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Abstract of the Dissertation

Synthesizing Nanomaterials for Energy Applications: Probing Activity as a Function of
Composition, Morphology and Purity to Address Key Issues Associated with Fuel Cells and

Li-lon Batteries
by
Megan Elaine Scofield
Doctor of Philosophy
in
Chemistry
Stony Brook University
2016

With the growing need to find alternative clean energy sources to fossil fuels, research
into developing efficient fuel cells and batteries stands at the forefront of this grand effort.
However, before mass commercialization, fundamental key issues need to be addressed. For
example, fuel cells are subject to high catalyst costs and poor durability of the underlying carbon
support. As a way to alleviate these issues, we have synthesized ultrathin one-dimensional (1D)
alloy nanowires to probe the effect of composition, purity, and one-dimensionality upon the
observed overall activity, performance, and durability.

In terms of chemical composition, crystalline ultrathin PtM alloy nanowires (NWs) (‘M =
Fe, Co, Ru, Cu, and Au) were generated and subsequently evaluated for the hydrogen oxidation
reaction (HOR). Additionally, ternary-based catalysts were synthesized (PtRuFe) in order to
analyze how chemical composition influences CO tolerance as well as methanol oxidation
reaction (MOR) and formic acid oxidation reaction (FAOR) activities. In both cases, we utilized
a sustainably mild, ambient wet-synthesis method for the fabrication of chemically pure and
crystalline systems in order to fabricate ultrathin, homogeneous alloy NWs. Moreover, in these
studies, our NW systems exhibit favorable synergistic electronic effects with respect to controls.

To address another fundamental issue associated with the durability of fuel cells, we have
synthesized various metal oxide and perovskite materials of different sizes and chemical
compositions as supports for Pt nanoparticles (NPs). Specifically, we have demonstrated
favorable metal support interactions between the Pt NPs and the SrRuOz NP supports, which
lead to increased MOR activity as compared with not only the other metal oxide supports tested
but also the commercial Pt NP/C standard.

In terms of Li-ion batteries, LiFePO4 materials have become increasingly popular as a
cathode material due to the many benefits they possess including thermal stability, durability,
low cost, and long life span. However, to broaden the general appeal of this material for practical



electrochemical applications, it was useful to develop a relatively mild, reasonably simple
synthesis method of this cathode material. We describe a generalizable, 2-step methodology of
sustainably synthesizing LiFePO4 by incorporating a template-based, ambient, surfactantless,
seedless, U-tube protocol in order to generate size and morphologically tailored, crystalline,
phase-pure nanowires. Specifically, we demonstrate for the first time experimentally that the Fe—
03 chemical bond plays an important role in determining the overall conductivity of the
material, an assertion which is further supported by recent “first-principles” calculations.
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Chapter 1 - Introduction to Nanomaterials

1.1.  What is Nano?

According to the International System of Units (SI), “nano” refers to a factor of 107°.
According to the National Nanotechnology Initiative (NNI), a “nanomaterial” refers to a material
that possesses at least 1 dimension in the nanoscale, which is 1- 100 nm. Nanoscience refers to
the study of structures and materials at the nanometer scale. Nanotechnology refers to the
applications of nanoscale materials across a variety of fields including biology, chemistry,
physics, engineering, and so forth. Figure 1 depicts a variety of objects along with their

associated sizes in order to gain a fundamental grasp of what “nano” means.
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Figure 1.1. Figure including objects with their corresponding sizes. Taken from the National
Nanotechnology Initiative (Nano.gov).



In recent years, nanomaterials have been explored more than ever for a number of
specific reasons. Significantly, it is expected that through nanoscience, the structures of
nanomaterials can be tailored so as to exhibit certain desirable properties for a range of
applications. Specifically, through nanoscience, nanomaterials can be made either stronger,
lighter, or more reactive, as well as can be adapted to exhibit a particular shape. A significant
amount of commercial products either contain or employ nanomaterials for their production
processes. Examples include (i) baseball bats in order to render them light-weight and durable,
(i1) thin films on glasses in order to make then scratch-resistant or UV resistant, as well as (iii)
batteries in order to increase overall power and stability. In essence, as the size of the
nanomaterial changes, the properties, such as melting point, fluorescence, conductivity,
reactivity, catalytic activity, and durability, can alter as well.

Another way to tailor the properties of nanomaterials is by changing their shape.
Different shapes can be categorized by their dimensionality. For example, (i) nanoparticles,
nanocubes, or nanopyramids, for example, are zero-dimensional (0D) nanomaterials, since all of
their dimensions are confined at the nanoscale, (ii) nanowires or nanotubes are one-dimensional
(1D) nanomaterials with 2 dimensions similarly restricted, (iii) nanosheets are considered as two-
dimensional (2D) nanomaterials, with only 1 dimension limited, and (iv) nano-flowers or nano-
urchins are three-dimensional (3D) nanomaterials, which are described by having structures
resulting from and incorporating a combination of either 0D, 1D, or 2D nanomaterials. 0D and
1D materials in particular will be discussed in more detail in the sections to follow below.

Specifically, 1D nanomaterials have become a highly advantageous morphological motif
as compared with 0D materials, due to their inherently increased stability, especially when

employed for fuel cell applications. In part, this can be traced to the inherent asymmetry of 1D



materials, which may suppress physical ripening processes as well as reduce dissolution and
Ostwald ripening effects.> 2 Additionally, 1D materials (i) exude ‘path-directing’ effects as a
result of their anisotropic shape, which are highly beneficial for electron transport applications®
such as battery and solar applications. Moreover, the conductive properties of 1D materials can
be tuned so as to either increase or decrease their overall corresponding resistivity, merely by
varying their diameters.*

As aresult, 1D nanomaterials possess a variety of beneficial attributes that should
hopefully aid in solving technological issues currently affecting their 0D analogues. For
example, our group® has previously demonstrated that 1D Pt nanowires (NWs) outperform
analogous Pt nanoparticles (NPs) for ethanol oxidation, in addition to possessing lower CO
stripping potentials. As stated above, 1D nanomaterials exhibit enhanced durability as compared
with 0D nanomaterials, which is demonstrated in Figure 1.2. The chronoamperometry results in
this Figure demonstrate enhanced stability of as-synthesized Pd NWs compared with commercial
Pd NPs over a period of 1 hour.®

Moreover, in this thesis, our objective is to probe the effect of composition, size, and
morphology of nanomaterials on activity for both fuel cells and lithium ion batteries. For
example, we explore the question of how tuning the composition of ultrathin 1D Pt-based alloy
nanowires affects the overall electronic structure and, in turn, governs their electrocatalytic
activity. In the case of LiFePOa, which is a commonly employed lithium ion battery material, we
not only generate it using a facile, ambient, surfactantless synthetic method, but also examine the
impact of morphology, purity, growth direction, and local coordination geometry upon the

resulting electronic conductivity of the material.
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Figure 1.2. Chronoamperometry measurements for both Pd NWs and commercial Pd NPs over a
period of 60 minutes, collected in an argon-saturated 0.1 M HCIO4 + 0.5 M HCOOH solution,
obtained at a potential of 0.4 V vs RHE. Taken from Ref. 6.
1.2. Nanomaterials and their Energy-Related Applications

With the growing enthusiasm in nanomaterials due to their interesting electrical,
mechanical, and optical properties as a result of the small overall size of these materials,
researchers have begun to explore their function for energy-related applications, including for
fuel cells, batteries, and solar cells. Both fuel cells and batteries possess anodes and cathodes at
which redox reactions occur. Specifically, these redox reactions convert chemical energy to
electrical energy. Moreover, batteries are considered as closed systems since energy storage and
conversion occur within the battery itself, whereas fuel cells are defined more as open systems,
with energy storage and conversion processes, happening separately.’

In this dissertation, we focus on the application of 0D and 1D nanomaterials for use in

both fuel cells and Li-ion batteries. More specifically, we investigate the role of ultrathin 1D



nanowires as electrocatalysts in both alkaline fuel cells (AFC) and direct methanol fuel cells
(DMFC) as well as the role of metal oxide support materials as substitutes to carbon black and
their overall effect upon methanol oxidation reaction (MOR) performance. Alternatively, we also
consider the effect of 1D nanowires upon the performance of Li-ion batteries.

The following sections provide an introduction to fuel cells (section 1.3), with specifics
pertaining to the fuel cell components utilized in this dissertation, the current status and problems
associated with catalyst supports, as well as possible electrolytes that can be employed. A more
in-depth description of the specific reactions investigated in this thesis, including the methanol
oxidation reaction, the formic acid oxidation reaction, as well as the hydrogen oxidation reaction,
along with the possible routes to tailor and optimize fuel cell catalysts can be found in sections
1.3.1 - 1.3.3, with the corresponding chemical thermodynamics associated with basic fuel cell
operation discussed. Section 1.4 will address the current status of Li-ion batteries with additional
information describing the structure and activity of LiFePO4 nanomaterials. Section 1.5 includes
the objectives of this dissertation, which incorporates a brief description of each project to
provide scope and context.

1.3.  Fuel Cells

With the growing demand for energy-efficient devices that possess little to no carbon
footprint, fuel cells stand as a worthy option. A fuel cell is a device that electrochemically
converts fuel to electricity.” More specifically, electrocatalysis is the study of electrode processes
wherein the employed electrode material influences the specific charge-transfer reactions.2 Many
different types of fuel cells exist, including polymer electrolyte membrane fuel cells (PEMFCs),
direct methanol fuel cells (DMFCs), alkaline fuel cells (AFCs), phosphoric acid fuel cells

(PAFCs), molten carbonate fuel cells (MCFCs), and solid oxide fuel cells (SOFCs). With the



exception of SOFCs and MCFCs, the remaining fuel cells typically employ costly precious metal
catalysts, such as Pt, that render these fuel cells to be extremely expensive.

PEMEFCs possess a number of advantages including the low weight and volume of the
fuel cell. In addition, only oxygen, hydrogen, and water are needed for operation. Moreover, due
to the low operating temperature of this type of fuel cell, it allows for quick start-ups, resulting in
less damage to the fuel cell over time, thereby increasing the overall durability. Overall, these
attributes enable this type of fuel cell to be suitable for transportation applications (cars, buses,
trucks). However, as mentioned above, Pt is the most utilized catalyst for this type of fuel cell,
effectively leading to high costs associated with fuel cell production.

DMFCs are very similar to that of PEMFCs, except for the fact that this type of fuel cell
employs methanol as the fuel rather than hydrogen. Since methanol possesses a higher energy
density than hydrogen, DMFCs do not experience the same fuel storage issues as PEMFCs.
Moreover, DMFCs are currently used in portable devices such as cellphones and laptops.® A
more comprehensive review will follow below.

AFCs were the first type of fuel cell to be officially commercialized, as these have been
employed for space applications. AFCs are also very similar to PEMFCs except that they employ
an alkaline electrolyte rather than an acidic electrolyte. However, AFCs still possess a number of
challenges that need to be addressed before they can be considered to be readily
commercializable. Some challenges include CO2 poisoning, a decreased long-term durability,
slow Kinetics at the anode, wettability, and increased corrosion. Nevertheless, AFCs have been
employed for W and kW scaled applications. A more detailed discussion of this type of fuel cell

will occur below.



PAFCs use phosphoric acid as the liquid electrolyte which is contained within a silicon
carbide matrix lined with Teflon. PAFCs are more tolerant to impurities as compared with the
other types of fuel cells discussed above. However, they are overall less efficient at the same
weight and volume, and, as a result, are large and heavy. These fuel cells are typically employed
for the generation of heat and electricity as stationary devices. However, some have been utilized
to power large vehicles such as buses.

MCEFCs are fuel cells that utilize a molten carbonate salt mixture as the electrolyte.
MCFCs operate at extremely high temperatures (600°C — 1200°C) and, as a result, can employ
non-precious metal catalysts rather than expensive noble metals. Additionally, their high
operating temperature allows for the conversion of fuels such as natural gas to hydrogen by a
process called internal reforming, thereby making this a more cost effective system as compared
with other fuel cells. However, the main disadvantage centers on the high temperature and
corrosive nature of the electrolyte, thereby affecting the overall durability of the fuel cell, a
parameter which is currently being investigated by many others. Moreover, MCFCs are being
used for electrical utility and military applications at natural gas and coal-based power plants.®

SOFCs are very similar to MCFCs in that they can operate under high temperatures (<
1000°C). These systems not only reform fuel internally but remove the need for precious metal
catalysts. The typical electrolyte employed in SOFCs is a hard, ceramic material that is also non-
porous. This fuel cell is also the most resistant to sulfur and carbon monoxide, thereby allowing
for carbon monoxide and natural gas to be employed as a potential fuel for operation. As
mentioned above pertaining to MCFCs, the high temperature creates significant durability issues,

in addition to slow start-ups and the need for thermal shielding. Similar to MCFCs, SOFCs tend



to be used for stationary utility applications.® In particular, this thesis will place emphasis upon
anode catalysts and support materials for both AFCs as well as DMFCs.
Components of a Fuel Cell

A fuel cell is made up of a number of components including an anode electrode, cathode
electrode, ion exchange membrane, and a gas diffusion layer (GDL) material, which are all
components that compose the membrane electrode assembly (MEA). The anode or the negative
electrode is the electrode wherein the oxidation reaction occurs. Conversely, the cathode or the
positive electrode is the location for the reduction reaction.

The ion exchange membrane exists as an ionic conductor, ultimately to provide for
separation between the oxidant and fuel, thereby preventing the conduction of electrons, which
subsequently travel through an external circuit. lon exchange membranes can either be cationic
or anionic. Specifically, a cationic exchange membrane possesses fixed anionic groups, allowing
the transport of cations through the membrane, whereas an anionic exchange membrane is
characterized by immobilized cationic groups, thereby promoting the movement of anions, i.e.
the source of conductivity. The ionic groups within the membrane represent the active sites for
ionic conduction. As a result, a typical polymer ion exchange membrane is highly dependent
upon the associated bound and unbound water molecules at these active sites. The most
commonly employed membrane was originally created by DuPont initially for space
applications, known as Nafion.

The specific structure of Nafion can be found below in Figure 1.3. Nafion is a
perfluorosulfonic acid (PFSA) ionomer membrane with an excellent proton conductivity of
~0.10 S/cm, when fully hydrated. However, Nafion suffers from a number of issues including (i)

a decreased durability at high temperatures, as a result of an increase in the electrical resistance



within the membrane, in addition to (ii) decreased conductivity at low relative humidity
conditions, resulting from fewer water molecules present within the membrane itself.1°
Moreover, research has shifted to address these issues through either chemical modification of
the intrinsic PFSA structure or through the synthesis of practical replacements such as

polybenzimidazole- or sulfonated aromatic-based membranes.
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Figure 1.3. Chemical structure of Nafion. Taken from Ref. 10.

The substance promoting GDL is a porous backing material, situated typically on either
side of the membrane. Moreover, the GDL is necessary to (i) diffuse gas, (ii) allow for the flow
of electrons, (iii) keep water away from the electrodes, and (iv) provide for an overall
mechanical support. Typically, the GDL material tends to be carbon-based, surrounded by a
hydrophobic material such as Teflon, in order to prevent water from being retained within the
pores of the GDL. Effective GDL materials are still under investigation, since ‘flooding’ of the
electrodes is a relevant and significant problem.

Electrodes are imperative to the success of a fuel cell, since they represent the key

location and denote the active sites for the specific reactions to occur. Additionally, they (i)
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provide for a stable interface between the electrolyte and reactant gas, (ii) conduct electrons to
and from reactant sites, as well as (iii) catalyze the specific reactions.” The “three-phase
boundary”, or the junction at which the electrolyte, reactant gas, as well as the conducting
electrode meet, must be stable enough in order to ensure long-term operation and stability.
Supplemental factors that influence the stability of this boundary include porosity and the
wetting behavior of the electrode.

The catalyst layers reside in between the GDL material and the membrane, with one layer
at the anode electrode and the other at the cathode electrode. The most commonly employed
catalyst layers include the incorporation of platinum, supported onto a carbon-based material
with approximately 0.5 mg needed per cm? of electrode area.** This is the result of Pt being the
most effective and active catalyst for a variety of fuel cell reactions. However, Pt is sparse as
well as expensive, costing approximately $34/gram.*? A diagram indicating the average costs of
each component of a fuel cell stack can be found in Figure 1.4. Moreover, based on this diagram,
it is highly evident that alternatives to Pt and other costly metals need to be investigated, as the

catalyst ink and application compose 34% of the fuel cell stack cost.*®
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500,000 Units/Year

12% Membranes

34% Catalyst Ink & Application
12% Gass Diffusion Layer

15% MEA/Gasket

21% Bipolar Plates

Figure 1.4. Fractional contribution of different components to a PEMFC fuel cell stack at a
production rate of 500,000 units per year. Catalyst ink and application account for 34% of the
total fuel cell stack cost. Adapted from Ref. 13.

Additionally, with the possibility of carbon monoxide (CO) being present either within
the fuel or as a possible intermediate, there is an increased necessity to combine Pt with other,
more CO-tolerant metals such as ruthenium (Ru) or tin (Sn). Therefore, there is a significant
need to find low-cost, abundant alternatives that maintain similar or even improved activities and
stabilities. Notwithstanding, the best performing catalysts still include Pt whether as an alloy or
as a core-shell structure, or as a combination of both in order to optimize the utilization of Pt.
Additionally, the specific morphology of the catalyst, such as either nanoparticles, nanowires, or
nanoflowers, can optimize activity. Moreover, this thesis will specifically focus on anode-based
materials, including Pt-based alloy catalysts as well as metal oxide supports.

Catalyst Supports

A conductive support material is a necessity for fuel cell catalysis not only to provide

conductivity but also to promote a better dispersion of the catalyst layer, in order to otherwise

optimize the surface area and active sites. Additionally, a porous support is advantageous in
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order to improve the gas flow. The most commonly employed support for fuel cell catalysts is
carbon black (CB), due to these specific attributes. However, CB lacks thermochemical stability,
leading to corrosion, and the subsequent agglomeration and decomposition of the catalyst
layers.!* That is, some have demonstrated the oxidation of carbon-based materials under
conditions typical for oxygen reduction, including 0.8 — 1.2 V vs. RHE in 1 M H,SO4 at 65°C.%°

Two plausible routes for the oxidation of carbon can exist, i.e. (i) reversible surface
oxidation thereby generating oxygenated surface carbon, and (ii) irreversible oxidation of carbon
to CO>.1® The former can lead to a decrease in the interaction between the Pt and the carbon
surface, subsequently leading to an increase in Pt particle size. The latter gives rise to the loss of
Pt, significantly decreasing the electrochemically active surface area. Additionally, CBs
possesses impurities as well as recesses that trap metal nanoparticles thereby rendering them as
inaccessible to the specific reactions, subsequently leading to a reduction in activity.'* These
negative attributes, in combination, can lead to a significant reduction in the overall fuel cell
efficiency.

Other carbon-based materials have been explored, including carbon nanotubes, carbon
nanofibers, and mesoporous carbon. Although improvements in activity have been noted for
these Pt-deposited structures as compared with Pt-deposited carbon blacks, they do not fully
prevent carbon oxidation. Therefore, there is a significant need to find low cost, conductive, and
highly stable support materials that may also interact in a positive and favorable synergistic
fashion with the catalyst layers.

Moreover, research has shifted to an investigation of non-carbon nanomaterials as
support materials for fuel cell catalysts. As a part of non-carbon-containing materials, conductive

oxides possess a number of benefits as compared with carbon, including high stability, resistance
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to corrosion, and good mechanical support, in addition to the possibility of acting either as a co-
catalyst or as a means of promoting metal-support interactions.'® For instance, a number of metal
oxide materials serving as support materials have been shown to improve methanol oxidation
activities as compared with the carbon-supported counterparts.t’-2

Additionally, some metal oxide materials evince a particular bonding interaction with the
as-deposited metal catalyst (group 8-10 metals) they support.? In particular, TiO2 denotes the
most studied and highlighted metal oxide to exhibit the precise effect known as a “strong metal-
support interaction”.?! Rather than describing the catalytic properties that result from their
interactions as the term “metal-support interactions” above implies, this slightly different term
indicates that it is the actual bonding interaction at the interface between the two components
that results in the suppression of H> and CO chemisorption abilities.

A ‘strong metal-support interaction’ encompasses 2 plausible phenomena, namely an
electronic and a geometric effect.?? The geometric effect describes how metal oxide systems
migrate onto the surface of the metal, ultimately creating special and localized zones of metal-
metal oxide contact with enhanced properties, known as ‘encapsulation’.?! 22 A number of metal
oxide systems have displayed this effect, including vanadium oxide, niobium oxide, and
manganese oxide.? In other cases, the metal catalyst can effectively and broadly disperse atop
the metal oxide, thereby increasing its overall distribution.?® 22 This electronic effect, in
particular, is ascribed to the particular oxidation state of Ti in TiOz, namely the Ti** oxidation
state. If the titanium atom is not reduced, the “spreading” of either Pt or other metals does not
visibly occur, thereby leading to agglomerations and clustering of metal atoms with reduced
dispersion. In particular, both a decreased particle dispersion as well as an increased particle size

can lead to reduced electrochemical surface areas, which can significantly hinder electrocatalytic
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performance. Therefore, it is necessary to employ or tailor catalysts so they possess small
particle sizes (< 5 nm), uniform particle size distribution, as well as uniform dispersion.

However, not all metals exhibit a similar effect on reduced TiO.. Studies conducted on
Pd?* did not display either a reduced particle size or a better dispersion, whereas Ni% and Ag®®
did. In addition, the metal cannot be influenced by the presence of metal oxide that is located
further than a few atomic units away, as a result of screening effects. Furthermore, it has been
suggested that the metal cation present within the metal oxide substrate needs to possess d
electrons for a strong metal support interaction (i.e., the bond between the substrate and catalyst)
to occur. Hence, this explains the necessity to have a TiO2 substrate with Ti®* rather than Ti*",
since the latter possesses no d electrons for the bonding to happen. This has also shown to be true
through experimental investigations, previously described and reported on.?*

Additionally, chemical interactions between the metal particle and the metal oxide
substrate can occur by 4 different methods, namely through redox reaction, alloy formation,
encapsulation, or interdiffusion. The redox reaction generates an oxidized metal catalyst and a
reduced metal oxide substrate. This is the most common interaction between metals and metal
oxides at the interface. Alloy formation occurs when the metal overlayer forms an alloy with the
cation present in the metal oxide at the interface. This interaction has been found to occur
between Pt and SiO2, Al2Os, and Ce02.2-2 The third process denotes encapsulation, wherein a
small portion of a reduced metal oxide creates a thin overlayer on the metal particle.?” 3.3
Ultimately this process blocks active sites and leads to reduced activity. This has been observed
with a number of metal particles including Pt, Rh, and Pd supported onto TiO> as well as CeOs..

