt. Many other catalytic reactions occur under more forgiving
conditions, including non-electrocatalytic reactions in the liquid phase (e.g., lignin
hydrolysis*!) or the gas phase (e.g., CO oxidation?*?), offering potential avenues of
research for corrosion-sensitive bimetallic nanoparticles. Furthermore, even reactions
such as the ORR that present challenges for less-stable metals can also be performed
under less corrosive conditions (e.g., by using a neutral or basic electrolyte), albeit with
typically reduced reaction rates.'?® Thus, there exist many potential applications of these

bimetallic Pt nanoparticles that remain to be explored.

8.2.4 Further Application of XAS Characterization Techniques
In general, the aforementioned studies well-demonstrated the ability of XAS

techniques to contribute invaluable insight into the structure and catalytic activity of
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bimetallic Pt nanoparticles. These same structural characterization techniques could,
however, be extended to the characterization of nanocatalysts in sifu. As was shown in
Chapters 4 and 5, the conditions under which a catalytic reaction is performed can
drastically impact surface structure. As a result, being able to monitor nanoparticle
surface structure during these reactions provides a much more accurate understanding of
the mechanisms involved. The utility of such in situ characterization has begun to attract

research attention,®® and will likely only continue to do so with time.
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