The final case is interdiffusion, which explains either the diffusion of the metal particle into the
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metal oxide support or diffusion from the substrate to the metal particle.3? 33 This leads to the
formation of either interdiffusion zones or mixed ternary oxides.

Furthermore, there is a significant need to find metal oxide support materials that can
facilitate a “metal-support interaction” so as to enhance the overall activity of the
catalyst/substrate component. In this thesis, we evaluate the different interactions between our
as-deposited Pt nanoparticles and a variety of underlying binary and ternary oxide support
materials. Our results have shown that the interactions between the metal oxide support and
catalyst matter significantly, as our SrRuO3 supports demonstrated electron-withdrawing
behavior from the Pt d-band. Subsequently, this bonding interaction improved the overall MOR
behavior as a result of having more active sites available, i.e. less electron density present within
the Pt d-band to bind with poisonous species such as CO. More specific details pertaining to the
electronic effects found in this study and the overall impact on the electronic structures of our
catalyst materials will be discussed in Chapter 5.

Electrolytes

The particular electrolyte employed within either the fuel cell or half-cell can often have
a significant effect upon the particular performance of a catalyst. That is, it influences the fuel
permeation rate as well as the types of catalysts chosen, in addition to the reaction rate.
Moreover, with a variety of liquid electrolytes possible, these can be categorized by their pH,
i.e., the presence of acidic and alkaline media. The most active metal in acidic electrolytes is Pt,
with other noble metals following in activity. Due to the need to employ Pt, the overall cost of
the catalyst and fuel cell can increase drastically. Moreover, with the employment of acidic
electrolytes, a serious problem associated with the adsorption of anions present in the acid

themselves occurs.3* Moreover, it has been shown that the degree of coverage of ions within the
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electrolyte occurs in the following order: ClOs” < SO42< NOs, as a result of their binding
energy.® Additionally, achieved current densities in H.SO4 media are often less than that in
HCIO4 due to the adsorption of sulfate ions.%® 3" As well, it has been demonstrated that whereas
sulfate ions specifically adsorb onto the Pt surface, perchlorate ions remain in the water double
layer.3® 3° Furthermore, one group has previously shown through electron energy loss
spectroscopy that the sulfur atom within the (bi)sulfate ion contains more charge density as
compared with the chlorine in perchlorate, thereby resulting in a larger “back-donation”.3% 40

The use of alkaline media possesses a number of advantages compared to acidic media.
In particular, metals other than Pt, specifically non-noble metals, can be as active as Pt in
alkaline media.**** This is due to the fact that the kinetics associated with Pt are 2 orders of
magnitude slower for the anode reaction. As compared with acidic electrolyte, a minimal amount
of poisoning occurs in alkaline media.®* “¢ Additionally, there is a diminished degree of
degradation and corrosion of Pt-based and especially non-precious metal-based catalysts, due to
the enhanced stability of non-noble metals within alkaline media, in addition to a general
reduction in the amount of deterioration inherent to the overall fuel cell configuration.*” 48
However, a serious drawback that is still under investigation is associated with the carbonation
of the solution, which ultimately lowers the pH as well as decreases the current density.*!
1.3.1. Direct Methanol Fuel Cells

Direct methanol fuel cells (DMFC) use methanol as the fuel source at the anode rather

than hydrogen, with a DMFC diagram found in Figure 1.5.
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Figure 1.5. Schematic of a direct methanol fuel cell. Methanol is oxidized at the anode as the
fuel, with hydrogen ions passing through the membrane to the cathode, in which oxygen
reduction occurs, thereby generating water as the product. Moreover, electrons produced during
the methanol oxidation reaction travel through an external circuit to the cathode to participate in
the oxygen reduction reaction. Taken from fuelcelltoday.com.

The employment of either methanol or other alcohol-based fuels is significantly
advantageous as compared with hydrogen due to the increased energy densities of those
materials. For instance, methanol possesses an average energy density of 4.3 KWh/L, whereas
hydrogen has an energy density of 2.4 x 10 kWh/L.*® This is necessary for commercialization,
since hydrogen storage represents a substantial problem inhibiting forward progress.

State-of-the-art electrocatalysts usually employ platinum nanoparticles at the cathode and
platinum-ruthenium alloy nanoparticles at the anode, with both physisorbed onto carbon
supports. Commercial electrocatalysts usually possess diameters of <5 nm, in order to increase

their surface area and to reduce the overall amount of precious metals employed, due to their

high costs. However, DMFCs not only possess larger overpotentials for MOR as well as low

18



currents, but also require a significantly larger anode catalyst loading, with typical loadings
between 2 — 8 mg/cm?.%° Therefore, there is a driving force to find alternative catalysts to Pt with
lower onset potentials and higher activities for methanol oxidation.

The overall reaction for DMFCs as well as the specific reactions at the anode and cathode
half-cells are shown below in Reactions [1.1-1.3]. The methanol oxidation reaction (MOR),
which can be found in Reaction [1.2], is a relatively complex 6 electron process associated with
2 plausible pathways involving the generation of formic acid, formaldehyde, or CO, with the
indirect pathway (i.e., the CO-generated pathway), shown below in Figure 1.6 with red arrows.
Additionally, formaldehyde can also be produced as an intermediate, highlighted by the blue
arrows on top, with a reaction energy of -0.35 eV at 0.5 V. Although not shown in the schematic,
the formation of formaldehyde can also lead to the generation of either formate or formic acid as
another possible intermediate.

The indirect pathway (CO pathway), known as the predominant pathway, requires an
ensemble of 3-5 Pt atoms for this process to occur, whereas the direct pathway (formic acid or
formaldehyde) requires a small cluster of 1-2 Pt atoms.> %2 However, with a large cluster of Pt
necessary for the indirect pathway to operate, the reaction rate is significantly lowered as a result
of anion adsorption (CO, SO, etc). Additionally, since the indirect pathway only requires 1-2 Pt

atoms, this route is significantly less hindered by anion adsorption.

Overall: CHsOH +3/20, > CO; +H,0  E=121V  [1.1]

Anode: CH3OH + H20 > 6H" + CO2+6e” E°=0.02V [1.2]

Cathode: 3/2 O, + 6H" + 6e” = 3H20 E°=123V [1.3]
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Figure 1.6. The dual pathway mechanism for the oxidation of methanol to carbon dioxide (CO>)
over Pt. The indirect pathway is highlighted by red arrows and indicates the oxidation of
methanol through the carbon monoxide (CO) intermediate. The direct pathways are highlighted
by blue arrows through the generation of formic acid (CHOOH) and formaldehyde (HCHO). The
schematic is adapted from Ref. 52 and is based upon mechanistic steps proposed in Ref. 53.
Moreover, in the initial steps of the indirect pathway, methanol is adsorbed onto the Pt
surface by a 4 electron oxidation process. The carbon is then de-hydrogenated, generating
adsorbed CO with a corresponding reaction energy of -1.49 eV at 0.5 V. The removal of CO
occurs very slowly due to the lack of —OH groups that would have helped to facilitate its
oxidative removal from the surface. The CO essentially acts as a poisoning intermediate, thereby
interfering with the MOR Kkinetics at low potentials since it blocks Pt active sites. However,
defect sites present on the Pt surface are known to adsorb —OH groups at lower potentials, which

can then help to facilitate CO oxidation.>® Additionally, oxophilic metals can also adsorb -OH

groups in order to aid in CO removal, a point which will be discussed in section 3.3. The reaction
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mechanism for CO removal can be found below in Reactions [1.4-1.6], which is based upon a
Langmuir-Hinshelwood type reaction for the generation of CO.>
H20 +* > OHags + H" + & [1.4]
COads + OHags > COOHoags (rate-determining step) [1.5]
COOHags > COz + H* + & +2* [1.6]
wherein * denotes a free surface site
Additionally, formic acid can be produced as a possible intermediate during the oxidation
of methanol, otherwise known as one of the direct pathways, which can be found in Figure 1.6,
as highlighted by blue arrows. Furthermore, the oxidation of formic acid can occur by 3 different

pathways, i.e. the direct, indirect, and formate pathways.> These pathways can be found below:

HCOO,,
_ HCOO -€
- _H*
-H*
HCOOH ———> (O,
+H,0
CO -2e
-2H*

Figure 1.7. The possible reaction pathways for the oxidation of formic acid to CO>. The direct
pathway is highlighted by the blue arrow, showing the direct conversion of formic acid to CO..
The indirect route is shown using red arrows, with the possibility of a CO intermediate. The
formate pathway is represented by green arrows, with the generation of formate as an
intermediate. The schematic has been adapted from Ref 52, based upon the mechanistic steps
proposed in Ref. 55.
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Based upon Figure 1.7, the direct route (the de-hydrogenation pathway), which is found
in the middle of the scheme, describes the decomposition of formic acid to CO.. This route only
requires the presence of 1 Pt atom in order to occur and is a 2-electron process, representing the
most thermodynamically favored route for the oxidation of formic acid. The indirect pathway
(dehydration pathway) is highlighted by the red arrows, emphasizing the conversion of formic
acid to CO by dehydration, which is a non-faradaic reaction. The CO is then re-oxidized to form
CO», with an activation barrier of 0.99 eV at 0.5 V vs. NHE. The final pathway, i.e. the formate
pathway, involves the formation of a surface formate intermediate by the conversion of formic
acid. The conversion of formic acid to a hydroxy carbonyl (COOH) species possesses an
activation barrier of 0.47 eV at 0.5 V vs. NHE.>> * The formate intermediate is then able to react
to generate CO», with an activation barrier of 1.1 eV. Again, in principle, this pathway only
requires the presence of 1 Pt atom in order to be initiated.>2

In practice, specific compositions of metals in addition to the particular surface geometry
can yield significant impacts upon the particular reaction pathway that occurs. In other words, in
this thesis, we wish to explore the roles of (i) chemical composition and (ii) physical motifs (i.e.
ultrathin anisotropic 1D wires) upon the resulting small molecule oxidation reactions.
Specifically, Ru is known to promote the adsorption of —OH groups at potentials lower than that
necessary for the removal of adsorbed CO on Pt active sites, and this is known to be the rate-
determining step for MOR. Assuming that the required ensemble of Pt atoms is present for the
indirect pathway of methanol oxidation, the indirect pathway occurring through the adsorption of
CO would take place at a faster rate on a PtRu nanomaterial than it would on monometallic Pt.

However, the predominant route for formic acid oxidation is actually the direct pathway across a
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wide range of potentials. In this case, formic acid is directly oxidized to CO,, and alloying Pt
with Ru would have little to no effect upon the overall rate.

Therefore, in this thesis, the methanol oxidation reaction is investigated with the
employment of various ternary PtRuFe NW catalysts (with the RuFe composition varying from
0%-30%). In addition, a number of supplementary measurements including CO stripping have
been performed to determine how composition may influence the particular mechanism of
methanol oxidation. It has been hypothesized that Ru highly influences the indirect pathway of
methanol oxidation, but does not affect the direct pathway for oxidizing formic acid. Therefore,
by systematically varying the concentrations of Ru and Fe, we can probe their collective impact
upon both formic acid and methanol oxidation processes.

1.3.2. Alkaline Fuel Cells

Alkaline fuel cells have recently re-emerged as a viable candidate for commercialization
due to a number of reasons.®* First, the kinetics at the cathode are significantly faster as
compared with PEMFCs, thereby allowing for the employment of non-noble metal catalysts,
which would greatly reduce the overall cost of the fuel cell. Second, the ohmic polarization
within AFCs, i.e. the resistance of the ion flow within the electrolyte as well as of the electron
flow at the electrode, is inherently reduced.

However, a significant disadvantage of AFCs as compared with PEMFCs until recently
was the carbonation of the electrolyte. This occurred as a result of CO2 generated as either a
byproduct or simply from air, thereby precipitating as a carbonate. Prior work fundamentally
addressed this issue by employing alkaline anion exchange membranes (AAEM), which possess
a number of beneficial attributes including the lack of precipitated carbonate as a result of low

cation mobility, a simplified water management scheme, and the presence of reduced corrosion.
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Moreover, AFCs are very similar to PEMFCs, in that hydrogen and oxygen are employed
as fuels. However, AFCs employ an alkaline media in which the reactions are run, as opposed to
an acidic electrolyte. The overall reaction can be found in Reaction [1.7] with the respective
anode and cathode reactions found in Reactions [1.8-1.9]

Overall: 2H,0 + 26" &> Hx + 20H  [1.7]
Anode: H; +20H" - 2e" 2> 2H,0 [1.8]
Cathode: Oz + 2H20 + 4e” > 40H [1.9]

The hydrogen oxidation reaction (HOR) is the process in which hydrogen is oxidized at
the anode. The kinetics of HOR are highly influenced by the crystallography of the surface, with
activity increasing in the order of Pt (111) <Pt (100) <Pt (110) in alkaline media at low
overpotentials.®” %8 These differences can be attributed to variations in the corresponding heats of
adsorption for the active intermediate, which are structure-sensitive. In alkaline media, HOR
exhibits kinetics that are almost 2 orders of magnitude slower than in acidic media.*® >® The

different possible pathways for HOR can be found below in Reactions [1.10-1.12]:

Tafel Reaction H> 2> 2Ha  [1.10]
Heyrovsky Reaction Hz + OH = Hag + € + HO [1.11]
Volmer Reaction Hag + OH > e + H20 [1.12]

The HOR reaction occurs either through a Tafel/\Volmer route or a Heyrovsky/Volmer
mechanism, based upon the rate determining step for that particular material.>” Additionally, the
particular mechanism that predominates is dependent upon the amount of hydrogen adsorbed,
which is controlled by the hydrogen binding energy (HBE).®° The specific Tafel slope can be
calculated from a Tafel plot in order to determine the inherent rate-determining step for the

reaction. A more detailed description of Tafel slopes can be found in Chapter 2. A pure hydrogen
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dissociative reaction corresponds to a Tafel slope of 30 mV/decade (Tafel step). A symmetric
electron transfer reaction possesses a Tafel slope of 120 mV/decade (Heyrovsky/Volmer steps),
whereas the corresponding asymmetric reaction is 240 mV/decade.®! 2 If multiple effects (such
as ligand or strain effects, which are discussed below in section 3.3) are present, slope values in
between 30 — 240 mV/decade can be achieved.

Moreover, some have demonstrated that the specific potential at which a Tafel slope is
collected can have a significant effect upon the value of the Tafel slope.*® % For example, at low
overpotentials, a pure Pt surface can achieve a Tafel slope of ~50 mV/decade, whereas at high
overpotentials, a slope of ~150 mV/decade can be attained.>” Additionally, others have acquired
similar values, corresponding to pure Pt surfaces.®? ¢

In this thesis, the effect of chemical composition upon the corresponding HOR activity of
our as-synthesized ultrathin alloy PtM nanowire catalysts will be evaluated. Specifically, it has
been proposed that the HBE is the underlying factor controlling HOR activity and kinetics,
which can be affected and tuned by varying chemical composition.

1.3.3. Generating Highly Efficient Methanol and Hydrogen Oxidation Reaction Catalysts

Moreover, at a pure Pt anode, an overpotential of several hundred mV is necessary to
reach an adequate current density for methanol oxidation. This is mainly due to the presence of
adsorbed intermediates such as CO. As mentioned previously, electrocatalysts usually under 5
nm in diameter contain a significant amount of defects, which should benefit the removal of CO.
However, in this size regime, CO is known to interact much more strongly as compared with
bulk analogues, thereby rendering Pt as an inefficient anode electrocatalyst for MOR. Therefore,
there is an inherent need to synthesize highly active anode materials that either are tolerant to CO

or enable the oxidation of CO at lower potentials.
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One way of optimizing mass activity and activity as a whole is by controlling the overall
size of the catalyst. Much research has been conducted in order to investigate the optimal particle
size for methanol oxidation. In particular, Watanabe and co-workers have demonstrated no
increase in specific activity with Pt/C nanoparticles possessing diameters greater than 2 nm.%°
Additionally, another group found that Pt catalysts possessing diameters between 1 to 1.5 nm
exhibited poor catalytic performance, as a result of their amorphous structure.®

Another method of enhancing the activity and increasing the tolerance to CO is by
alloying with other metals. In particular, Pt alloyed with metals such as Ru,%-"° Sn,”* Ni,”> "3 and
Pb’™ as well as Pt deposited on various metal oxides such as RuO2"> ® and WO3'" have
demonstrated significant improvements in CO tolerance while also increasing their overall
performance. In particular, studies have demonstrated that alloying with certain metals such as
Fe, Co, Ni, Ru, and Mo increases the Pt d-band vacancy, an idea which has been correlated with
a decrease in CO adsorption.’® This observation is due to a decreased amount of back-donation
from the Pt 5d electrons to the CO 2n* orbital.”® This type of interaction, otherwise called an
electronic or ligand effect, is highly advantageous for optimizing catalyst materials. Additionally,
many have investigated the relationship between surface composition and the corresponding d-
band center as well as their impact upon overall activity.8-82 Additional catalyst motifs exist,
including both core-shell and hierarchical structures. However, the focus of this thesis is on the
study of alloyed materials.

As mentioned above, PtRu is often employed for the commercial catalyst as the anode
material for methanol oxidation. In particular, Ru is highly advantageous in terms of improved
CO tolerance as a result of the bifunctional mechanism.®" The bifunctional mechanism is a

process by which a more oxophilic metal than Pt itself adsorbs hydroxyl groups at the surface at
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potentials lower than that for the oxidation of CO at the Pt active sites. These hydroxyl groups
then facilitate the removal of CO at lower potentials, thereby generating accessible Pt active sites
for methanol adsorption. In addition to Ru, other metals such as either Sn, As, or Si as well as
metal oxides such as Ni(OH)2 have demonstrated the ability to dissociate water at low potentials
in order to aid in the removal of CO.84 8789

Additionally, the strain effect denotes another result of either alloying or forming a core-
shell motif, which occurs when the lattice constants of two (or more) metals are different from
one another. This phenomenon leads to variations in the chemical properties of the individual
metals. Norskov and co-workers previously demonstrated that strained surfaces can have a
significant impact upon the desorption of CO and well as the chemisorption of oxygen, as a
result of shifted d-band centers.®® That is, a tensile strain causes an expansion of the overall
lattice, which leads to an upshift in the d-band center, thereby strengthening interactions with
adsorbates. Conversely, a compression strain has the opposite effect, substantively shifting the d-
band center further away from the Fermi level and thereby weakening adsorbate interactions.
Moreover, some have turned to alloying with multiple metals in order to optimize effects. 8% 919

In addition, tailoring the morphology can yield a drastic impact upon performance.
Specifically, 1D nanomaterials possess a number of beneficial aspects that make them ideal
catalyst materials including high aspect ratios, fewer lattice boundaries, a limited number of
deleterious defects, and long segments of smooth crystal planes. Although 3D structures are not
explicitly discussed in this thesis, these nanomaterials also possess a number of benefits such as
higher surface area-to-volume ratios, which can improve upon available contact regions®: % in

addition to reduced diffusion lengths, as a result of their nanometer-sized building blocks.%: %
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Moreover, previous research within our group has demonstrated an increase in methanol
oxidation activity by employing Pt NW catalysts as compared with their NP counterparts.> % In
fact, the Pt NWs exhibited a shift in the CO stripping peak to lower potentials as compared with
the Pt NP system, an observation which was attributed to a specific arrangement of surface-
terrace defect sites. Additionally, the reduced amount of low coordination atoms of the 1D
structure is beneficial, since CO binds more strongly at these sites.10%: 102

AFCs possess inherently different problems as compared with DMFCs due to the
employment of an alkaline electrolyte. Although AFCs do not have problems associated with CO
poisoning at the anode, they do exhibit kinetics 2 orders of magnitude lower for Pt as compared
with an acidic electrolyte.*® % Therefore, this allows for the substitution of Pt with non-precious
metals. Ni-based catalysts are among the most active non-precious metal alternatives to Pt for the
hydrogen oxidation reaction.*193-1% For instance, Yan and co-workers synthesized a CoNiMo
NP catalyst and found a 20x improvement in HOR activity as compared with an electroplated Ni
catalyst.*® However, currently, the study of non-precious metal catalysts remains a topic of
intensive research, as alternatives are still unable to achieve either the same or even better
activity as compared with Pt.1% 1% Therefore, many have incorporated Pt into their different
structures, forming either alloy, core-shell, or hierarchical motifs.

Moreover, the different types of effects described above, including strain and electronic
effects, are still applicable for the hydrogen oxidation reaction. In effect, altering the d-band
center of a synthesized catalyst has a noticeable result upon the HOR kinetics and the overall
activity, since HOR is kinetically limited. For example, Wang and co-workers demonstrated that
2 Pt monolayers (ML) deposited onto a Ru nanotube (NT) generated a weakened HBE of -0.33

eV, i.e. a value closer to 0 as compared with a Pt (111) surface (-0.48 eV).1%” Additionally, Yan
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and co-workers also provided evidence for a decrease in HBE as compared with electroplated Ni
(-0.51 eV) for their CoNiMo catalyst (-0.43 eV).*

Although the strain effect and ligand effect are dominant factors influencing HOR
kinetics and activity, it had been proposed that the bifunctional effect also plays a role in
controlling HOR Kkinetics. In fact, it had been theoretically proposed that OHaq is a key reactant
species in HOR, and that the presence of a more oxophilic metal should improve the reaction
Kinetics and activity of Pt.1% However, another group experimentally tested this hypothesis by
investigating the electrochemical activity of commercial alloy PtRu NPs and Pt NP/C.1%
Ultimately, this group found that the PtRu NP/C outperformed Pt NP/C, an observation which
they ascribed to an optimized hydrogen binding energy (HBE) value, as a result of an electronic
effect imparted onto Pt by Ru. Their rationale rested on the observation that PtRu NP/C did not
give rise to a lower onset potential for CO desorption as compared with Pt NP/C, which would
have provided for significant evidence for the presence of an oxophilic effect.

Furthermore, by taking into account size, composition, morphology, as well as the
resulting geometric and electronic effects, catalysts can be optimally tailored in order to generate
high activities and enhanced durability for their respective catalytic reactions. That objective
denotes one of the main themes of this thesis.

Chemical Thermodynamics

The change in the Gibbs free energy (AG) for a specific electrochemical reaction can
determine the maximum electrical work (We1), obtained by a fuel cell at a constant temperature
and pressure. The specific equation can be found below Equation [1.1], with n representing the
number of electrons participating in the reaction, F as Faraday’s constant (96,487

coulombs/mol), and E denoting the ideal potential for the cell. The state function for determining
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the Gibbs free energy can be found in Equation [1.2], with AH representing a change in enthalpy,
AS highlighting a change in entropy, and T as temperature.
Wer =AG =-nFE  [1.1]
AG = AH - TAS [1.2]

Based upon these equations, the ideal cell voltage in which Hz and O react is determined
to be 1.229 V from liquid water. Moreover, as the temperature of the cell increases, there is a
linear decrease in cell voltage.” However, a number of irreversible processes can lead to
decreases in the ideal cell voltage. These losses are specified as polarization or overpotential,
including activation polarization, concentration polarization, and ohmic polarization processes.’

The generation of losses due to activation is a result of sluggish kinetics. Therefore, in
order to improve upon the current losses, better catalysts need to be developed. Concentration
polarization is caused by the slow diffusion of reactants and products to and from a reaction site.
The larger the current density generated by a fuel cell, the greater the concentration loss.
Moreover, ohmic polarization is triggered by resistance including both resistance of the ion flow
within the electrolyte as well as of the electron flow at the electrode. Ways to reduce the ohmic
losses within the cell include (i) reducing the width of the membrane as well as employing one
with higher ionic conductivity, (ii) better contact between bipolar plates and the GDL material,
as well as (iii) less spatial separation between catalysts. As a result, the overall cell equation is:

Ecell = AE — #activation - %ohm — #concentration [1.3]

At low current densities, the major loss is ascribed to activation polarization, with the cell

potential achieved being very close to the theoretical potential. As the current density increases,

ohmic losses also contribute to the overall decrease in cell potential. As high current densities,
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the concentration polarization also contributes. Moreover, typically, a fuel cell operates around
0.7 V in order to achieve a reasonable efficiency.

Additionally, a number of factors influence the electrode reaction rate and current
including either mass transfer, electron transfer, chemical reactions occurring before or after
electron transfer, or other surface reactions such as adsorption and desorption.*® An example of
a general pathway at the electrode can be found in Figure 1.8. A simple reaction includes mass
transfer of a reactant to the electrode, followed by electron transfer from a non-adsorbed species,
and mass transfer of the product to the solution. However, in most cases, more convoluted steps
occur, including either multiple reaction pathways, various electron transfer processes, or
alterations of the electrode surfaces.

The rate-determining step of a particular reaction is the step that limits the magnitude of
the current.? A rate-determining step is defined as the step that is particularly sluggish in either
removing relevant products or generating specific reactant materials. For example, the rate-
determining step for methanol oxidation on Pt is the oxidation of adsorbed CO. Moreover, a

steady-state current can be achieved when the rate of each reaction step is the same.
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Figure 1.8. Pathway of a general electrode reaction. A simple reaction depicting mass transfer of
a reactant from the bulk solution to the electrode, followed by electron transfer from a non-
adsorbed species to the adsorbed species, and mass transfer of the product to the bulk solution.
Adapted from Ref. 110.

Various types of mass transfer can affect the electrochemical reaction including:*°

= Migration: Transport of a charged body as a result of an electrical field

= Diffusion: Transport of a charged body as a result of a concentration gradient

= Convection: Transport as a result of either stirring or natural density gradients

However, in most cases, not all three are occurring simultaneously; that is, one or more of
the possible mass transfer types are prevented, either by adding an inert electrolyte to reduce
migration or through the lack of stirring to inhibit convection.
1.4.  Li-ion Batteries

A battery is an electrochemical cell or cells that are in contact to generate electrical

energy.” Li-ion batteries (LIB) are composed of a positive electrode, typically some sort of
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carbon containing material such as graphene, as well as a negative electrode containing Li such
as LiFePO4 or LiCoO», separated by a Li-ion conducting electrolyte. Li-ion batteries are
employed for a variety of applications, including consumer electronics such as phones,
radios/speakers, and computers, as well as cars, tractors, warehouse equipment, and so forth.
Additionally, due to their high energy density and flexibility in design, LIBs account for ~63%
of the world’s total battery sales.'!!

It is highly advantageous to use a Li-based material at the cathode, since it is the most
electropositive (-3.04 V vs. RHE) and the lightest metal (6.94 g/mol), thereby promoting the high
energy density of the battery. Modern LIBs extract Li from an oxide host material at the cathode
and into either a carbon-, silicon-, or tin-based material at the anode. The capacity of the oxide is
determined by the solid-solution range of the Li. Additionally, within the initial cycle, a solid
electrolyte interphase (SEI) forms at the anode, thereby leading to a decrease in the amount of Li

present, as these ions permeate into the SEI layer.
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[TeOc,) layer

Figure 1.9. LiFePOg olivine crystal structure projected along the [001] plane. Li ions are in red
with the FeOe octahedra in blue and PO4 tetrahedra in yellow. The right depicts the distorted
hexagonal close packed (hcp) structure with two oxygen-dense layers. Li ions can diffuse
through the [001] or [010] plane. Taken from Ref. 111.

LiFePO4 denotes a common cathode material, with an olivine-type structure, composed
of FeOe corner-sharing octahedra and POy tetrahedral anions, which can be found in Figure 1.9.
However, in order to address the poor electronic conductivity of the material, carbon additives
and low temperature synthesis routes are often needed to be employed. Moreover, as a result,
90% of the theoretical capacity (165 mAh/g) associated with LiFePO4 can be utilized.!!!
Moreover, in this thesis, we will discuss the optimization of size, morphology, and purity of
LiFePO4 nanostructures as cathode materials for LIB applications.
1.5.  Objectives of Current Work

The purpose of this thesis is to characterize the as-prepared nanomaterials as well as to
analyze their discrete properties in the context of key fuel cell and battery applications discussed

above. Specifically, 2 chapters will focus on the synthesis and subsequent application of

monometallic, binary, and ternary metallic nanowires for the MOR, FAOR, and HOR,
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respectively, with the former two reactions occurring in acidic media and the latter under
alkaline conditions. Additionally, 1 chapter will center on the synthesis of Pt deposited metal
oxide and ternary oxide support materials for optimization of performance in the methanol
oxidation reaction. Lastly, 1 chapter will discuss the synthesis and possible use of LiFePO4 NWs
for Li-ion battery-related applications.

As a means of providing relevant background and context, the synthetic methods
employed to generate the various 0D and 1D nanomaterials as well as the suite of
characterization techniques utilized within this thesis will be discussed in detail in Chapter 2.

To summarize the overall objectives of this thesis, we aim to investigate:

Q) the effect of Pt-based alloy nanowires on the overall performance of methanol
oxidation, formic acid oxidation, and hydrogen oxidation. This will be completed
through the investigation of how by tailoring composition, electronic effects can
emerge that subsequently “alter” the electronic structures of our alloy nanowires. We
will then investigate how these chemically modified structures influence activity,
durability and kinetics of the specific reaction being tested.

(i) the effect of metal oxide support materials upon the catalytic activity of supported Pt
NPs for the methanol oxidation reaction. This will be accomplished not only by
analyzing the bonding environment between the catalyst and support material that
leads to manifested metal-support interactions but also by correlating catalyst particle
size and surface area with achieved activity and durability.

(iii)  the effect of composition, morphology, bond structure, and phase purity of LiFePO4
NWs on the electrochemical performance as a cathode material for Li-ion batteries.

This will be realized through a variety of advanced techniques to characterize the
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local bonding environment as well as the orientation and growth direction of our as-
synthesized NWs that we will subsequently correlate with theoretical predictions.

To investigate each of the topics and projects described in this thesis and summarized in
Sections 1.5.1 through 1.5.4, a range of characterization techniques has been employed, and
these will be further described in more detail in their corresponding Chapters. Nonetheless, these
scientific issues are relevant, if not even critically pertinent, to understanding structure-property
relationships for fuel cell and battery applications. Therefore, this thesis focuses on considering
how the electronic structure of a nanomaterial can be tailored and tuned in a way so as to become
more beneficial for a particular application. In so doing, we explore the bonding environment as
well as interactions between the metals and metal oxide species serving in the roles of catalysts,
catalyst supports, and cathode materials. These structure-induced electronic effects are examined
from the perspective of modifications to the size, chemical composition, and morphology of our
nanomaterials.

1.5.1. PtRuFe NWs for the Methanol Oxidation Reaction and Formic Acid Oxidation

Reaction (Chapter 3)

In the search for alternatives to conventional Pt electrocatalysts, we have synthesized
ultrathin, ternary PtRuFe NWs, possessing different chemical compositions in order to probe
their CO tolerance as well as electrochemical activity as a function of composition for both (i)
the methanol oxidation reaction and (ii) the formic acid oxidation reaction. As-prepared
‘multifunctional’ ternary NW catalysts exhibited both higher MOR and FAOR activity as
compared with mono-metallic Pt NWs, binary Pt7Rus and Pt;Fes NWs, and commercial catalyst
control samples. In terms of synthetic novelty, we utilized a sustainably mild, ambient wet-

synthesis method never previously applied to the fabrication of crystalline, pure ternary systems
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in order to fabricate ultrathin, homogeneous alloy PtRuFe NWs with a range of controlled
compositions. These NWs were subsequently characterized using a suite of techniques including
X-ray diffraction (XRD), transmission electron microscopy (TEM), selected area electron
diffraction (SAED), and energy dispersive analysis of X-rays (EDAX) in order to verify not only
the incorporation of Ru and Fe into the Pt lattice but also their chemical homogeneity,
morphology, as well as physical structure and integrity. Lastly, these NWs were
electrochemically tested in order to deduce the appropriateness of conventional explanations
such as (i) the bi-functional mechanism as well as (ii) the ligand effect to account for our MOR
and FAOR reaction data. Specifically, methanol oxidation appears to be predominantly
influenced by the Ru content, whereas formic acid oxidation is primarily impacted by the
corresponding Fe content within the ternary metal alloy catalyst itself.
1.5.2. PtM (M =Ru, Fe, Co, Fe, Cu, Au) for the Hydrogen Oxidation Reaction (Chapter 4)
With an increased interest in the development of hydrogen fuel cells as a plausible
alternative to combustion engines, recent work has focused on creating AFC, which employ an
alkaline environment. Working in alkaline as opposed to acidic media yields a number of
tangible benefits, including (i) the ability to use cheaper and plentiful precious-metal-free
catalysts, due to their increased stability; (ii) a reduction in the amount of degradation and
corrosion of Pt-based catalysts; and (iii) a longer operational lifetime for the overall fuel cell
configuration. However, in the absence of Pt, no catalyst has achieved similar activities to that of
Pt. Herein, we have synthesized a number of crystalline ultrathin PtM alloy NWs (‘M’ = Fe, Co,
Ru, Cu, and Au) in order to replace a portion of the costly Pt metal without compromising on
activity while simultaneously adding in metals known to exhibit favorable synergistic ligand and

strain effects with respect to the host lattice. In fact, our experiments confirm theoretical insights
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about a clear and correlative dependence between measured activity and chemical composition.
We have conclusively demonstrated that our as-synthesized alloy NW catalysts yield improved
HOR activities as compared with a commercial Pt standard as well as with our as-synthesized Pt
NWs. The PtzRus NW system, in particular, quantitatively achieved an exchange current density
of 0.493 mA/cm?, which is higher than the corresponding data for Pt NWs alone. Additionally,
the HOR activities follow the same expected trend as their calculated HBE values, thereby
confirming the critical importance and correlation of HBE with the observed activities.

1.5.3. Synthesis, Characterization and Electrochemical Testing of Metal Oxide and

Perovskite Nanomaterials for the Methanol Oxidation Reaction (Chapter 5)

The performance of electrode materials in conventional DMFCs is constrained by (i) the
low activity of the catalyst materials relative to their overall cost, (ii) the poisoning of the active
sites due to the presence of partially oxidized carbon species (such as but not limited to CO,
formate, and acetate) produced during small molecule oxidation, and (iii) the lack of catalytic
stability and durability on the underlying commercial carbon support. Therefore, as a viable
alternative, we have synthesized various metal oxide and perovskite materials of different sizes
and chemical compositions as supports for Pt NPs. Our results including unique mechanistic
studies demonstrate that the SrRuOs substrate with immobilized Pt NPs at its surface evinces the
best methanol oxidation performance as compared with all of the other substrate materials tested
herein, including commercial carbon itself. Additionally, data from electron energy loss
spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS) confirmed the presence of
electron transfer from bound Pt NPs to surface Ru species within the SrRuO3 substrate itself,
thereby suggesting that favorable metal support interactions are responsible for the increased

MOR activity of Pt species with respect to the underlying SrRuO3 composite catalyst material.
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1.5.4. Synthesis and Characterization of 1D LiFePO4 Nanomaterials (Chapter 6)

LiFePO4 materials have become increasingly popular as a cathode material due to the
many benefits they possess including thermal stability, durability, low cost, and long life span.
Nevertheless, to broaden the general appeal of this material for practical electrochemical
applications, it would be useful to develop a relatively mild, reasonably simple synthesis method
of this cathode material. Herein, we describe a generalizable, 2-step methodology of sustainably
synthesizing LiFePO4 by incorporating a template-based, ambient, surfactantless, seedless, U-
tube protocol in order to generate size and morphologically tailored, crystalline, phase-pure
nanowires. The purity, composition, crystallinity, and intrinsic quality of these wires were
systematically assessed using TEM, high-resolution TEM (HRTEM), scanning electron
microscopy (SEM), XRD, SAED, EDAX, and high-resolution synchrotron XRD. From these
techniques, we were able to determine that there is an absence of any obvious defects present in
our wires, supporting the viability of our synthetic approach. Electrochemical analysis was also
employed to assess their electrochemical activity. Although our nanowires do not contain any
noticeable impurities, we attribute their less than optimal electrochemical rigor to differences in
the chemical bonding between our LiFePO4 nanowires and their bulk-like counterparts.
Specifically, we demonstrate for the first time experimentally that the Fe—O3 chemical bond
plays an important role in determining the overall conductivity of the material, an assertion
which is further supported by recent “first-principles” calculations. Nonetheless, our ambient,
solution-based synthesis technique is capable of generating highly crystalline and phase-pure
energy-storage-relevant nanowires that can be tailored so as to fabricate different sized materials

of reproducible, reliable morphology.
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Chapter 2 — Description of Synthesis, Characterization, and
Experimental Methods

2.1.Synthesis Methods

A vast amount of synthetic methods exists for the formation of 0D and 1D nanomaterials,
including but not limited to hydrothermal,! molten salt,? sol-gel,> # electrospinning, template-
directed,>’ and solution-based syntheses.® Two different philosophical approaches can be
discussed for the synthesis of nanomaterials, namely bottom-up and top-down protocols. The
bottom-up approach involves the self-assembly of smaller components into a larger material,
whereas the top-down approach refers to the etching or successive cutting of a bulk material to
generate smaller components.® The bottom-up approach allows for a better systematic control
over the synthesis of nanomaterials whereas the top-down approach has the potential for
problems such as damage to the overall surface structure as well as the introduction of defects
and/or contaminants. A general scheme depicting both approaches can be found in Figure 2.1.
The next few sections will describe a variety of techniques, i.e. all bottom-up approaches,

utilized to synthesize the different nanomaterials within this thesis.

TOP-DOWN BOTTOM-UP

”"Mhy “4pllshﬂ u
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Figure 2.1. Scheme depicting both a bottom-up and top-down approach for the synthesis of
metal nanoparticles. Taken from Ref 9.
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2.1.1. Hydrothermal Synthesis

Hydrothermal synthesis involves a heterogeneous reaction in a closed system under high
temperature and pressure conditions utilizing aqueous solvent that ultimately dissolves and
recrystallizes materials that otherwise would not form under ambient conditions.® This type of
synthetic method allows for the control over a significant amount of reaction parameters
including reaction time, temperature, and pressure as well as the specific solvents and precursors.

This particular technique can not only generate monodisperse but also highly
homogenous materials. Hydrothermal synthetic methods possess a number of potential
advantages over other synthesis processes in terms of the characteristics of the resulting
products, including high purity, homogeneity, crystal symmetry, narrow particle size
distributions, and the possibility of scale-up procedures for increased product generation. % 11
The high pressures employed for this method allow for the generation of highly crystalline
materials, at relatively low temperatures, since typical operating temperatures reside between
100 and 200°C. This technique can be employed to synthesize a range of materials including
ZnO nanowire arrays,'? Bi,WOs nanoplates,® TiOz/graphene composites,'* SnO,
microspheres,'® and many others. This method has been utilized to synthesize both the TiO,
nanoparticles®® and 40 nm SrTiOs nanoparticles!’ within this thesis.
2.1.2. Molten Salt Synthesis

The molten salt method possesses significant advantages as compared with other
methods, particularly its ability to scale up to large quantities as well as its generalizable nature.
In a typical reaction, precursors are combined with a salt mixture, either with or without a
surfactant in order to dictate morphology, in a boat and placed within a furnace for a specified

period of time at a certain temperature. In fact, a number of factors influence the nature of the
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resulting materials synthesized including (i) the size and composition of the salt employed, (ii)
the melting point of the salt or salt mixture, (iii) the reaction time and temperature, and (iv) the
chemical composition and morphology of the precursors.!® Control over all of these parameters
can lead to the corresponding ability to fine tune the nature of the resulting products so as to
create the desired composition and morphology.

More specifically, a molten salt consists of either a compound or compounds that can
melt to generate a liquid state that possesses a certain degree of ionic properties.t® Typically, an
acid acts as an oxide acceptor, whereas a base acts as an oxide donor in the overall reaction.?
The salt mixture employed generally consists of either sulfates or chlorides that are mixed with
the starting materials and heated to the designated reaction temperature.'® The specific salt
employed also dictates the reaction temperature, due to its specific melting point. The range of
reaction temperatures can be further expanded by creating mixtures of various salts. Moreover, a
variety of materials such as BaTiOs nanostrips,?* SrRuO3 nanoparticles,> MnO2 nanowires,??
TiO2 nanorods,? and BiFeOs nanocubes.?* In particular, the 113 nm SrTiO3z nanoparticles?® and
146 nm SrRuO3 nanoparticles? studied in this thesis were synthesized via this method.

2.1.3. Sol-Gel Synthesis
Similar to other synthetic methods, the sol-gel technique is highly versatile. The sol-gel
process possesses 6 steps:2
Q) Formation of the sol. This is usually characterized by either an alkoxide or solvated
metal solution;
(i) Gelation process, which is typically indicative of the formation of an oxide. This step

results in an increase in the viscosity of the solution.
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(i) “Syneresis’, or aging of the gel, in which polycondensation reactions occur to form a
solid. This leads to a contraction in the gel network as well as the removal of liquid
from the pores. Phase transformations usually occur during this step.

(iv)  Drying of the gel, in which other liquids are further removed from the gel. If the gel is
dried thermally, the resulting material is called a xerogel. If the liquids are removed under
supercritical conditions, the resulting substance is an aerogel.?”-2 Aerogels tend to
maintain an overall porous structure, maintaining pore volumes of up to 98%. By
contrast, xerogels may shrink during the process of drying and give rise to a far less
porous structure.

(v)  Dehydration of the product through removal of the —OH groups at the surface. This
usually occurs under a heating protocol.

(vi) Decomposition of the gel at high temperatures, usually exceeding 800°C. The last
step is more than often necessary in order to crystallize the resulting material, since prior
to that step, the material is usually amorphous.?®
While the sol-gel method yields a number of benefits, a significant disadvantage is the

lack of control over morphology. However, variations in pH as well as specific solvent can have
some impact on the resulting morphology.?° Moreover, many types of nanomaterials have been
synthesized using this method including NiO nanoparticles,®® ZnO-coated LiMnPOQj4 particles,®
NiCoFe204 nanoparticles,®? and TiO, nanoplates.®® In this thesis, 35 nm RuO, nanoparticles*
were synthesized by this method.

2.1.4. Template-Directed Synthesis

Template-directed synthesis methods are known to be rather simple, environmentally

friendly, and highly applicable to the synthesis of a variety of materials.'® The use of a template
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removes the necessity of a surfactant to initiate one-dimensional growth. In a standard synthesis,
the template serves as a spatially confining framework for the growth of particular materials. The
pores of the template possess a particular size, which dictates the overall diameter of the
products. In general, the chemical and structural properties of the membrane allow for significant
control over the morphology and size of the synthesized material. A variety of 1D nanomaterials
have been synthesized within our group employing this method, including Pd1-xPtx nanowires,
Ru nanowires,” Cu nanowires,® and YMnOs nanowires.* Others have, by analogy, produced
V205 nanowires,® Coz04 nanowires,*® BaTiOz nanorods,®” and Sr,Nb2O7 nanorods.3” More
importantly, this method was used to synthesize the LiFePO4 nanowires® discussed in this
thesis.
2.1.5. Solution-Based Synthesis

Solution-based methods possess distinct advantages over all other synthetic methods due
to their inherent simplicity, ability to scale-up, as well as their flexibility to be tailored.*® For
instance, precursors, solvents, surfactants, and oxidizing/reducing agents can be substituted and
replaced with potentially a wide array of more environmentally friendly choices. In addition,
variations in specific reaction parameters such as the pH, the reaction time, temperature,
concentration, stirring rate, and so on can also be explored.*°

Moreover, solution-based strategies have been employed to synthesize a wide array of
nanomaterials to date such as spinel cobalt oxide nanoparticles,** BiNnO4 nanopowders,*? ZnO
nanorods,*® LisTisO12 mesoporous nanoclusters,** as well as the Pt-based alloy nanowires

synthesized within this thesis.**’
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2.2.Characterization Methods
2.2.1. Electron Microscopy Characterization Methods
2.2.1.1. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique employed to
characterize the morphology of a material, in which an electron beam is focused and passed
through a material at a high voltage. The electron beam then comes in contact with lenses that
generate an image based upon the interaction between the electron beam and the material.
Typically, this image is magnified and focused onto either a layer of film or detected by a CCD
camera. Moreover, 2 types of TEM images can be collected, namely a ‘bright-field’ image or
‘dark-field’ image. In a bright-field image, only unscattered electrons are collected, which results
in a darker image. We explain this result based on fewer electrons reaching the image plane due
to more scattered electrons. Conversely, in a ‘dark-field’ image, scattered electrons are collected,
giving rise to the brighter ‘appearance’ of the material.

TEMSs have the capability for detecting individual atoms, when magnifying in high
resolution. This type of microscopy is called high-resolution TEM, or HRTEM. Using HRTEM,
useful information pertaining to the atomic structure as well as the growth direction can be
collected. However, this type of characterization method does not necessarily provide for a
qualitative understanding of the sample as a whole. TEM instruments have the ability to image
contrast due to the different adsorptive capabilities of electrons as a result of variations in the
composition as well as in the thicknesses of the sample materials. However, accelerating
voltages need to be considered prior to analysis, since damage can occur to the sample as a result

of the incident electron beam energy.
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TEM instruments can help to discern variations in morphology, composition, chemical
purity, electronic structure, and crystal orientation. As a result, this characterization technique is
employed in a variety of fields, including nanotechnology, biology, cancer research, virology,
materials research, as well as polymer research. An example of a TEM instrument and its
individual components can be found in Figure 2.2. Additionally, the nature of the interaction of a

TEM electron beam with a specimen is highlighted in Figure 2.4.

51



Example TEM

schematic
One of many types of TEMs

Filament

i)
Wehnelt
“Gun’ —/ L Anode

Condensor aperturea 1 ——_ﬁ\\ m'm Gundeflectors
*

imay be adustable by user -
depending on TEM type)
[ J Condensorlens 1
Fixed aperture —— " == Condensor stigmator
[ J Condensorlens2

B Beam deflectors

® Objective stigmator
4 Objective lens upper
i 1 Objective lens lower
=_ _= Image deflectors

Sample holder =

Objective aperture ==
Selected area aperturg =~
(or immediate apertura)

: Intermediate lens
Diffraction shgmator
: Projector lens 1

: Projector lens 2

CCD camera @

Baam axis

Ty Viewing screen
A

Figure 2.2. Depiction of transmission electron microscope and individual components. Taken
from the Australian Microscopy and Microanalysis Research Facility Website.
2.2.1.2.Selected Area Electron Diffraction

As an ancillary and complementary data set for the TEM, a selected area electron
diffraction (SAED) pattern can be collected and can be generated, when electrons are diffracted
by the atoms within a specific material, determined by the crystal structure. With the electrons

being scattered at different angles by the single crystalline material, the resulting image will
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consist of an array of spots, with each spot corresponding to a specific diffraction condition of
the material’s crystal structure. As the sample is rotated or tilted, different diffraction spots will
appear, corresponding to new diffraction conditions. If the material is polycrystalline and
possesses many different constituent subcrystals with various orientations, rings are formed as a
result of an averaging of the spots, similar to what is attained by XRD, thereby allowing for
identification. That is, the distances between the central spot and the rings correspond to the
various d-spacings of the material.
2.2.1.3.Scanning Electron Microscopy

A scanning electron microscope (SEM) is another specialized instrument that aids in
characterizing morphology. Specifically, the instrument scans a focused electron beam across the
material being analyzed. These electrons interact with the atoms at the surface generating signals
associated with the surface structure and topography. These signals are produced by different
types of scattered electrons. Back-scattered electrons are electrons that have been elastically
scattered with the same energy that they had prior to hitting the specimen. Heavier materials tend
to back-scatter electrons more strongly, and hence, appear brighter in SEM images. Back-
scattered electrons are highly useful for analyzing the shape and size of materials. Additionally,
secondary electrons result from inelastic scattering when coming into contact with the sample,
and contain significant amount of information about the surface of the material. Although some
SEM instruments yield spatial resolutions better than 1 nm, typically this technique is used to

characterize larger materials.
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2.2.2. X-Ray Characterization Methods
2.2.2.1.X-ray Diffraction

X-ray diffraction (XRD) is a technique used to identify the particular atomic structure of
a crystalline material. Specifically, X-rays are generated when a focused electron beam shoots
electrons through a high voltage field at a material. As the electrons bombard the material, inner
shell electrons are ejected as a result of an ionization process. Once a free electron fills the shell,
an X-ray photon is emitted, corresponding to the energy of the material. Additional X-rays are
also generated when the electron beam hits the target material.

Synchrotron XRD is slightly different in that electrons or positrons are shot under near
light speed conditions around a circular ring. As a result, the intensity of the synchrotron electron
beam is at least 2 orders of magnitude stronger and more intense than the sources associated with
a standard X-ray tube.*®

When X-rays hit the desired material, some photons will be deflected and change
direction, a process known as scattering. If the wavelength does not change, meaning only
momentum is transferred, this is called either elastic scattering or Thompson scattering. These
are the X-rays measured, since they carry information about the material. If energy from the X-
rays is transferred to the atoms, the scattered X-rays will possess a different wavelength, a
process which is called either inelastic scattering or Compton scattering.

The acquired XRD patterns can provide important information, pertaining to the sample
material. In particular, (i) the position of the diffraction peaks is defined by both the size and
composition of the material, (ii) the intensity ratio of the peaks is controlled by the location and
type of atoms within the unit cell, and (iii) the shape and width of these peaks are determined by

the intrinsic structural properties of the material, such as strain, defects, and crystallite size. In
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order to calculate the crystallite size of one’s material, the Scherrer equation below, i.e. Equation
[2.1], is employed, wherein T is the mean crystallite size of the material, K is the dimensionless
shape vector of the crystallite size, which is typically around 0.9, A is the X-ray wavelength, £ is
the line broadening measured at half intensity after subtracting the instrumental line broadening,
and cos 0 is the Bragg angle, which is the angle between the X-ray beam and a given set of

crystalline planes.

T =K\/ Bcosd [2.1]

Additionally, as mentioned above, the XRD patterns are directly related to the atomic
distances within the structure analyzed. Bragg’s Law, i.e. Equation [2.2] below, can help to
determine the conditions necessary for diffraction peaks to be observed, with ‘d’ representing the
inter-plane distance, ‘n’ corresponding to the order of the diffraction peak, A affiliated with the
wavelength of the X-ray, and 0 associated with the scattering angle. A visual representation of
Bragg’s law can be found in Figure 2.3.

2d sinf = nA [2.2]

The main method used in this thesis will pertain to powder XRD, which means that our
samples are studied in powder form. A powder sample contains crystalline domains that are
randomly oriented within the material. As a result, data consisting of either the d-spacings or 20

values will be collected. Additionally, high-resolution synchrotron XRD will also be discussed.
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X ray beam

Crystal atoms

Figure 2.3. X-ray diffraction theory, corresponding to Bragg’s Law. Reflection of X-ray beams
(black arrows) by crystal atoms (red circles) within a sample. 6 corresponds to the scattering
angle as a result of the X-rays being deflected by atoms within the sample. The 6 value can be
used to determine the d-spacings of the material. Taken from iop.org.

2.2.2.2.X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique employed to determine the
surface chemistry of a material. XPS can determine the elemental composition, empirical
formula, and the electronic states of the elements within the material. In this technique, the
surface of a material is irradiated by soft (low energy) X-rays, such as either an Al Ka X-ray
source (hv = 1486.6 eV) or a Mg Ka X-ray source (hv = 1253.6 ¢V), a process which cause
electrons to be ejected from the top 10 nm of the material. The electrons will only be ejected if
their binding energy is lower than the intrinsic energy of the X-ray source itself. The XPS
instrument simultaneously measures the kinetic energy of the emitted electrons. For example, Pt

metal possesses a binding energy of 71 eV, corresponding to the 4f region (4f7;, peak).

56



In a typical spectrum, the peak intensities correspond to the amount of material at the
surface, whereas the peak positions pertain to the elemental and chemical composition. In order
to determine the binding energy of the electron, or the amount of energy needed to remove the
electron from the surface, information about the kinetic energy as well as the photon energy is
often needed. The equation used to determine the specific binding energies (Esginding) for a
particular element can be found below:

Eginding = Ephoton — (Ekinetic + ¢ ) [2.3]

Ernoton COrresponds to the specific energy of the photons being used, Exinetic is related to
the energy of the electrons measured by the instrument, and ¢ (work function correction) is the
instrument correction factor that accounts for the kinetic energy given up by the photoelectron
when being adsorbed by the detector.® The binding energy is influenced by a number of factors
including (i) the element from which the electron was removed, (ii) the specific orbital from
which the electron was removed, and (iii) the chemical state of the atom from which the electron
was ejected.
2.2.2.3.Energy Dispersive Analysis of X-Rays

Energy dispersive analysis of X-rays (EDAX) is an analytical tool used to determine the
elemental makeup and chemical composition of a material. By analogy with the other X-ray
techniques above, an electron beam is focused onto a sample. The X-rays cause electrons to be
ejected from an inner shell such as either the K or L shell, thereby causing a higher energy
electron to settle in the hole that was created. During the process of an electron being ejected
from an outer shell, such as the M shell, thereby filling the inner shell vacancy, an X-ray
corresponding to the difference in energy between the shells is emitted and detected by the EDX

spectrometer.® Figure 2.4 describes electron beam interactions with the sample, thereby leading
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to information associated with EDX (or EDS in figure), electron energy loss spectroscopy (which

will be discussed in detail below), as well as electron diffraction, all occurring within a TEM.

Light
(CL)

Auger

electrons EBIC

TEM specimen

Secondary
electrons

Elastic scattering
(Diffraction)

Inelastic scattering (EELS)

Figure 2.4. TEM beam interaction. An electron beam is focused onto a sample, with some being
scattered elastically (back-scattered electrons — BSE) and inelastically. In order for the sample to
de-excite, energy is given off through either Auger electrons, photons, or X-rays. Electrons that
are scattered inelastically are analyzed for EELS analysis, elastically-scattered electrons are used
for diffraction analysis, and X-rays are used for EDS analysis. Taken from gatan.com

2.2.2.4.Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) is a technique that probes the atomic
composition, valence and conduction band properties, chemical bonding, and surface properties.
In this technique, a beam of electrons is focused onto the specific material being analyzed. Once

the electrons hit the surface of the material, some electrons are scattered inelastically, ultimately
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losing energy. This causes the sample to be in the excited state, so the material will need to give
off energy to return to its ground state. The amount of energy given off can be quantified and is
manifested in the form of either Auger electrons or X-rays. The scattered electrons that come off
the sample are then detected, and the electron energy loss signal is measured.

As compared with EDX spectroscopy, EELS is better for detecting and characterizing
elements with low atomic numbers, particularly starting with carbon.®® In addition, it is more
facile to identify different forms of information associated with metals, such as oxidation states
as compared with EDX. This is mainly due to the difference in energy resolution between the
two techniques (up to 80% detection rate at low counts for EELS vs. < 1% for EDX).>?

2.2.3. Surface Area Characterization Methods
2.2.3.1.Brunauer-Emmett-Teller Theory

The Brunauer-Emmett-Teller (BET) technique involves the physical adsorption of
molecules, such as nitrogen, carbon dioxide, argon, and so forth, onto a material’s surface
followed by its subsequent removal in order to determine the overall surface area of the material.
BET theory is based upon a monolayer to multi-adsorption model updated from the Langmuir
theory, with three hypotheses: (i) the gas molecules adsorb onto the surface infinitely as multi-
layers, (ii) there are no interactions between the individual layers, and (iii) the Langmuir theory
(which will be described below) can be used to describe each adsorption layer.>

The Langmuir theory is based upon 5 assumptions:
(i) there are a fixed number of active sites on the surface, (ii) all sites are of equal shape and size,
(iii) every active site can only adsorb one gaseous molecule with each, releasing the same
amount of heat energy, (iv) there is an dynamic equilibrium between the site and the gaseous

molecules, and (V) the adsorption of molecules can only form a monolayer.>*
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The Langmuir theory does not necessarily account for a variety of factors. More
particularly, this model only holds true under low pressure conditions wherein the gaseous
molecules are in vapor phase and multilayers of gaseous molecules cannot form. Additionally, it
assumes that the surface of the material is homogeneous. However, the active sites are not
necessarily identical in size and shape. More importantly, it does not account for the weak
interactions between the gaseous molecules. In fact, it assumes no interactions, in addition to a
lack of randomness in adsorption. BET theory differs to some degree from the Langmuir theory
and incorporates five slightly modified assumptions:

(1) the various gases only adsorb onto individual sites of a well-defined surface, one molecule per
site, (ii) an adsorbed molecule can act as a single adsorption site for another molecule, (iii) the
top layer of molecules is in equilibrium with the gas phase, (iv) the desorption of a molecular
layer is kinetically limited (i.e. each molecule layer has its own heat of adsorption, the aggregate
of all other layers except for the initial layer is assumed to be a condensed species, and therefore
the heat of adsorption is equal to the heat of liquefaction), and (v) at the saturation pressure, an
infinite amount of molecular layers exist.>®

However, some disadvantages nevertheless exist with the BET model. Similar to the
Langmuir model, a homogeneous surface is assumed. Additionally, some adsorbate interaction is
accounted for but lateral interactions between the molecules are neglected. Finally, the heats of
adsorption for all layers beyond that of the initial monolayer are assumed to be equal.

The BET equation, Equation [2.4], which is an adsorption isotherm equation, can be
found below with p and po corresponding to equilibrium and saturation pressure at the specific

temperature for molecule adsorption, with v pertaining to the total gas adsorption quantity

assuming multilayer adsorption and vm corresponding to the monolayer adsorption amount.
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Additionally, the values are needed to solve for c, the BET constant, Equation [2.5], E1 which
corresponds to the heat of adsorption for the first monolayer, E. which is affiliated with the heat
of liquefaction of all other layers, and R, corresponding to the gas constant with T representing

the temperature in Kelvin.

s | R 24

(E1—EL)
c=e RT [2.5]

U[p

In order to create a BET plot, the value determined from this specific part of Equation
[2.4], i.e. (1/v[po/pl]), is plotted along the y-axis with (p/po) plotted along the x-axis. The slope
(A) as well as y-intercept (I) are then used to determine vm, or a monolayer-adsorbed gas quantity

in Equation [2.6], as well as c, the BET constant related to the heats of adsorption in Equation

[2.7].
1
Uy = A_+I [26]
c=1+7= [2.7]

2.3.Electrochemical Characterization Methods for Fuel Cells
2.3.1. Cyclic Voltammetry

Cyclic voltammetry is a potentiodynamic electrochemical method used to study the
electrochemical properties of a system. With this method, the potential is swept as a function of
either time. Once a certain potential is reached, it reverses direction. An anodic current occurs
when electron flow travels from the solution to the electrode, whereas a cathodic current is
characterized by an electron flow taking place from the electrode to the solution. Examples of

CVs can be found in Figure 2.5 as well as Figure 2.6. The characteristics found in these CVs
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provide information about the surface structure, active sites, and the interaction with various
adsorbates. Some common adsorbates include hydrogen, oxygen, and carbon monoxide. The
various regions of a CV will be discussed below with Figure 2.5 depicting two CVs
corresponding to the Pt (111) surface in both acid and alkaline media.
2.3.1.1.Hydrogen Adsorption/Desorption Region

The hydrogen adsorption/desorption region or hydrogen underpotential deposition region
(Hupa) is characterized by atomic hydrogen that is adsorbed onto a specific metal substrate at a
potential that is positive to the Nernst potential (0.0 V vs. RHE) for the hydrogen evolution
reaction (HER).>® The maximum saturation coverage (1 monolayer) of Hups on Pt is 0.66/Pt,
which may be attributed to the repulsive lateral interaction in the hydrogen adlayer.*® The
specific bond energies for underpotentially deposited hydrogen adsorbed to a Pt (111) surface in
either acidic or alkaline environments are ~ 240 — 250 kJ/mol.>®

The hydrogen adsorption region (i.e. 0.05 V —0.375 V) on a Pt (111) surface in both acid
(H2S0s) and alkaline (KOH) electrolytes is characterized by flat broad peaks attributed to solely
hydrogen adsorption/desorption rather than a combination of that with anion adsorption.
Examples of representative CVs collected on Pt (111) surfaces in both acid (H2SO.) as well as
alkaline (KOH) media can be found in Figure 2.5. In acid, hydrogen adsorption occurs via
Reaction [2.1], whereas Reaction [2.2] describes adsorption in alkaline media:>®

Pt + H3O" + & 2 Pt-Hypa + H2O  [2.1]
Pt + H20 + & > Pt-Hypa + OH [2.2]

At slightly more positive potentials (i.e. 0.4 — 0.6 V) in H2SO4, additional reversible

peaks can be seen, which are attributed to the reversible adsorption of (bi)sulfate anions. In KOH

as well as HCIO4, peaks can also be found between 0.6 — 0.85 V, which are attributed to the
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reversible adsorption of hydroxyl anions.*® Specifically, the bond energy for the adsorption of
hydroxyl groups on a Pt (111) surface in an alkaline electrolyte is approximately 136 kJ/mol.>®
Moreover, the charge of the Hypd region is commonly used to calculate the electrochemical
accessible surface area (ECSA) of Pt catalysts.

In this dissertation, we use the Hypd region (both hydrogen adsorption and desorption
region) in order to determine the average surface area of our catalysts. The charge of the Hypd
region can be used to determine the geometric surface area of Pt catalysts. Moreover, the
integration area accounts for both the hydrogen adsorption and desorption charges, as well as the
correction for the double layer charge. The double layer region is the region where there is no
faradaic process. For Pt it resides between Hypg and Pt-OH formation. A representative CV
corresponding to synthesized Pt NWs including labeled Hupd regions, oxide regions, as well as
double layer regions, demonstrating the double layer correction, is highlighted as Figure 2.6.

The theoretical charge for a monolayer of adsorbed hydrogen is converted to the
geometric surface area using the conversion factor (i.e. 210 pC/cm? — the charge needed to
desorb hydrogen).>’ In addition, this region can provide insight into the types of active sites
present, including information about variations in hydrogen binding energy (HBE) in addition to

the surface structure of the catalysts.
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Figure 2.5. Cyclic voltammetry of the Pt (111) surface in an electrochemical cell: (a) in
H>SO4 and (c) in 0.1 M KOH. The potential was scanned at 50 mV/s. Changes in inter-layer
spacing (Ad12) measured from the potential of minimum expansion (PME) (e.g., the least
coverage by any adsorbates) on scanning the potential at 2 mV/s (b) in H2SO4 and (d) in 0.1 M
KOH. Insert: ideal model for the Pt(1 1 1)-(1 x 1) surface. Electrode potential £ is given vs. the
reversible hydrogen electrode (RHE). Taken from Ref. 54.
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Figure 2.6. A representative CV, corresponding to synthesized Pt NWs is shown with the Hypg
regions (hydrogen adsorption/desorption) and oxide regions labeled. The green vertical lines
indicate the double layer correction, when determining the integrated Hags and Haes charges.

2.3.1.2.0xide Region

The oxide region is characterized by the adsorption of oxygen in the anodic sweep,
followed by the subsequent desorption during the cathodic sweep. This can be seen in (c) of
Figure 2.5 between 0.6 V —0.85 V. At low temperatures (< 500 K) and low pressures, the
saturation coverage for atomic oxygen is 0.25 monolayer ML on Pt (111) with the oxygen atoms
situated in 3-fold hollow sites.>® This region provides for insight about how a particular catalyst

binds oxygen, more specifically, the strength of binding oxygen. The oxide adsorption and
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reduction regions (Pt-Oads) on our synthesized Pt NW system are explicitly highlighted in Figure

2.6.

2.3.1.3.Double Layer Region

The double layer region or electrical double layer typically resides between 0.6 V — 0.75
V in H2SO4 electrolyte, as seen in (a) of Figure 2.5. Moreover, the double layer region of our as-
synthesized Pt NW sample in an HCIO4 electrolyte can be found in Figure 2.6. The first model of
the double layer was proposed by Helmholtz, and can be found in (a) of Figure 2.7. In the double
layer region, the metal surface possesses a surface charge in which oppositely charged ions
electrostatically rearrange at the surface in order for the overall layer to remain neutral. As a
result, a potential drop occurs at this region, designated as the outer Helmholtz Plane (OHP).

In the Gouy-Chapman model found in (b) of Figure 2.7, which made significant
improvements based upon the Helmholtz model, the existence of a diffuse layer is generated.
Rather than having negative stationary ions at the interface counterbalancing the positive charge
at the metal surface, the ions are free to move throughout solution. The greatest concentration of
charge would exist at the interface, with charge decreasing as the distance increases. As the
electrode becomes more charged, the diffuse layer should become more compact, thereby
leading to a rise in the differential capacitance (Cq). An increase in electrolyte capacitance is also
noted, when there is a corresponding increase in electrolyte concentration. However, this model
assumes that ions can approach the surface extremely closely and does not account for the size
and atomic radii of the ions.

A later model generated by Stern adapted and updated the Helmholtz and Gouy-Chapman
models to incorporate and take into account a number of additional factors including the

chemical nature of the metal and solvent, the type and amount of solute, the presence of
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diffusion/mixing, as well as the localized structures of both the metal surface and ions in
solution. In this particular model, free ions are depicted to move throughout the liquid as a result
of electrostatic interactions and thermal motion. However, in this model, the potential drop is
expanded to include these mobile ions. This model can be found in (c) of Figure 2.7.

A number of parameters are neglected by this updated model, including the ion pairing
effect within the double layer, the presence of nonspecific interactions between the ions and
charged surface, as well as the fact that the capacitance associated with charges held at OHP (Ch)
is currently defined as being independent of potential. Additional derivations and equations are
necessary to take into account of these factors.

Moreover, some additional modifications have been made over the years to attempt to
address these important issues, with the Bockris/Devanthan/Muller model being the most widely
accepted. They collectively postulated that solvent molecules maintain a fixed alignment with
the electrode surface. That is, the first layer of solvent molecules possesses an orientation
dictated by the charge associated with the electric field. The inner Helmholz plane (IHP) passes
through the centers of these specific molecules. Adsorbed molecules or partially solvated
molecules exist within this plane, with fully solvated molecules residing outside the IHP, with
the OHP passing through the center of these molecules. Finally, the diffuse layer exists outside
of the OHP. Although this is the most widely accepted model as a result of addressing the role of
the solvent in the double layer, this model still fails to address issues associated with the
distribution of charges on the electrode side. Nevertheless, this is the model that is most widely
employed by electrochemists, since it accounts for most of the interactions present within the

double layer region.

67



Diffuse layer Stern layer
\ ~—— Diffuse layer

¥

E = 2
z, T S = @
=4 @, =.
= @ =4 =.
& = b :
=+ @ & Z solvated cation
o | < X
T\ e g -
= i E}- & 1 e
£t \® = % i
o \ o= a H anion

] [4:]
2 -t W =% £ H
N @ =
= = = 1
2+ = =3 :
b -i- o = ——

(1]

T e

] d 1

e —— b

(a) (b)

(c)

Figure 2.7. Models of the electrical double layer at a positively charged surface: (a) the
Helmholtz model, (b) the Gouy—Chapman model, and (c) the Stern model, showing the inner
Helmholtz plane (IHP) and outer Helmholtz plane (OHP). The IHP refers to the distance of
closest approach of specifically adsorbed ions (generally anions) and OHP refers to that of the
non-specifically adsorbed ions. The OHP is also the plane where the diffuse layer begins. d is the
double layer distance described by the Helmholtz model. ¢o and ¢ are the potentials at the
electrode surface and the electrode/electrolyte interface, respectively. Taken from Ref. 56.

The equation to determine the capacitance of the electrical double layer can be found

below in Equation [2.8]:

1 1
—_— +
Cai CH Caiff

1

[2.8]

In this equation, Cqi represents the capacitance in the double layer, Cn references the
compact double layer resistance from the Stern layer, and Cqifr corresponds to the diffusion layer
capacitance, with both regions being shown in (c) of Figure 2.7. Multiple factors can influence
the double layer capacitance at a planer electrode surface, including the electric field at the
electrode, the types of electrolyte ions present, the chemical affinity between the adsorbed ions

and the electrode surface, as well as the employed electrolyte.*
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2.3.2. CO Stripping Voltammetry

CO stripping is another technique utilized to not only remove impurities at the surface,
but also quantify the ECSA of catalysts, using 410 pC/cm? — the charge needed to desorb CO. In
this technique, a monolayer of CO is adsorbed onto the surface and subsequently stripped to
form CO2 molecules. CO generally binds onto metals through electron transfer from the 5¢
orbital to the metal, followed by back-donation of d electrons from the metal to the unfilled anti-
binding 27* orbital of CO.%® Additionally, since CO is either often generated as an intermediate
in reactions, such as methanol oxidation or ethanol oxidation, or is present within the fuel itself
such as Ho, it is a useful tool to analyze CO oxidation performance for certain catalysts that may
be exposed to it.

2.3.3. Chronoamperometry

Chronoamperometry (CA) is a potential step technique, where the potential is stepped
and the corresponding current produced is measured. Moreover, this relevant technique is
employed to probe surface poisoning at a particular potential as a function of time. Although
there is no specific requirement for duration of stability testing, it is generally accepted that 1 to
2 hours is adequate to evaluate any poisoning of the surface or degradation of the catalyst.
Additionally, the potential chosen should be within the onset region for oxidation. This is
necessary, since the generation of poisonous species is often simultaneously occurring with the
utilization of the fuel. Typically, a sharp decrease will happen in the initial 2 minutes for most
surfaces, due to poisoning of the active sites.>® This sharp decrease has even been shown to be ~
2 orders of magnitude lower during the 2 minute period than the initial current achieved.®
However, the decrease in activity varies significantly, based upon the specific material.?-% That
is, a more CO tolerant catalyst may possess only a slight drop in activity as compared with Pt,
which is highly susceptible to CO poisoning. Moreover, Figure 2.8 (B) demonstrates a
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significant drop in the initial stages of chronoamperometry, due to significant poisoning of the

active sites.
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Figure 2.8. (A) Methanol oxidation reaction activities in argon-saturated 0.1 M HCIO4
electrolyte with 0.5 M CH3OH at a scan rate of 20 mV/sec for a variety of binary and ternary Pt-
based catalysts. (B) Chronoamperometry measurements collected for 1 hour at 0.65 V vs. RHE
for our as-synthesized Pt7Ru2Fe NWs and commercial PtRu NP/C. Adapted by permission of
The Royal Society of Chemistry from Ref. 46.
2.3.4. Determining Methanol Oxidation, Formic Acid Oxidation and Hydrogen Oxidation

Reaction Performance

The particular measurements collected throughout this thesis are necessary in order to
make correlations between composition and activity as well as durability. Certain parameters
such as scan rate or electrolyte concentration can have a distinctive impact on the overall activity
and stability of catalysts. Moreover, at a fast scan rate, i.e. 100 mV/sec, high currents are
achieved, due to increased resistance, thereby resulting in unreliable results. However, at slow
scan rates, depending on how fast the reaction proceeds, certain peaks may be missing due to the

reaction occurring faster than the scan. Moreover, in most cases, a scan rate between 10 mV/sec

to 50 mV/sec is accepted. Additionally, electrolyte concentrations can highly affect catalyst
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performance. As mentioned in Chapter 1, certain ions, such as either sulfate or perchlorate ions
present in the electrolyte, can adsorb onto the surface and block active sites. By increasing the
concentration of these particular ions in solution, less active sites will be available for the
particular reaction being tested. For example, Wright and co-workers demonstrated that with
increasing perchloric electrolyte concentrations (i.e. 0.05 to 2.0 M), the Pt (111) ORR activity
decreased dramatically, due to specific adsorption at the Pt active sites.®®
Hydrogen oxidation reaction (HOR) activities were determined from polarization curves

collected in an Hz-saturated 0.1 M KOH electrolyte with the electrode rotating at various rotation
rates (i.e. 400 rpm, 900 rpm, 1600 rpm, 2000 rpm, 2500 rpm) at a scan rate of 20 mV/s.
Moreover, rotation is often needed during the reaction, since the diffusion of hydrogen is often
impacted by rotation rate. With this method, the activities can be determined by the Koutecky-
Levich equation, Equation [2.9], found below:

1

I

1 1
=1+ [2.9]

The kinetic HOR current (lk) can be determined from the current collected at the
reversible potential, i.e. 0.0 V vs. RHE (1) as well as the current obtained in the diffusion-limited
region (Ip), which in our case, was achieved at 0.2 V vs. RHE. Once Ik has been calculated, it is
subsequently normalized to the ECSA, determined from either the Hupg or CO stripping charges,
to obtain the exchange current density (io). Exchange current densities are used to evaluate
catalytic activity, close to the reversible potential (i.e. 0.0 V), since this is the potential wherein
HOR is kinetically limited.®

Additionally, Tafel plots can be created in order to determine the rate-determining step
for HOR. Moreover, a Tafel plot analyzes the kinetics associated with a particular region as a

function of overpotential, or the potential beyond the reduction potential determined by
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thermodynamics. The magnitude of the Tafel slope can be used to help in determining the rate-
limiting step for the overall reaction. The hydrogen oxidation reaction proceeds either by the
Tafel/\Volmer or Heyrovsky/Volmer routes. These processes are additionally described in
Reactions [2.3 to 2.5], with the specific reactions found below. For a Pt (111) surface at low
overpotentials (< 0.05 V), the Tafel/\VVolmer route dominates with a Tafel slope of 50
mV/decade. However, at high overpotentials (> 0.05 V), the Heyrovsky/Volmer route occurs,

evincing 150 mV/decade in 0.1 M KOH solution.®’

Tafel Reaction H> 2 2Had [2.3]
Heyrovsky Reaction Hz + OH > Hag + € + H20 [2.4]
Volmer Reaction Hag + OH > e + H20 [2.5]

An example of HOR curves collected over a range of rotation rates (400, 9000, 1600,

2000, 2500 rpm) as well as a corresponding Tafel plot can be found in Figure 2.9.
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Figure 2.9. (A) HOR curves collected in hydrogen-saturated 0.1 M KOH solution at rotation
rates of 400 rpm, 900 rpm, 1600 rpm, 2000 rpm, and 2500 rpm for the Pt;Rus NW catalyst. The
curves are normalized to the geometric surface area of the electrode. (B) Corresponding Tafel
plot using data collected in a hydrogen-saturated 0.1 M KOH solution at 2500 rpm. Adapted with
permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical
Society.
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Methanol oxidation reaction (MOR) activities or formic acid oxidation reaction activities
(FAOR) were determined by linear sweep voltammograms in either an Ar-saturated 0.1 M
HCIO4 or H2SOs4 electrolyte at a scan rate of 20 mV/s with either 0.5 M methanol or 0.5 M
formic acid added to the cell as the fuel. Examples of MOR curves can be found in (A) of Figure
2.8 for our as-synthesized binary and ternary NW catalysts. The activities for methanol and
formic acid oxidation are determined by picking a current from the onset of oxidation, which is
then subsequently standardized to the ECSA of Pt. These current values are correlated with the
kinetics associated with the particular reaction. After the standardization process, either MOR or
FAOR activity values are generated at a particular potential. Moreover, the specific activity can
also be standardized to the geometric surface area of the electrode, if the ECSA cannot be
specifically determined or relied upon. Moreover, another way of standardizing activity is
through either the mass of the catalyst or the precious metal content, otherwise called mass
activity (MA). Multiple routes exist to determine the mass of the catalyst including inductively
coupled plasma (ICP) mass spectrometry, atomic absorption spectroscopy (AAS), or
thermogravimetric analysis (TGA). Although mass activities have not been calculated within this

manuscript, it serves as a useful tool to compare with the performance of other catalyst materials.

2.4.Electrochemical Characterization Methods for Li-ion Batteries
2.4.1. Electrochemical Cycling

Similar to fuel cells, Li-ion batteries are also cycled within a potential window for a
period of time, thereby generating a current at a particular voltage. In a typical discharged state,
Li is extracted from an oxide host at the cathode and incorporated into a carbon/silicon/tin

material at the anode. During charge and discharge cycles, various types of polarization can
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occur to yield a difference in potential at equilibrium and under current flow. These types of
polarization include ohmic overpotential, activation overpotential, and mass transport
overpotential. Activation overpotential occurs when the kinetics of the reaction are limited and
thereby shift the specific potential to a higher voltage. Ohmic overpotentials occur as a result of
proton transfer resistance at intermediate current densities. Lastly, mass transport overpotentials
exist when the concentration of a reactant material is too low at high current densities, thereby
leading to mass transport losses. These types of overpotentials cause variations in the
theoretically determined voltage and capacity of the battery. Additional information concerning
cycling can be found in Section 2.4.1.
2.5.Synthesis and Characterization Methods used in this Thesis
2.5.1. Synthesis
2.5.1.1.Pt-based Ultrathin Nanowires

The synthesis of monometallic, binary, and ternary metal-based nanowire networks has
been accomplished by a solution technique, based on confining metal growth within a soft
template, consisting of a network of inverse wormlike micelles.*> ® In typical experiments to
synthesize our series of ternary PtRuFe nanowires as an example, for the relevant metal
precursors, we prepared an aqueous mixture of hexachloroplatinic acid hydrate (H2PtCls-6H20,
Alfa Aesar, 99.9%, 1.5 mM), ruthenium (111) chloride hydrate (RuCls-xH20, Acros Organics, 35-
40% Ru, 1.5 mM) and iron (I11) nitrate nonahydrate (Fe(NO3z)3-9H20, Aldrich, 98+%, 1.5 mM)
in appropriate, stoichiometrically determined quantities. These solutions were then combined
with a solution of cetyltrimethylammonium bromide (CTAB, Fluka, 40 mM) in chloroform
(Acros, 99.8%), while under stirring. Subsequently, 40 mL of H,O was added under stirring for

an additional 30 min. An aqueous solution of sodium borohydride (NaBHa, Alfa Aesar, 98%
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powder) was then used to reduce the metal ions encapsulated within the inverse micellar
network, as denoted by a color change from a dark green to a dark gray/black hue. After an
additional 20 minutes of stirring, as-synthesized nanowires were centrifuged. The supernatant
was discarded and subsequently washed three times with 2 mL of ethanol followed by
centrifugation for 2 min at 6000 rpm.

Binary PtRu, PtFe, PtCo, PtAu, and PtCu NW were prepared analogously using precursor
concentrations of 2 mM, using ruthenium (I11) chloride hydrate (RuCls-xH20O, Acros Organics,
35-40% Ru), iron (I11) nitrate nonahydrate (Fe(NOs)s - 9 H20, Aldrich, 98+%), cupric chloride
(CuClz - 2 H20, J.T. Baker), cobalt chloride (CoClz, Aldrich, 97%), or hydrogen
tetrachloroaurate (111) hydrate (HAuCls - x H20, Alfa Aesar, 99.999% metals basis, Au 49%
min), respectively, in the absence of the third precursor. Monometallic Pt NWs were also
synthesized following the same method, employing hexachloroplatinic acid hydrate
(H2PtCls-6H20, Alfa Aesar, 99.9%, 4 mM) as the sole precursor.

The surfactant ‘contaminant’ was removed using an effective cleaning protocol.®® Upon
isolation of the NWs, these nanomaterials were subsequently dispersed and ‘washed’ in n-
butylamine (Acros Organics, 99+%, 0.5 mg catalyst/mL) by sonication for approximately 30
seconds. The solution was then left to stir for 3 days at 400 rpm. The NWs were subsequently
collected upon centrifugation at 5000 rpm for 5 minutes. The product was dispersed in 10 mL
methanol and sonicated for 15 minutes. The solution was centrifuged again with the entire
process repeated for an additional 2 times. The catalyst was later re-dispersed into ethanol prior
to additional use. Finally, the n-butylamine residue was finally removed by a combination of

selective CO adsorption and subsequent CO stripping techniques, as described in section 3.3.1.
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2.5.1.2.TiO2 Nanoparticles (11.4 nm in diameter)

TiO nanoparticles have been synthesized via a two-step hydrothermal protocol,
previously developed by our group.® In particular, 0.5217 g of commercial anatase TiO2 (Sigma
Aldrich, 99.8% metals basis) is immersed in an aqueous solution of 94 mL of sodium hydroxide
(NaOH) (EMD, 10 M) in water in a 120 mL autoclave, and stirred until it is homogeneous. The
autoclave is then heated to 120°C and left for 24 h. After the 24 h reaction, the resulting mixture
was transferred to a centrifuge tube, sonicated with water, and ultimately centrifuged. The
supernatant was subsequently removed from the bottom of the tube, prior to isolation of a fine
titanate powder, after additional washing steps with HCI (EMD, ACS Grade) in order to remove
residual NaOH.

To convert the hydrogen titanate nanostructures into the corresponding TiO: particles,
0.05 g of the hydrogen titanate was added to 16 mL of H2O in a 23 mL autoclave and heated to
170°C for 24 h. The resulting material was washed with H>O to remove any excess acid.
2.5.1.3.RuO2 Nanoparticles (35.0 nm in diameter)

RuO; nanoparticles®* have been fabricated, as follows: 0.42 g of RuCls - x H20 (Acros
Organics, 35-40% Ru) was added to 3.5 mL ethanol (Alfa Aesar, anhydrous, denatured, HPLC
grade) to create a 1.5 mM solution, which was stirred vigorously until completely dissolved.
Subsequently, 1.2 mL of propylene oxide (Fisher Scientific) was added as the gelation agent, and
the mixture was continuously stirred until a gel was created. Once the gel was formed, the
mixture was covered with parafilm at room temperature and allowed to sit for 24 h. The material
was then calcined in a tube furnace at 600°C for 2 h with a ramp rate of 10°C/min. After cooling,
the resulting mixture was treated with H>O, (Fisher Scientific, 50% stabilized, certified) in order

to oxidize any Ru metal, still remaining.
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2.5.1.4.SrTiO3 Nanoparticles (40.7 nm in diameter)

SrTiO; particles'” were synthesized by employing a previously published hydrothermal
protocol. Specifically, TiO2 (Sigma Aldrich, 99.8% metals basis, 0.18 g, 2.3 mmol) was mixed in
a 20 mL aqueous solution of KOH (~45% purity for HPLC, Fluka, 1.26 g, 23 mmol) and
Sr(OH). - 8 H20 (Alfa Aesar, 99% metal basis, 0.508 g, 2.3 mmol) within a 23 mL autoclave.
This mixture was heated to 150°C for 3 days. The autoclave was later cooled to room
temperature. The resulting white powder was washed with water and then air dried overnight.
2.5.1.5.SrRuO3 Nanoparticles (37.3 nm in diameter)

In a typical synthesis described in the prior literature for 40 nm diameter SrRuO3
nanoparticles,’® 0.1 g of both RuCls - xH20 (Acros Organics, 35-40% Ru) and strontium acetate
(Sr(CH3COOQ).) (Alfa Aesar) were added to 20 mL H-0O, and stirred for 10 minutes, until the
mixture was rendered homogeneous. KOH (Fluka, ~45%, for HPLC) was added in until the pH
attained a value of 13, and the solution was subsequently stirred for 1 h. The mixture was then
removed from stirring, and left to stand at room temperature for 3 h. Afterwards, the material
was washed with H.O for three times, filtered, and dried overnight at 80°C. The material was
ground with a mortar and pestle, and calcined at 600°C for 5 h.
2.5.1.6.SrTiO3 Nanoparticles (146.0 nm in average diameter)

In a typical synthesis used without modification,? strontium oxalate, anatase TiO2 (Sigma
Aldrich, 99.8% metals basis), NaCl (Merck, bulk), and NP-9 (Sigma Aldrich) in an effective
molar ratio of 1: 1: 20: 3 were mixed and subsequently ground with a mortar and pestle for 25
min. The mixture was then transferred to a crucible and placed in a tube furnace for 3.5 h at
850°C with a ramp rate of 10°/min. The material was subsequently cooled to room temperature,

washed with de-ionized water for several times, and later dried overnight.
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2.5.1.7.SrRuOs3 Nanoparticles (146.0 nm in average diameter)

Based on our prior studies, larger SrRuO3 nanoparticles? were prepared by combining
and mixing strontium hydroxide (Sr(OH). - 8H20 (Alfa Aesar, 99% metal basis)), RuO:
nanoparticles (prepared from Section 2.1.2), NaCl / KCI (1: 1) (Merck, bulk; Mallinckrodt,
Baker), and 1% mineral oil (Acros Organics, pure) in Triton X-100 (EM Industries) with an
effective mole ratio of 1: 1: 20: 3 using a mortar and pestle. The mixture was ground for 25 min
prior to transfer to a crucible. The material was then heated to 700°C at a ramp rate of 5°C/min
with a continuous flow of air, and later quenched by immediate removal from the furnace. The
product was washed twice with distilled water, centrifuged, and dried overnight.

2.5.1.8.Pt Nanoparticles

Platinum nanoparticles’ ’2 were synthesized and deposited in situ on the metal oxide
substrates by the following route. Specifically, a combination of hexachloroplatinic acid hydrate
(H2PtCls - 6 H20, Alfa Aesar, 99.9%, an experimentally determined optimal mass loading of
50%) and the individual metal oxide substrate being tested was placed in 5 mL H20 and
sonicated for 30 min. Subsequently, an aqueous solution of 0.1 g sodium borohydride (NaBHa,
Alfa Aesar, 98% powder) was added, and the mixture was further sonicated for an extra 15 min.
The resulting solution was washed with distilled water and ethanol for several more times,
centrifuged, and ultimately dispersed in ethanol as an ink (2 mg of catalyst / mL of ethanol).
2.5.1.9.FePO4 Nanowires

The synthesis of amorphous FePO4 occurred between Fe3* and PO4* precursor solutions.
Moreover, the Fe3* precursor solution was produced by combining anhydrous ferric chloride,
FeClz (EM Science, 98%) with 0.1 M aqueous solution of HCI (EMD, 38%), to prepare a
solution with a concentration of Fe3* of 0.05 M. A surplus amount of acid was added to the
precursor solution in order to enhanced the solubility of FeCls in addition to preventing the
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generation of Fe(OH)y impurities in the NWs. Fe(OH)x impurities decompose into iron oxide
during crystallization, which is undesired. The second precursor solution containing phosphate
was generated by dissolving sodium phosphate dodecahydrate, tribasic (Acros Organics, 98%) in
water, to generate a PO4+* concentration of 0.05 M.

Amorphous FePO4 NWs were generated employing the U-tube method. A polycarbonate
track-etched Nucleopore membrane (Whatman Co., U.K.), with pore size diameters of either 50
or 200 nm, was sonicated in distilled water, in order to wet the the internal channels, while also
removing any air bubbles that may be present in the pores. The template was then placed
between two half-cells of the glass U-tube device. Both the Fe*" precursor solution and the PO4*
solution were simultaneously added to either sides of the U- tube apparatus, maintaining the
solution level on both sides. This is necessary to ensure the diffusion of both precursors
simultaneously within the pores of the template. Nucleation and growth begins to occur when the
two solutions converge within the pores, generating FePO4 NWs that possess diameters
mimicking the diameters of the pores within the commercial template. After a period of 24
hours, the arms of the U-tube are emptied, and the template is removed from the device.

During the 24 hour period, a thin layer of excess amorphous material will generally form
on the outside of the membrane, which is subsequently physically removed by hand. Moreover,
Fe(OH)x impurities can also be generated within the template during the reaction, which can be
determined by the presence of orange-colored material. These particular sections within the
template were removed with a scissor in order to ensure the purity of the sample. The FePO4
NWs were subsequently removed from the template by dissolving the template in in CH.Cl;

(Acros, 99.5%). The resultant was then washed with CH2Cl> multiple times using centrifugation,
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following additional washes in ethanol. The product was finally dispersed in ethanol and dried at
80°C overnight.
2.5.1.10. FePO4 Nanoparticles

Additionally, a bulk FePO4 sample was generated by simultaneously mixing the two
precursor solutions (equal volume) mentioned above, in a beaker, which was allowed to stir in
air for 1 hour. The resulting material was washed and centrifuged with water multiple times. The
product was then dispersed in ethanol and dried overnight at 80°C.
2.5.1.11. Lithiation of FePO4 Nanomaterials

The amorphous iron phosphate precursors are lithiated by chemical means employing a
previously established protocol.” 7 Specifically, the FePOspowders are dispersed in lithium
iodide (Aldrich, 99.9%) in acetonitrile (EMD, 99.8%), so that al M solution is created, and the
ratio of FePOa: Li is 1: 3. Using Shlenk conditions to create a nitrogen atmosphere, the solution
is stirred continuously for 24 hours. After the 24 hour period, the products are washed and
centrifuged in acetonitrile until the solution is no longer yellow, but colorless. After the washing
step, the products are annealed in a tube furnace for 5 hours at 550°C in a flowing 5% Ha/ Ar
atmosphere. The crystalline, lithiated materials are removed from the boat by sonication in water.
It is necessary to use not only a short period of time but also a weak sonicator, as both can
damaged the resulting NWs, which will be discussed in Chapter 6. After removal, the NWs are

washed with water and dispersed in ethanol.

2.5.2. Detailed Description of Structural Characterization Methods
2.5.2.1.X-Ray Characterization
Powder diffraction samples were prepared by dispersing the relevant ultrathin NW

samples into ethanol and drop casting the resulting slurry onto a glass microscope slide. Powder
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diffractograms of as-prepared NWs were obtained either on a Scintag diffractometer, operating
in the Bragg-Brentano configuration with Cu Ka radiation (A =1.54 A), with diffraction patterns
acquired from 35° to 85° at a scanning rate of 0.25° min! or a Rigaku Ultima 111 Diffractometer,
operating in the Bragg configuration by using Cu Ka radiation (1.54 A), with the diffraction data
collected at a scanning rate of 1° min™.,

Powder diffraction samples of our metal oxide-based supports were prepared by drying
either the relevant metal oxide support or the various catalyst samples. Powder diffractograms
were obtained on a Scintag diffractometer, operating in the Bragg-Brentano configuration with
Cu Ka radiation (A = 1.54 A). Diffraction patterns were collected from 20 values of either 20° or
30° to 80° at a scanning rate of 1° per minute.

To obtain the powder XRD patterns of our LiFePO4-related materials, a concentrated
slurry of the product in ethanol was sonicated and subsequently deposited onto a glass
microscope slide, which was allowed to sit and dry to create a uniform layer of product.
Diffraction patterns were initially obtained on a Scintag diffractometer, operating in the Bragg-
Bretano configuration using Cu Ko radiation (A = 1.54 A) with a range of 10 to 70° at a scan rate
of 0.25° per minute. High-resolution XRD data were acquired using the X14A beamline of the
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. This station is
equipped with a position-sensitive silicon strip detector, located at a distance of 1433 mm from
the sample and operating at a wavelength of 0.7788 A. Structural and compositional information
were derived by Rietveld refinements of the XRD patterns using the TOPAS 4.1 program.

For XPS analysis, the solid samples were prepared by dispersing the powder samples in
ethanol and subsequently drop-casting them onto a Si wafer. They were analyzed within the

vacuum chamber of an XPS instrument (Model SPECS Phoibos 100 electron energy analyzer).
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The chamber was evacuated to a base pressure of about 2-1072° torr. XPS spectra were either
collected using an Al Ka X-ray source (hv = 1486.6 eV) or a Mg Ko X-ray source (hv = 1253.6
eV) (model XR 50). The reported spectra have been referenced to the C 1s peak located at 285.0
ev.”

2.5.2.2.Electron Microscopy

The structural morphology and crystallinity of as-prepared materials were characterized
by TEM obtained with a Technail2 BioTwinG2 TEM instrument, equipped with an AMT XR-60
CCD camera system. EDAX was performed on a Leo 1550 field-emission SEM (FE-SEM),
operating at an accelerating voltage of either 5 kV or 20 kV. HRTEM and SAED patterns were
acquired on a JEOL 2100F instrument at accelerating voltages of 200 kV with a beam size of 2
A. Additional HRTEM images, SAED patterns, HAADF imaging, and the collection of
defocused diffraction patterns were obtained using a JEOL 3000F microscope, equipped with a
field-emission gun operating at an accelerating voltage of 300 kV.

The electron energy loss experiments on the metal oxide supports were carried out with a
double Cs-corrected JEOL JEM-ARM200F TEM. EELS were obtained using the scanning probe
module as part of the dual EELS data acquisition mode, so that the absolute energy loss value
could be efficiently calibrated. The Gatan Digital Micrograph software package was used for
routine analysis of the spectra. More than ten EELS spectra were obtained from each individual
sample, with representative results, highlighted in the Figures.

HAADF, scanning TEM (STEM) images and EELS measurements on the binary NW
catalysts were acquired using an aberration-corrected Hitachi HD 2700C equipped with a

modified Gatan Enfina ER spectrometer. Samples were prepared for measurement by dispersing
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solid powder in ethanol, sonicating the resulting suspension for 2 min, and ultimately
evaporating one drop onto a 300 mesh Cu grid, coated with a lacey C film.

2.5.3. Electrochemical Characterization Methods

2.5.3.1.Preparation of the Electrode.

Electrochemical characterization of all synthesized materials was performed with the
samples supported onto a glassy carbon electrode (GCE; 5 mm, Pine Instruments). Initially, the
electrode was polished to a mirror finish using an aluminum oxide powder slurry (0.050 um
particle size). Prior to deposition of the catalyst, the GCE surface was pre-modified with a thin
layer of Vulcan XC-72R carbon in order to serve as a carbonaceous support structure for the as-
prepared NWs, when tested for methanol, formic acid, and hydrogen oxidation reactions. No
carbon support was utilized in particular experiments when alternative, non-carbonaceous
supports were specifically employed as a replacement for carbon.

When testing for methanol and formic acid oxidation, the catalyst samples were dispersed
in ethanol (at a concentration of 2 mg/mL) and were then loaded onto a carbon-modified GCE by
adding two drops (i.e. 5 uL per drop) of the catalyst dispersion onto the surface, which was
subsequently allowed to dry in air. When the NW samples were tested for hydrogen oxidation, a
concentration of 0.2 mg/mL was used with no addition of carbon support. Quantitatively, the
loading protocol yielded either ~20 pgmetal CMaisk™® OF 14 pgpr cMaisk > for Pt-based alloy systems.
In all cases, the GCE was then sealed with one 5 pL drop of an ethanolic 0.025% Nafion
solution, prepared from a 5% stock solution.

Prior to electrochemical analysis, the catalyst-loaded GCE was immersed into fresh
aliquots of water, so as to remove any impurities. In order to prepare the commercial standards,

alloy-type Pti—xRux (‘x’ = 0.5) NPs and Pt NPs with a 20% precious metal content (ETek) were
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rendered into catalyst ink dispersions (1 mg/mL) in 25% isopropyl alcohol in water and
deposited directly onto the surface of polished GCE for characterization.

The binary and ternary-based NW samples tested for methanol and formic acid oxidation
were placed in 0.1 M perchloric acid (Fisher Scientific, optima grade) solutions, the Pt-deposited
metal oxide supports were collected in 0.1 M sulfuric acid solutions, and the binary NW samples
tested for hydrogen oxidation were collected in 0.1 M potassium hydroxide solutions, each
created using high-purity water possessing a resistivity value of 18.2 MQ.cm. Pt foil and an
Ag/AgCl combination (3 M CI) served as the counter and reference electrodes, respectively. All
potentials have been reported with respect to the reversible hydrogen electrode (RHE).
2.5.3.2.Cyclic Voltammetry

The corresponding electrochemical properties of the monometallic, binary, and ternary
catalysts were examined by CV as well as using CO stripping voltammetry. CVs were obtained
in the desired argon-saturated electrolyte at a scan rate of 20 mV/s. The adsorption of a
monolayer of CO was accomplished by immersing the electrodes into a CO-saturated perchloric
acid (Fisher Scientific, Optima grade) electrolyte for a period of 30 min. Subsequently, the
electrode was transferred to a deoxygenated electrolyte solution, so as to obtain the
corresponding CO stripping CV. The CO stripping process was implemented in order to remove
n-butylamine from the NW surface in order to expose available active sites. The presence of CO
effectively displaces residual n-butylamine, since CO possesses a higher affinity for adsorption
and can be subsequently removed upon cycling. Additionally, in 0.1 M KOH, the adsorption of a
monolayer of CO was accomplished by bubbling in CO gas through the electrochemical cell for
15 minutes of reaction. After 15 minutes, the electrode was then immersed in a CO-saturated

KOH solution, and it was held at a potential of 0.1 V vs. RHE (within the hydrogen adsorption
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region) for a period of 45 minutes in order to electrochemically adsorb the CO. Subsequently, in
the absence of the electrode, the cell was bubbled with Ar alone to remove the CO gas. After 20
minutes, the electrode was transferred to the deoxygenated electrolyte solution, so as to measure
the corresponding CO stripping CV.

The ECSA was calculated from the integrated hydrogen adsorption (Hags) determined in
the cyclic voltammetry analysis, utilizing 210 nC/cm? as the conversion factor. As-obtained
ECSA values represent a reasonable estimate of the active Pt sites in the system.
2.5.3.3.Evaluation of MOR, HOR, and FAOR Kinetics

The MOR Kinetics were measured by first obtaining CVs at a scan rate of 20 mV/s in a
deoxygenated 0.5 M methanol (Fisher Scientific, Optima grade) solution, supported ina 0.1 M
HCIOa4electrolyte. Typically, an LSV was obtained in the anodic sweep direction, so as to collect
the MOR kinetics curves. The observed current was subsequently normalized to the Pt surface
area, which can be determined from the Hags charge. After the initial LSV, the collection of the
MOR CVs was repeated to ensure that the surface of the catalyst was sufficiently stable in order
to generate more reproducible CVs. In the case of the metal oxide supports studied, Tafel plots
were generated from MOR CVs, collected at a scan rate of 1 mV/s.

The analogous formic acid oxidation Kinetics data were acquired in a 0.1 M HCIO4
electrolyte in the presence of a 0.5 M formic acid solution (EMD, 98% ACS reagent grade). The
same electrochemical parameters described above were applied. All electrodes in this thesis have
been tested and run under identical conditions, in order to establish a self-consistent comparison
amongst all of the electrodes.

The HOR Kkinetics data were acquired by first obtaining CVs using a scan rate of 20 mV/s

in a Hy-saturated solution, dispersed within a 0.1 M KOH electrolyte. Typically, an LSV was
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obtained in the anodic sweep direction, so as to amass individual HOR kinetics curves, obtained
between -0.05 and 0.3 V vs. RHE at varying rotation speeds (i.e. 400, 900, 1600, 2000, and 2500
rpm). The observed current was subsequently normalized to the geometric surface area of the
electrode. After the initial LSV, collection of the HOR CVs was repeated a number of times to
ensure that the surface of the catalyst was sufficiently stable to generate more reproducible CVs.
All of the electrodes tested herein have been probed and run under identical conditions, in order
to establish a self-consistent comparison amongst all of the electrodes analyzed. In particular, the
activity of our samples has been compared with respect to that of Pt NP/C (Etek), serving as a
commercial standard and control.
2.5.3.4.Stability Measurements

Chronoamperometry was also run in order to test the stability of our as-prepared
catalysts. Chronoamperograms were obtained in a de-oxygenated 0.5 M methanol solution,
supported in a 0.1 M HCIOq4 electrolyte. The electrodes were submerged and tested, while the
potentials were maintained at a value of 0.65 V (for ternary NW catalysts) and 0.7 V (for metal
oxide supports) for a period of one hour. These specific potentials were used, due to the fact that
they reside within the onset region of all of the catalysts tested herein, thereby allowing for an
appropriate comparison of relative activity.
2.5.3.5.Battery Testing

The electrochemical performance of the 200 nm diameter LiFePO4 nanowires and bulk-
like particles were measured on an Arbin BT-2000 test station. Both LiFePO4 nanomaterials
were investigated electrochemically by investigating their capacity as a function of cycle
number. For electrochemical studies, an electrode preparation method’® 77 was specifically

chosen in order to take into account the small amount of nanoscale LiFePO4 generated
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ambiently, resulting in our LiFePO4 materials being mixed with 10 weight % carbon black and
10 weight % Teflon (PTFE) powder. The mixture was ground in a mortar and pestle for 30 min
to form a wafer. The wafer was then rolled out and placed in a drying oven under vacuum for 24
hours at 80°C to ensure hydration removal.

A coin cell configuration was used with pure lithium foil as the anode; 1.0 M LiPFe
dissolved in EC/DMC (1:1) solution was utilized as the electrolyte, in addition to a separator for
the cell. Specifically, under an inert argon atmosphere within a glove box environment, the
electrodes were placed in the bottom terminal of a 2032 coin cell configuration to which
electrolyte was added. An insulating polymer membrane was then placed over the electrode and
a gasket was introduced to completely seal the cathode half-cell itself. A piece of lithium metal
ribbon was layered on top of the separator, followed by a metal plate collector. Finally, a spring
was placed on top of the collector to hold the components in place, and the top terminal of the
coin cell was subsequently pressed into the setup to seal the cell. The assembled battery was then
cycled between 2.0 V and 3.6 V at room temperature.

Electrodes containing iron phosphate were prepared using commercial and synthesized
samples of FePO4. The commercial samples were obtained from Aldrich (iron (I11) phosphate
dihydrate, Fe content of 29%) and prepared by drying at 500°C (with purity determined by
thermogravimetric analysis) to remove the water, prior to electrochemical evaluation.

Electrodes consisting of FePO4 (85%), carbon black (5%), graphite (5%), and polyvinylidene
difluoride (5%) on battery grade aluminum foil were prepared using the standard doctor blade
method. Two electrode cells were prepared versus lithium metal electrodes with an electrolyte of
1 M LiPFs in the presence of 1:1 ethylene carbonate: dimethylcarbonate. The cells were cycled at

30°C under voltage ranges of 2.0 —3.6 V and 1.5 - 4.0 V at 0.18 or 0.018 mA/cm? rates.
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Chapter 3: Tailoring the Composition of Ultrathin, Ternary Alloy
PtRuFe Nanowires for the Methanol Oxidation Reaction and
Formic Acid Oxidation Reaction

3.1. Introduction

With the growing demand for alternative energy sources, much research effort has
focused on the development of DMFCs as a viable energy conversion device. Specifically,
DMFCs consist of both an anode and a cathode at which the oxidation of methanol and the
reduction of oxygen can respectively occur.™ 2 Specifically, equations 1 and 2 highlight the
overall cell reaction for the DMFC.

CH30OH + 3/2 02> CO2 + 2 H20 [3.1]
CH30H + H20 - CO, + 6H" + 6e [3.2]

In this work, we are primarily preoccupied with understanding the methanol oxidation
reaction, occurring at the anode half-cell. Typically, Pt-based materials are used as MOR
catalysts, due to their relatively high catalytic activities. However, this has proven to be
problematic, since platinum is expensive because of its relative scarcity. Moreover, when Pt is
incorporated into a catalyst, deleterious effects, such as surface poisoning, particle ripening, and
dissolution, often arise,®* all of which lead to a decrease in the number of active sites available
for MOR and thereby contribute to poor kinetics and durability.®

One strategy to enhance the catalytic activity of Pt has been to incorporate other
electrochemically active, more plentiful metals, such as ruthenium for example, thereby forming
homogeneous Pt1xRuy alloys. Specifically, very high efficiency values have already been
observed in Pt1.xRuyx systems using a range of Ru concentrations (‘x” = 0.07-0.33). The presence
of 30% Ru dopant, as in the Pt;Rus system, yielded exceptionally high activities.®® As such, we

used this particular binary alloy composition as our explicit ‘starting point’ control sample from
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which to seek out possible permutations of this overall 30% metal dopant for creating ever more
electrochemically active catalysts.

In PtRu systems, the MOR reaction proceeds through a plausible ‘bifunctional
mechanism’, wherein adsorbed hydroxide species at the Ru site facilitate the oxidation and
removal of the CO intermediate adsorbed onto the Pt active sites.>? Consequently, more Pt
active sites become accessible for methanol oxidation, thereby enhancing catalytic performance
at lower overpotentials.!*** Although binary alloys clearly represent a positive step forward,
there is a functional need for improvement, due to issues such as long-term catalytic durability,
which ultimately hinder the current commercial viability of DMFCs.

As such, in recent years, efforts have shifted beyond the use of bimetallic catalysts to the
study of more complex ternary ‘platforms’, incorporating three different transition metals.
Specifically, ternary systems including but not limited to PtRuNi,® 1% 516 ptRuFe, 1”2 PtRuSn,’
PtRuMo,?® PtRuRh,?! and PtRuAu? have been investigated as potential electrocatalysts for MOR.
The addition of this extra metal not only decreases the overall cost of the catalyst by reducing the
amount of Pt utilized but also improves catalytic activity through a favorable synergistic
electronic interaction between the Pt active sites and the transition metal dopants.* 1011

Specifically, the inherent structural coupling between the dopant metal lattice and the Pt
lattice forces a compression strain upon the Pt lattice, due to the shorter interatomic distance of
the dopant sites as compared with Pt. This so-called “ligand effect” therefore increases the d-
orbital overlap, contributing to a down-shift in energy for the weighted center of the d-band. In
effect, electron density is withdrawn from the Pt d-band towards that of the dopant metals. In
terms of practical consequences for catalysis, the lower weighted center of the d-band contributes

to a lowered CO affinity as a result of a concomitant weakening of the overlap between the Pt d-
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orbitals and the CO r="-orbitals. Hence, CO coverage is effectively reduced, which
correspondingly increases the number of exposed Pt active sites available for MOR.

In this light, utilizing a combinatorial computational approach, Ngrskov and co-workers*®
analyzed a wide array of ternary and quaternary alloy electrocatalysts, and determined that
PtRuCo, PtRuNI, as well as PtRuFe catalysts exhibited significantly higher CO tolerance values
as compared with binary PtRu catalysts. Experimentally, PtRuNi nanoparticles synthesized by
Park et al.® demonstrated that the incorporation of Ni into a PtRu alloy resulted in an increase in
specific activity, which was as much as ~2.2-fold higher as compared with that of the PtRu
catalyst, an observation attributable to electron transfer from Ni to Pt. Similarly, Yu et al.*
synthesized and compared the activity of multiple ternary nanoparticle electrocatalysts, i.e.
PtRuM (‘M” = Co, Ni, Fe); in particular, both PtRuCo and PtRuNi electrocatalysts evinced a
favorable 50 mV negative shift in the onset potential for MOR. Moreover, Sun and co-workers?
synthesized FePtPd nanowires possessing different chemical compositions in order to analyze
their MOR activity as compared with that of PtFe, PtPd, and Pt catalysts. They found that their
Fe2sPt3sPds4 electrocatalysts also exhibited a favorable negative shift in onset potential for
methanol oxidation as well as a corresponding increase in the peak current density as compared
with both binary alloy and Pt analogues. All of these examples demonstrate and corroborate the
notion that by incorporating a third transition metal, such as Fe, CO tolerance can be increased,
and as a result, the activity can be enhanced due to the availability of active sites.

Moreover, PtRuM electrocatalysts (wherein ‘M’ = Co, Ni, and Fe, i.e. incorporating first
row transition metals) have become particularly appealing, because Fe, for instance, represents a
more plentiful, lower cost, and reasonably less toxic alternative, especially as compared with

bulk Pt. Hence, due to the attractiveness of Fe as a viable catalytic component and potential
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replacement for Ru, the purpose of this work has been to systematically explore Fe-based PtRuM
electrocatalysts with the aim of correlating chemical composition with electrochemical activity
in order to understand and fine tune the preparation of electrocatalysts for enhanced performance
in both MOR and FAOR.The other key point is that by incorporating Fe within this ternary alloy
architecture, we have been able to demonstrate an increase in electrochemical stability by nearly
4-fold as compared with commercial PtRu standards. In so doing, we have potentially addressed
and mitigated for a serious limitation preventing the widespread commercialization of anode
materials, an issue which had been previously commented upon by our group and others.?* %

As an additional parameter to tailoring chemical composition, we have also been
interested in exploring the effect of electrocatalyst morphology upon corresponding activity.
Specifically, it is known that the use of anisotropic 1D structures such as NWs and NTs has led
to significant improvements in electrocatalytic performance as compared with traditional,
conventional 0D morphologies such as nanoparticles. The rationale is that crystalline 1D
nanostructures possess (a) high aspect ratios, (b) improved stability, (c) short segments of
smooth crystal planes, and (d) a low number of deleterious surface defect sites, all of which are
desirable attributes for fuel cell catalysts.?® Recent results from our group confirm this
hypothesis.?® - 28 Furthermore, when the diameter of the 1D wire is decreased toward the
ultrathin size regime (< 5 nm), we are able to minimize the presence of not only deleterious
intrinsic defect sites but also lattice boundary imperfections, which tend to alter the surface
energy of the Pt. All of these factors suggest that ultrathin PtRuFe NWs represent a particularly
favorable structural paradigm for the synthesis of high-performance electrocatalysts.

In this study therefore, we have synthesized ultrathin, ternary PtRuFe NW

electrocatalysts using an ambient, wet synthesis method that has not, to the best of our
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knowledge, ever before been applied to the successful generation of multi-functional ternary
metal-based catalysts. Solution-based techniques are advantageous for the production of
electrocatalysts, since they represent potentially straightforward, reasonably mild, high-yield,
scalable, and cost-efficient processes. Specifically, the methodology?® *° used herein involves the
reduction of metal precursors with sodium borohydride in the presence of a so-called ‘soft
template’, created by the CTAB surfactant within a two-phase water-chloroform system. One of
the advantages of this technique is that because the nucleation and growth of the wires is
fundamentally controlled by the size and shape of the ‘soft template’ pores, one can rather easily
create porous, high surface area networks of interconnected, ‘wormlike’ metallic nanowires,
possessing average diameters of as small as 1.9 nm. Utilizing this protocol,?® 3° we were
therefore able to tune the relative concentrations of Ru and Fe precursors, and fabricate a range
of homogeneous alloyed ultrathin NWs, as confirmed by our structural characterization data.

We have investigated not only the CO tolerance but also the electrochemical activity of
our NWs as a function of Ru and Fe content. Specifically, as discussed earlier, using Pt7Rus as
our ‘starting’ catalyst composition, upon the addition of 10% Fe to replace Ru content, the
resulting Pt7RuzFe NW catalyst gave rise to a negative shift of ~230 mV in onset potentials for
CO stripping as well as to ~11 times higher MOR activity as compared with our monometallic Pt
NW controls, rendering this as our best catalyst tested for MOR. Moreover, these results suggest
significant improvements by comparison with currently available, commercial PtRu nanoparticle
(NP) standards (i.e. 1.52 mA/cm? versus 0.15 mA/cm? @ 0.7 V vs. RHE). Moreover, as we
increased the amount of Fe present in the samples from 10% to 25% and correspondingly
decreased the Ru content from 20% to 5%, we observed a shift in the onset for CO absorption

towards higher potentials, thereby indicating the presence of delayed kinetics. As a result, from
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an analysis of our data based on the volcano-type trend observed in Figure 3.7, the PtzRu,FeNW
catalyst represented a particularly attractive option for MOR.

To further explore the effects associated with varying the concentrations of the dopant
metals, these catalysts were additionally for performance in formic acid oxidation. It should be
noted that ternary catalysts have rarely been tested for activity with respect to both
complementary reactions, namely methanol oxidation and formic acid oxidation, which thereby
renders this study as both significant and novel. Specifically, when these catalysts were
purposely used to oxidize formic acid, we noted that PtzRu1sFe1.s NWs maintained the lowest
onset potential as compared with the other ternary samples, even PtzRu>Fe NWs.

As a result, from our data for both MOR and FAOR, we have been able to demonstrate
that the actual chemical composition of the catalyst counts, because this parameter can be
specifically used to finely tune the activity of our NWs for enhanced performance. These data
therefore highlight a promising strategy for using chemistry to rationally and controllably
optimize activities for both MOR and FAOR.

3.2. Results and Discussion
3.2.1. Ambient Synthesis and Characterization of PtRuFe NWs

In this study, for the first time, we have adapted an ambient wet synthesis technique to
prepare ternary alloy nanowires under relatively mild reaction conditions. By appropriately
manipulating the stoichiometric ratios of the metal precursors, we are able to correspondingly
vary the constituent concentrations of each metal within the NWs, thereby allowing for the
fabrication of homogeneous alloys with tunable compositions. The structure, purity, and
crystallinity of our ultrathin ternary NWs were analyzed using a suite of structural

characterization techniques including XRD, TEM, and HRTEM.
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Specifically, Figure 3.1 highlights powder XRD patterns obtained on our ternary PtRuFe
NWs as well as controls consisting of binary Pt7Rus, Pt;Fes as well as monometallic Pt NWs. All
seven NW samples possessed peaks located at 39°, 46° and 67°, which can be ascribed to the
corresponding (111), (200), and (220) planes of an underlying Pt fcc framework structure
(JCPDS database #04-0802). It is evident that the patterns are devoid of peaks that can be
attributed to either the elemental ruthenium or iron phases (JCPDS database #06-0663 and #85-
1410, respectively), thereby suggesting that reduction of the precursors can result in the
formation of uniform alloys. Moreover, no apparent peaks ascribable to any possible impurities
within the nanowires could be observed, indicative of the reasonably high purity of our samples.
Nevertheless, for the PtRuFe NWs, slight shifts to higher 20 are noted for the Pt (111) peak,
likely due to the contraction of the Pt lattice by the incorporation of both Ru and Fe. The
broadness of the peaks can potentially be attributed to both the inherently small sizes of the NWs

tested (i.e. diameters under 5 nm) as well as to their intrinsic segmented texture.
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Figure 3.1. XRD patterns for Pt NWs (black), PtzRuz NWs (red), PtzRu2Fe NWs (green),
Pt;RuisFe1s NWs (blue), PtzRuFe> NWs (baby blue), PtzRu sFe>s NWs (magenta), and Pt7Fes
NWs (yellow), respectively. All peaks are labeled and correspond to a Pt fcc structure (JCPDS
database #04-0802). Reproduced by permission of The Royal Society of Chemistry.

Figures 3.2, 3.3, and 3.4 collectively illustrate the morphological analysis of all of our as-
synthesized electrocatalysts using TEM, HRTEM, and SAED. Figure 3.2 suggests that we were
able to synthesize the desired NW structural motif for all compositions prepared. All samples
possess an average cross-sectional diameter in the range of 1.9 to 2.2 nm, as shown in Table 3.1.
The usefulness and relevant applicability of our wet synthesis method are evident, as the

nanowires produced are effectively homogeneous and monodisperse and moreover, their

diameters are reasonably uniform, even while possessing a host of chemical compositions.
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Figure 3.2. Representative TEM micrographs of the overall network-like nanowire structure.
Specifically, images pertaining to (A) PtzRus NWs, (B) PtzRu1sFe1s NWs, and (C) Pt7RuzxFe
NWs. Reproduced by permission of The Royal Society of Chemistry.

Higher-resolution TEM images (Figures 3.3B, E, H and Figures 3.4B, E, H, K) confirm
that the interconnected nanowires are segmented and consist of constituent single-crystalline
segments with lengths exceeding 100 nm.3! These data are consistent with the selected area
electron diffraction patterns (Figures 3.3C, F, | and Figures 3.4C, F, |, L), which collectively
indicate that all of the samples maintain a polycrystalline texture. The corresponding lattice
parameters were determined from the SAED data as well as deduced from the HRTEM images,
and are summarized in Table 1 along with their calculated theoretical parameters. Specifically,
the alloy-type NWs possessed measured d-spacings that correspond to the (111) plane of these
various alloys, and these values are actually all within experimental error. The slight contraction
in the lattice parameters with respect to that of elemental Pt is consistent with that of prior
reports in the literature, due to the incorporation of Ru and Fe into the Pt lattice, thereby causing
a slight contraction of the fcc lattice. As a result, the SAED patterns and the XRD data further
confirm the notion that we can design and subsequently generate highly uniform and

homogeneous alloyed nanowires, possessing a variety of desired compositions.
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Figure 3.3. Representative high resolution TEM micrographs (A, D, G), higher magnification
HRTEM images with measured d-spacings (B, E, H), and associated single area electron
diffraction patterns (C, F, 1) for Pt NWs (A-C), PtzRuz NWs (D-F), and Pt;Fez NWs (G-I),
respectively. Reproduced by permission of The Royal Society of Chemistry.
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Figure 3.4. Representative high resolution TEM micrographs (A, D, G, J), higher magnification
HRTEM images with measured d-spacings (B, E, H, K), and associated single area electron
diffraction patterns (C, F, I, L) for PtzRu.Fe NWs (A-C), Pt7RuisFe1s NWs (D-F), Pt7RuFe;
NWs (G-1) and Pt;RusFe2s NWs (J-L), respectively. Reproduced by permission of The Royal
Society of Chemistry.
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To complement these data, the actual chemical composition of our nanowire samples was

determined using energy dispersive X-ray spectroscopy (EDAX). The elemental results are

presented in Table 3.1, and are consistent with the expected chemical compositions based on the

precursor concentrations used and the NWs we intended to synthesize. As a result, both Fe and

Ru are present in these samples with their chemical compositions predicted within experimental

error. Thus, the XRD data coupled with the TEM and SEM-EDAX measurements together
confirm that there is a high degree of correlation between the chemical composition of the

precursor solutions and the corresponding composition of the resulting NWs.

Catalyst Pt% | Ru% | Fe% Avg. Measured | Measured Calculated
Comp. | Comp. | Comp. | Diameter | (SAED) | (HRTEM)

Pt NWs 100% - - 19+3nm | 226A 2.26 A 2.260 A
Pt;Rus NWs 72% | 28% - 20+x.4nm | 222A 2.22 A 2.068 A
PtzRu2sFesNWs | 73% | 22% 5% [21+.3nm| 222A 221 A 2.079 A
PtzRuFe NWs 72% | 19% 9% |[22+4nm | 222A 2.20 A 2.077 A
Pt;RuisFeisNWs | 69% | 14% | 17% |21+.4nm| 212A 2.19 A 2.064 A
PtzRUFe2; NWs 70% 9% 21% |[2.0+.2nm | 225A 212 A 2.076 A
PtzRusFe2s NWs | 73% 4% 23% [1.9+.3nm | 224A 2.07 A 2.099 A
PtzFes NWs 67% - 33% |[20+x.2nm | 222A 2.13 A 2.067 A

Table 3.1. Atomic percent compositions for each of the metals present in each catalyst as well as
the average diameters of each of the nanowires synthesized, from experimental measurements.
Measured and calculated lattice d-spacings from both high-resolution TEM images as well as
single area electron diffraction patterns, corresponding to the (111) plane of the Pt fcc lattice.

Reproduced by permission of The Royal Society of Chemistry.

3.2.2. Correlating Composition of Homogeneous Alloy Catalysts with MOR

As shown in Figure 3.5A and 3.5B, CVs were obtained for Pt NWSs, Pt;Rus NWs, Pt7Fes

NWs and the four ternary PtRuFe NWs in order to investigate and correlate the impact of

altering Ru and Fe ratios on electrochemical performance. Regarding the substructure of the
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CVs, the shape and location of the observed hydrogen and oxygen adsorption features associated
with the Pt7Ruz NW catalyst are consistent with prior reports of homogeneous Pt1xRuy alloy type
nanowires.®? 3 Interestingly, a significant upshift of the oxide reduction peak of ~200 mV is
noted, as the Fe content is increased from 10% to 25% in the Pt;RuzFe and Pt;RusFe2 s catalysts,
respectively. Figure 3.6 depicts the linear trend between onset potential and changes in atomic
composition. This apparent shift in the oxide reduction peak suggests a weakening of the

interaction with the oxygen adsorbate and has been observed by previous groups.” 33 34
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Figure 3.5. Representative CV curves in an argon saturated 0.1 M HCIO4 solution, obtained at a
scan rate of 20 mV/s with the current normalized to ECSA for (A) Pt NWs, Pt7Ruz NWs, Pt7Fes
NWs and (B) Pt7Ru2Fe NWs, Pt7Ru1sFe1s NWs, PtzRuFe; NWSs, Pt7Ru sFe2s NWs
respectively. (C) Representative CO stripping LSV curves for Pt NWs, Pt;Rus NWs, Pt;Fes NWs
and (D) Pt7Ru2Fe NWs, Pt7Ru1sFe1s NWs, Pt7RuFe; NWs, Pt7Ru sFe2s NWSs, respectively.
Reproduced by permission of The Royal Society of Chemistry.

We attribute this observation to a restructuring effect associated with our as-processed
nanowires. Specifically, dissolution is known to occur for a variety of transition metals,
including Fe, Ni, and Co, especially when localized at the surface and exposed to anodic

potentials.®® Therefore, as the amount of Ru decreases and is effectively substituted with

increasing Fe content, any Fe present within these alloys would tend to be preferentially
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consolidated and incorporated as part of the nanowire core due to the likely dissolution and
subsequent removal of Fe at the exposed surface. As a result, the dissolution of iron and
concomitant formation of a Pt-rich surface typically results in improved catalytic performance
owing to the unique structural and electronic effects imparted by the interactions between the Pt-
rich surface and the alloy-type core.*®*=8 Corroborating evidence for the enrichment of Pt at the
catalytic interface is also apparent in the hydrogen adsorption region, which shows increasing Pt-
like character as the Fe content is increased from 10 — 25%; such an observation has also been

noted for Pt7Fes NWs.
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Figure 3.6. A plot investigating the trend in onset potential for CO stripping (black) and the
onset of oxygen reduction (red) as a function of composition, ranging from PtzRus NWs to Pt7Fes
NWs. Reproduced by permission of The Royal Society of Chemistry.
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Although it is evident from the Hags results that Pt is increasingly enriched at the catalytic
interface as a function of decreasing amounts of Ru present within the catalyst due to preferential
Fe surface dissolution, it is interesting to note that the onset of oxide formation is similar to that
observed for Pt7Rus NWs as well as for Fe-doped Pt7Ru-Fe NWs, with the onset for the
PtzRuysFe1s NWs as well as for the remaining ternary catalysts analyzed shifted slightly to
higher potentials, denoting behavior similar to that for the PtzFes NW catalyst. To explain all of
these data, it is known that in the case of Pt1-xRux alloys, the presence of Pt-Ru pair sites
increases MOR catalytic performance by facilitating the oxidation of adsorbed CO species at
potentials lower than those observed on elemental Pt as a result of a process referred to as
‘carbonyl-spillover'.3® %° That is, in the presence of Ru, adsorbed CO species generated by the
rapid dehydrogenation of methanol at Pt active sites can functionally 'spill over' and react with
Ru-OH species, thereby forming CO». Thus, the CV results suggest that the Fe-doped PtRu NWs
may actually benefit from the complementary beneficial effects of (i) the bifunctional
mechanism, wherein —OH species dissociated from water and adsorbed onto the Ru surface
catalyze the removal of CO adsorbed onto Pt active sites at lower potentials, thereby increasing
the overall activity of Pti.xRux—based alloys, as well as (ii) the favorable electronic effects
associated with PtFe alloys, in which the presence of Fe functionally lowers the d-band center of
the Pt, thereby resulting in more d-band vacancies and therefore, overall less susceptible to
poisoning of active sites by CO species formed as intermediates in the indirect oxidation of
methanol 3 6 4142

In order to evaluate the methanol oxidation performance, all seven catalysts were tested
electrochemically in comparison with commercial PtRu/C serving as a standard and the resulting

linear sweep voltammograms (LSVs) are shown in Figure 3.7. PtzRu.Fe NWs evinced the
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highest MOR activity, generating an activity of 2.27 mA/cm? at 0.8 V vs. RHE; analogous
Pt;RuisFe1s PtzRUFez, Pt7RusFezs, PtzRus, and PtzFes NWs yielded lower activities with values

of 1.86 mA/cm?, 1.46 mA/cm?, 1.35 mA/cm?, 1.46 mA/cm?, and 0.67 mA/cm?, respectively.
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Figure 3.7. (A) Cyclic voltammograms for the methanol oxidation reaction in an argon saturated
0.1 M HCIO4 + 0.5 M MeOH solution, obtained at a scan rate of 20 mV/s with the current
normalized to ECSA. (B) Magnification of the MOR onset region highlighted between 0.4 V -
0.7 V vs. RHE. (C) Bar graph highlighting MOR activity at E (V) vs. RHE = 0.65 V for Pt NWs,
PtzRuz NWs, Pt;Ru.Fe NWs, Pt7Ru1 sFe1s NWs Pt;RuFe; NWs, Pt7Ru sFez2s NWs and Pt7Fes
NWs, respectively. Reproduced by permission of The Royal Society of Chemistry.

Analyzing the onset region shown in Figure 3.7B, it is apparent that Pt7Ru.Fe possessed the

lowest onset potential of all the NWs tested with a potential of ~ 0.44 V. Figure 3.7C depicts a
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bar graph comparing the MOR activity at a representative potential of 0.65 V, which was in the
onset region of the LSV. From these data, we measured a specific activity of 1.10 mA/cm? for
our best MOR catalyst tested, namely Pt7Ruz,Fe NWs, which is 11-fold higher than that of Pt7Fes
and Pt NWs (0.10 mA/cm?) and almost 2-times greater as compared with our ‘starting point’, i.e.
our as-synthesized PtzRus NWs (0.75 mA/cm?). Moreover and importantly, we demonstrated a
volcano-type trend in activity across our series of samples, further supporting our claim that
composition is crucial to electrocatalytic performance. Moreover, the numbers reproducibly
obtained with our ternary NWs are higher in magnitude as compared with other reports of
PtRuFe catalysts,® 2% 27 and even significantly outperformed conventional commercial standards,

such as PtRu NP/C, as can be observed in Figure 3.8.

0.5
Commercial PtRu NP/C

— 0.4 -
E
i) 0.3
E 0.2 -
"
-

0.1+

0.0 :

) v ! v
0.8 1.0 1.2

E (V) vs. RHE

0.4

Figure 3.8. MOR activity measured for commercial PtRu NP/C with a 1:1 molar ratio.
Reproduced by permission of The Royal Society of Chemistry.
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3.2.3. Correlating Composition of Alloy Catalysts with MOR and FAOR Mechanisms

One of the aims of our study has been to gain insights into the observed enhancements,
I.e. encouraging shifts in potential and activity, in our trimetallic Fe-containing PtRuFe NWs and
to determine if these phenomena are dependent upon and can therefore be tuned by predictively
tailoring chemical composition. Therefore, in experiments aimed at completing our activity
analysis and understanding the overall potential of our catalysts, we investigated the performance
of our nanowires toward the catalytic oxidation of CO and formic acid, which represent two
potential critical intermediates in the oxidation of methanol.
3.2.3.1. MOR

To date, two distinctive MOR oxidation pathways have been proposed in the literature to
explain the measured enhancement in performance for simulated bimetallic alloy systems.** In
the case of the conventional “CO pathway” or indirect pathway, it is calculated that the rate-
determining step is the dehydrogenation of CHOags to CO, which has a considerable energy
barrier of 0.98 eV. The indirect pathway is anticipated to be more significant if adsorbed OH
species are not available at the catalytic interface. By contrast, calculations reveal that a direct,
CO-free pathway is favored, wherein formic acid (HCOOH) is rapidly produced as a weakly
bound intermediate species by the reaction of the CHOads With OHags. In this CO-free pathway,
the scission of the O-H bond of HCOOH represents the rate determining step with a significantly
lower energy barrier of 0.75 eV. Thus, the theoretical results suggest that the direct pathway
should prevail in the case wherein adsorbed OH species are readily available, leading to the
formation of HCOOH as the primary intermediate. Therefore, the direct pathway is readily
distinguishable from its indirect counterpart by the collective presence of HCOOHags and OHags

species in the former, as opposed to the predominant occurrence of only COags in the latter.
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A number of factors can influence the principal pathway, such as potential, flow rate, and
methanol concentration.*® Currently, experimental evidence for both mechanisms relies primarily
on the measured MOR kinetics and an ex situ spectroscopic analysis of electrocatalysts.
Therefore, it is necessary to study the oxidation behavior of both methanol and formic acid in
order to pinpoint the effects that promote enhanced performance.

Initially, CO stripping LSVs were collected to analyze the CO tolerance of each catalyst,
as observed in Figure 3.5C and 3.5D. The currents measured for each sample were normalized to
the electrochemically active surface area, which was determined from the hydrogen adsorption
region (Hags). As can be observed, the CO onset potential for the Pt NWs (black line) occurs at
~0.69 V. As more Ru is added (30 atom %), the onset is shifted to a lower potential (i.e. ~0.41
V), consistent with the bi-functional mechanism; the presence of additional Ru sites enables OH
species to be adsorbed at lower potentials, thereby facilitating the removal of adsorbed CO
species from Pt active sites. The CO stripping onsets for the various ternary catalysts are shown
as a function of NW composition in Figure 3.6 and show that there is a monotonous trend
between NW composition and the CO stripping onset potential.

This apparent and proportional increase in CO onset potential with a corresponding rise
in Fe content in the composition of ternary NW catalysts is consistent with the relative
enrichment of Pt at the interface, due to selective dissolution of Fe sites which correspondingly
promotes the formation of a Pt surface layer with an alloy core. Such behavior can also be
explained by the corresponding decrease in Ru content, which is responsible for adsorbing OH
species that assist in subsequent CO oxidation on the Pt surface. All of these trends are consistent
with prior reports, although the onset potentials measured in the Fe-doped, ultrathin NWs are

measurably lower as compared with values observed for analogous systems.?% 27

111



Although this trend in CO onset potential (i.e. systematic decrease with increasing Ru
metal content) supports the presence of the bifunctional mechanism, it does not fully describe the
complicated and synergistic interactions between Pt, Ru, and Fe, and their combined effect upon
the resulting MOR mechanism. However, as previously mentioned during the analysis of the CV
data, the catalyst possessing only 10% Fe dopant to replace Ru gave rise to a similar onset
potential for oxide adsorption as that of control Pt7Rus NWSs, an observation which further
corroborates the viability of a ligand effect, in which the presence of Fe is less conducive to the
formation of an adsorbed CO intermediate. In effect, the PtzRu>Fe nanowires were found to give
rise to the lowest onset potential and highest MOR activity (Figure 3.7), presumably due to a
diminished affinity towards CO and the corresponding presence of more available Pt active sites
for MOR.

In terms of the effect of the ultrathin NW morphology, recent work by our group*’ and
others*®% has shown that the segmented texture results in the production of well-ordered smooth
crystalline planes along the single crystalline segments as well as defect sites present at the
interconnects between segments. Typically, active sites bind rather strongly to CO, thereby
requiring a higher potential for its removal. Defect sites, on the other hand, require a lower
potential for the elimination of CO species.*> %*As a result, elemental ultrathin Pt NWs are
particularly active toward alcohol oxidation due to their overall enhanced ability to oxidize CO.
That is, since CO can be oxidized at relatively lower potentials as compared with their larger
diameter nanowire analogues, ultrathin Pt nanowires provide for more active sites to be available
for MOR. Hence, on the basis of our CO stripping results, we show that the CO oxidation

performance of ultrathin nanowires can be further enhanced by tailoring chemical composition.
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3.2.3.2. FAOR

To further investigate the relative contributions of the bi-functional mechanism and
ligand effect with respect to our results, formic acid oxidation was investigated as well for all of
our catalysts, using Pt NWs as a standard reference. The data are shown in Figure 3.9. Typically,
FAOR can occur either directly (Equation 3.3) or indirectly (Equation 3.4) through the
generation of the intermediate CO.%2 The indirect CO-mediated pathway is less favorable to
occur on the surfaces of Pt-based catalysts, due to possible poisoning effects.

HCOOH-> CO; + 2e + 2H* [3.3]
HCOOH - CO + H20 - COx+ 2 e+ 2HY  [3.4]

Figure 3.9A depicts the onset region for formic acid oxidation. As can be observed, for
all nanowires analyzed, our Pt7Ru1sFe1s NW catalyst not only possesses the lowest onset
potential (0.38 V) for the oxidation of formic acid but also exhibits the fastest kinetics for the
reaction, as indicated by its steepest slope. Figure 3.9B highlights a bar graph, describing the

overall activity of each catalyst towards FAOR measured at a potential of 0.65 V.
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Figure 3.9. (A) Cyclic voltammograms for the formic acid oxidation reaction in an argon
saturated 0.1 M HCIO4 + 0.5 M HCOOH solution, obtained at a scan rate of 20 mV/s with the
current normalized to ECSA. (B) Bar graph demonstrating FAOR activity at E(V) vs. RHE =
0.65 V for Pt NWs, Pt;Rus NWs, Pt7Ru-Fe NWs, Pt;RuisFe1s NWs Pt7RuFe; NWs, Pt7RusFez s
NWs and Pt7Fes NWs, respectively. Reproduced by permission of The Royal Society of

Chemistry.
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Of the samples tested, the Pt7RuisFe1.s NW catalyst yielded the highest activity (2.15
mA/cm?), which is nearly four times that of as-prepared Pt NWs (0.58 mA/cm?). We noted that
the activities of the remaining catalysts also follow a volcano-type trend, similar to what had
been previously found for the MOR data in Figure 3.7. These catalysts achieved FAOR activities
of 1.90 mA/cm? (PtzRuzFe NWs), 1.83 mA/cm? (PtzRuFez NWs), 1.22 mA/cm? (Pt;RusFezs
NWs), 1.50 mA/cm? (PtzRus NWSs) and 0.55 mA/cm? (Pt;Fes NWSs), respectively which all fall
slightly below that of Pt7Ru1sFe1.s NWs on either side of the table. Moreover, our ternary

catalysts also outperformed that of commercial PtRu NP/C, as can be observed in Figure 3.10.
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Figure 3.10. Formic acid oxidation for commercial alloy PtRu NP/C with a 1:1 ratio.
Reproduced by permission of The Royal Society of Chemistry.

A similar onset potential value for both Pt7Ru2Fe NW and Pt7RuisFe1s NW catalysts
indicated that the parameter of onset potential was not necessarily influenced by their

corresponding CO stripping abilities. More specifically, we found that catalysts possessing the
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lowest onset for the methanol oxidation reaction and formic acid oxidation reaction did not
necessarily give rise to the lowest onset potential for CO stripping.
3.2.4. Comparison of and Insights into MOR and FAOR Data.

As a result, by rationally tailoring chemical composition of Pt-based alloys within the
30% overall metal dopant (i.e. RuM content) window that we worked with in recognition of the
high performance of Pt;Rus alloys serving as our ‘base’ control composition, we have been able
to precisely optimize the most advantageous percentage permutation of metals for each of the
reactions analyzed herein. Specifically, by adding in only 10% Fe to replace Ru as part of the
PtRuM alloy, we synthesized a catalyst with the lowest onset potential for MOR, indicative of
faster reaction kinetics, as well as the highest activity for the MOR process. By adding in 15% Fe
to replace Ru in the PtRuM alloy, we generated not only a lower onset but also a higher overall
electrochemical activity for FAOR, presumably because of the combination of (i) the extra Fe
content, which yielded a decreased affinity for poisoning species (such as CO) and therefore a
shift of the formic acid absorption to lower potentials, as well as (ii) the presence of 15% Ru
content associated with removing poisonous species from Pt active sites at lower potentials.
Overall, these results therefore suggest that catalysts need to be precisely tailored in terms of
chemistry in order to synthesize the ideal alloy composition for each reaction.

In Figure 3.5, in effect, we were able to observe two distinctive trends, one specifically
related to Ru content and another associated with the Fe content. In the cathodic sweep, a shift to
lower potentials occurred with the addition of more Ru dopant within a PtRu catalyst as
compared with pure Pt, possibly as a result of the bi-functional mechanism.® Upon the

subsequent addition of 10% Fe to replace Ru, no apparent shift in the oxide reduction peak was
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visible, as compared with the Pt;Rus catalyst control, suggesting that there may have been the
same amount of —OH species absorbed onto the surface.

Such an observation would suggest the presence of a ligand effect.*® By contrast, by
adding in 15% -30% Fe and correspondingly decreasing overall Ru content, the catalysts became
more ‘noble’ as compared with Pt7Rus NW catalyst, due to the relative increase of Pt at the
surface (i.e. through the ligand effect) as noted by the shift to higher potentials for the reduction
of oxide species. The fact that the Pt;Fes NW catalyst evinced a similar onset as compared with
Pt can be explained in terms of this phenomenon. Overall, based solely on the surface structure
analysis of these catalysts by CV, the PtzRu.Fe NW catalyst appeared to exhibit the highest
catalytic activity towards MOR.

As a result herein, we have demonstrated that both the oxidation of methanol and formic
acid are governed by two contrasting trends. Specifically, methanol oxidation appears to be
predominantly influenced by the Ru content, whereas formic acid oxidation is primarily
impacted by the corresponding Fe content within the ternary metal alloy catalyst itself.
Therefore, by carefully optimizing and tuning chemical composition, we have tried to create a
synergistic balance between these two competing behaviors to generate the best compromise
catalyst for the overall methanol oxidation reaction, in this case, the Pt7RuFe NW catalyst.

To take these results a step further, chronoamperometric experiments (Figure 3.11) were
run in order to probe the stability of our as-prepared nanowire catalysts during methanol
oxidation. We were able to demonstrate that by using this unique ternary alloy system, we could
readily increase catalyst stability as compared with a commercial PtRu NP standard. Overall,
once these catalysts became stable, our ternary NW catalyst maintained higher steady state

current densities of 0.605 mA/cm? over the whole time range of 60 minutes as compared with a
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conventional PtRu NP/C catalyst (current density of 0.051 mA/cm?), thereby suggesting not only

increased stability but also greater catalytic activity for our NW species.
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Figure 3.11. Chronoamperometry measurements of optimized Pt;Ru.Fe NW catalysts as
compared with commercial standards (i.e. PtRu NP/C) in an argon saturated 0.1 HCIO4 + 0.5 M
CH3OH solution, obtained at a potential of 0.65 V vs. RHE for a period of 60 min. Reproduced
by permission of The Royal Society of Chemistry.

The enhanced stability of NWs versus NPs has been previously ascribed to stronger NW
interactions with the carbon support as well as to an inherently greater NW structural stability,
especially under acidic MOR conditions.?® It should also be noted that commercial Pt NP/C
achieve comparable steady state current densities as compared with that of the PtRu NP/C.?®

These results simply reinforce the fact that our ternary Pt7Ru>Fe system represents a more active

and stable catalyst for MOR as compared with conventional and even commercial choices.
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3.3. Conclusions and Future Work

Previous work had provided evidence that ternary PtRuM (M = Ni, Co and W) alloys
could be considered as promising anodes for DMFCs.[?l Therefore, herein, as a variation of that
theme, starting from a high-performance binary Pt;Ruz sample as a ‘base control’, we have
successfully synthesized ternary PtRuM nanowire catalysts possessing various atomic
compositions of metal dopants (Ru and Fe), utilizing an inverse micellar protocol that had not as
yet been previously applied to such chemically complex electrocatalytic systems. As
comparative controls, we also reproducibly generated Pt;Ruz NWs, Pt;Fes NWs, and Pt NWs to
probe the effect of tailoring chemical composition upon the corresponding electrochemical
activity. As-generated NW catalysts possessed diameters of approximately 2 nm and expected
chemical compositions, as determined from EDAX data. HRTEM demonstrated that our as-
synthesized nanowires were polycrystalline in nature and consisted of short segments of
crystalline planes, as further corroborated by SAED patterns.

The collected CVs gave rise to shifts in the oxide region, suggesting that interactions
between Pt, Ru, and Fe can be explained in the context of the bifunctional mechanism
(associated with the alloying of Ru) and the ligand effect (ascribed to the presence of Fe in the
alloy core). Specifically, the Pt;Ru.Fe and Pt;Rus NW catalysts possessed the lowest onset of
formation of Ru-OH species even with a mere 10% loss of Ru and a corresponding 10% increase
in Fe content, suggestive of a ligand induced effect, likely as a result of the presence of Fe
lowering the d-band center of Pt and, thereby altering the electronic properties of the overall
alloy. However, with either a 15%, 20%, or even 25% addition of Fe and the concomitant loss of

Ru, the onset potential shifted to higher potentials, as was seen by the catalysts containing 20%
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and 25% Fe as well, implying that the addition of 10% Fe may actually represent the optimal
PtRuFe composition for enhanced activity, since it evinced the lowest onset for MOR activity.

Such a finding would also suggest that the CO tolerance of the catalyst is not necessarily
correlated with its corresponding MOR activity, since we determined that the PtzRuz NW catalyst
possessed a better CO tolerance as compared with the PtzRu2Fe NW catalyst but maintained a
lower MOR activity. However, we noted that the Pt;Ruz.sFe1s NW catalyst represents the most
optimized catalyst amongst the ones tested for formic acid oxidation reaction, since the observed
electrochemical enhancement may be due to the synergistic interactions between Fe and Ru,
since no significant changes in the CVs, such as shifts to lower potentials in the oxide region,
were observed. The stability and durability of our optimized PtzRu>Fe NW catalyst as compared
with a commercial PtRu NP standard were subsequently tested by chronoamperometry. We
noted that our NW system evinced a higher stability, further demonstrating its practicality and
real potential as a stable, active, and viable MOR catalyst.

Overall, our multifunctional catalysts not only demonstrated a decreased affinity towards
CO as compared with our as-synthesized Pt catalyst control and commercial PtRu standards but
also exhibited both higher MOR and FAOR activity as compared with as-prepared binary Pt7Rus
and Pt7Fez NWs, monometallic Pt NWs, and commercial catalyst samples. We will continue to
investigate the effect of purposely tailoring the chemical compositions of ternary metal catalysts
by utilizing additional first row transition metals to enhance performance. Nevertheless, our
work on this new class of reasonably sustainably produced ternary nanowire catalysts represents
a promising avenue for designing new architectural motifs with relevance for fuel cell

applications.
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Chapter 4 - Role of Chemical Composition in the Enhanced
Catalytic Activity of Pt-Based Alloyed Ultrathin Nanowires for the
Hydrogen Oxidation Reaction under Alkaline Conditions

4.1. Introduction

With an increased interest in the development of hydrogen fuel cells as a plausible
alternative to internal combustion engines, recent work has focused on creating viable AFCs,
which employ an alkaline medium as opposed to acid as the primary electrolyte. In effect, AFCs
possess a number of important benefits associated with the presence of a more favorable and
desirable alkaline electrolyte medium. Specifically, these include (i) the ability to use non-
precious metal catalysts due to their increased stability, (ii) a diminished degree of degradation
and corrosion of Pt-based catalysts, and (iii) a general reduction in the amount of deterioration
inherent to the overall fuel cell configuration.*

Additionally, the reaction that occurs at the cathode, namely the oxygen reduction
reaction (ORR), tends to possess faster kinetics in alkaline media.l'* However, there remains a
significant need for improvement at the anode side of the fuel cell where the oxidation of
hydrogen occurs, because unfortunately, the kinetics for this reaction process are inherently
slower in alkaline media versus in acid electrolytes. In particular, despite the fact that platinum is
known to be the most active metal for initiating HOR in alkaline media, it unfortunately still
exhibits 2 orders of magnitude slower kinetics than what is measured in corresponding acid
electrolytes.? 3 Moreover, existing catalysts are particularly susceptible to CO poisoning.
Therefore, to mitigate for all of these issues, there is a tangible need to create unconventional
geometries possessing superior HOR kinetics in alkaline media whose performance inherently

surpasses that of elemental, monometallic Pt.
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One strategy is by generating alternative architectures, i.e. structures that incorporate
monometallic nanomaterials as constituent components of a larger whole. Such an approach
encompasses efforts to generate new and interesting classes of hierarchical architectures such as
alloy and core-shell motifs, wherein the local electronic environment of Pt for example can be
systematically altered through corresponding variations in structure and composition.

However, the rationale for the expected improvement in both activity and kinetics with
these novel materials in alkaline media is still a matter of controversy. In effect, contradictory
theories have been proposed to explain enhancements observed with alloyed structures in
particular. Some have suggested that the enhanced activity of these catalysts originates from the
increased oxophilicity of the alloyed metal. In particular, Markovic and co-workers® have
theoretically proposed that OHqq is a key reactant species in HOR, and that the presence of a
more oxophilic metal should improve the reaction kinetics and activity of Pt. A different group®
experimentally tested this hypothesis by investigating the electrochemical activity of commercial
PtRu and of Pt NP/C control samples. Ultimately, this group discovered that PtRu NP/C
achieved higher activities than Pt NP/C but ascribed the enhancement to an optimized HBE,
which was attributed to an electronic effect imparted onto Pt by Ru as opposed to an oxophilic
effect. Their rationale rested on the observation that PtRu NP/C did not possess a lower onset
potential for CO desorption as compared with Pt NP/C, which would have provided for
incontrovertible evidence for the presence of an oxophilic effect.

In this light, herein, we aim to more systematically address this key mechanistic question
by synthesizing Pt-based metallic alloys wherein we take the advantage of the combination of
both a ‘ligand effect’ and a ‘lattice strain effect’. By the ‘ligand effect’,”® we refer to a

phenomenon in which the electronic properties of the active sites of one transition metal are
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modified by the introduction of another metal. Specifically, it should manifest itself in the
corresponding adjustment of the M-Hag interaction, which we believe to be the rate-determining
step for HOR.® That is, our PtM NWs (wherein M = a plentiful transition metal) should evince
enhanced HOR kinetics, as H should be bound less strongly onto alloyed surfaces. Furthermore,
by the term ‘lattice strain effect’, we refer to changes in the surface Pt-Pt bond distance as a
result of the incorporation of other transition metals, thereby leading to changes in the d-band
center of Pt.1%1® Throughout this paper, we use the term ‘electronic effects’ to embody,
encompass, and incorporate the synergistic association of both ligand and lattice strain effects.

Indeed, Pt-based alloyed systems have previously been investigated by computational
analysis, and it has been postulated that the structural and electronic interactions between the two
alloyed metals should promote more facile HOR kinetics due to changes in the ‘effective’
hydrogen binding energy.** *° Previous theoretical work performed by Ngrskov and co-workers'®
calculated the HBEs for various individual metals, and found that a number of them possessed
HBEs that were very favorable for hydrogen oxidation. Specifically, this work®® also suggested
that the incorporation of certain metals such as Ni, Co, Fe, Cu, and Ru into Pt-containing alloys
represents viable options for achieving hydrogen binding with an “optimal” HBE, i.e. a value
closer to 0 as compared with Pt bulk itself. Additional work performed by Wang and co-
workers!’ implied that by alloying Pt with a metal possessing a comparatively stronger hydrogen
binding energy, one could conceivably shift the overall HBE to more favorable values, i.e. to
weaker HBE values as compared with pure Pt itself.

For optimal HOR performance, we ultimately seek a weakening in the hydrogen binding
energy as compared with Pt, an assertion supported by others.'’ In effect, there is a strengthening

of the HBE as the d-band center moves closer to the Fermi level of a metal such as Pt.1% 18 Qur
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goal is the opposite, and therefore, our objective has been to create alloyed nanomaterials that
demonstrate a weakening in HBE by moving the d-band center away from the Pt Fermi level.

Hence, based upon previous HBE calculations associated with various transition
metals,'® 1° we can potentially tailor novel electrocatalysts with improved HOR kinetics by
deliberatively and systematically altering the alloy composition and therefore, control the
corresponding variations in HBE. Hence, our goal has been to correlate composition with
activity. Additionally, our objective of replacing expensive noble metals with cheaper, more
abundant metals is essential for designing electrocatalysts for mass production.

Apart from rationally varying the chemical compositions of our Pt-based alloy
structures, we have also tailored the morphology of our catalysts. In effect, crystalline 1D
catalysts have previously been shown to possess high aspect ratios, fewer potentially deleterious
defect sites, and short segments of crystalline planes, all of which contribute to the enhanced
activity of 1D systems as compared with their 0D counterparts.?%-?2 Furthermore, anisotropic
nanostructures such as Pt NWs maintain a favorable downshift in the Pt d-band, which
contributes to a weaker d-n” interaction with the adsorbed CO, thereby improving Pt’s ability to
oxidize adsorbed CO at potentials closer to the thermodynamic potential for MOR.® Moreover,
the surfaces of 1D morphologies can be tuned so as to preferentially display different crystal
facets.® 2! In addition, the rates of dissolution and ripening processes have been demonstrated to
be significantly slower in the case of 1D nanostructures, by comparison with commercial Pt
NP/C. All of these findings suggest that 1D architectures represent promising motifs for HOR
catalysts.

Our last novel variation for HOR has been to reduce the average diameters of our 1D

nanowires tested to the ultrathin size regime (< 5 nm). In doing so, we should be able not only to
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decrease the amount of defect sites present in the wire, which has been previously shown to
favorably alter the surface energy of Pt but also to minimize any lattice boundary defects.
Indeed, the presence of defects contributes to the degradation of Pt, since lower coordination Pt
surface sites are more prone to irreversible oxidation.?

Overall, in this study, we not only intend to verify the theoretical results proposed by
Mavrikakis and co-workers® by experimentally synthesizing a series of ultrathin 1D Pt-based
binary alloys with controllable composition and subsequently testing their HOR activities within
an alkaline electrolyte but also propose to investigate the combined roles of the ‘ligand effect’
and the ‘lattice strain effect’ in governing HOR activity. Our work represents the first systematic
correlation of HOR activity with key structural parameters that notably influence surface
chemistry and the presence of active sites for a variety of binary alloy nanowire systems,
operating in alkaline media. Our overall results highlight that our intrinsic activities can be
deliberatively improved upon and optimized through a judicious combination of (i) morphology,
(i) chemical composition, and (iii) size. Specifically, we have observed that excellent HOR
activity values, whose trend approximates that of previous theoretical predictions,’® can be
specifically achieved with 1D anisotropic motifs, characterized by both <5 nm diameters and
well-chosen Pt-based alloyed compositions.

To create our test materials, we have employed an ambient and facile wet synthesis
method,?* 2> which we have previously applied to the generation of ultrathin ternary PtRuFe
nanowire systems,?® in order to produce ultrathin Pt-based binary alloy NW systems. This
protocol involves the reduction of metal precursors with sodium borohydride in the presence of a
so-called ‘soft template’, created by the CTAB surfactant within a two-phase water-chloroform

system. One of the advantages of this technique is that the wire dimensionality is fundamentally
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controlled by the size and shape of the ‘soft template’ pores, and hence, it is rather
straightforward to create porous, high surface area networks consisting of interconnected,
‘wormlike’ metallic nanowires, possessing average diameters of as little as 1.9 nm. In terms of
desirable chemical compositions, it has been reported that the presence of 30% Ru dopant, as in
the Pt;Rus system, yielded exceptionally high activities.?"?® As such, we used this particular
binary alloy composition as our explicit ‘starting point’ from which to generate possible
permutations for other Pt-based alloys, so as to create a family of effective electrochemically
active catalysts.
4.2. Results and Discussion
4.2.1. Ambient Synthesis and Characterization of Pt and PtM (M=Ru, Fe, Co, Au, Cu)
NWs

We have sought to use an ambient solution-based synthesis method to synthesize families
of binary ultrathin nanowires with consistent composition and structure. In this study, our
objective has been to correlate the precise composition of various Pt-based binary nanowire
systems with the resulting hydrogen oxidation reaction performance, occurring at the anode. The
targeted structural objective of achieving a Pt-based alloy NW structure should not only
minimize the catalyst cost but also provide a chemical means for modifying and tuning the
overall HBE of the NW, likely the most important determinant of HOR activity,® to a value
close to the optimal value of zero. Recent work!’ by Wang and co-workers corroborates the
intent of our own study, as they demonstrated that creating Pt-based structures, incorporating a
transition metal that possesses a stronger binding affinity with hydrogen, diminishes the intrinsic
binding affinity of Pt for hydrogen, thereby decreasing the resulting HBE to a more favorable

value as compared with that of monometallic Pt alone.
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The chemical composition and crystallinity of our nanowires have been examined by
XRD, as shown in Figure 4.1. All catalysts evince a foundational Pt fcc lattice with no apparent
peaks ascribable to any possible impurities within the nanowires observed, which is indicative of
the reasonably high purity of our samples. Specifically, the four peaks detected can be assigned
to the (111), (200), (220), and (311) planes of an underlying Pt fcc framework structure (JCPDS

database #04-0802), respectively.

4 (111)
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Figure 4.1. XRD patterns for Pt NWs (black), Ptz7Rus NWs (red), PtzCoz NWs (blue), Pt7Fes
NWs (magenta), PtzCuz NWs (green), and PtzAuz NWs (navy), respectively. All peaks have been
labeled and can be ascribed to a Pt fcc structure (JCPDS database #04-0802). Reprinted with
permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical
Society.

The morphology of each catalyst has also been investigated in Figures 4.2 and 4.3. The

TEM images in Figures 4.2 and 4.3 (A, D, G) demonstrate the overall anisotropic one-

dimensional morphology expected for each catalyst. Figures 4.2 and 4.3 (B, E, H) highlight
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higher magnification TEM (HRTEM) images from which we were able to measure various d-
spacings and to subsequently correlate these values with the expected overall lattice structure of
the as-synthesized catalysts. In each case, the measured d-spacings were found to be within
experimental error of the expected d-spacings for the active Pt (111) plane (i.e. 2.26 A). Again, it
should be mentioned that the d-spacings for all of the Pt-based binary alloys with the exception
of the PtAu sample (Figure 4.3H) evinced a minor decrease in the d-spacing value, likely
ascribable to the smaller lattice size of each of the incorporated alloyed metals. By contrast, we
note that the Au lattice (i.e. 0.4079 nm) is slightly larger than that of Pt itself (i.e. 0.392 nm), and
therefore its presence leads to an expansion of the overall Pt lattice. These small variations in the
d-spacing values nevertheless validate the presence of lattice strain effects associated with each
of the catalysts, which can subsequently impact upon the observed Pt surface electronic
properties.®® This effect on HOR activity will be discussed further in Section 2.3.

Overall, the HRTEM images demonstrate that the nanowires are composed of short
crystalline segments associated with single-crystalline planes.??> SAED patterns for each of the
catalysts were taken and are presented in Figures 4.2 and 4.3 (C, F, I); these data can be used to
further evaluate the lattice structure of the various alloys. In each case, rings associated with the
Pt (111), (200), (220), and (311) lattice planes can be observed. It was not evident that we could
conclusively assign rings to either individual metallic Ru (Fig. 4.2F), Fe (Fig. 4.21), Co (Fig.
4.3C), Cu (Fig. 4.3F), or Au (Fig. 4.3I) lattice planes. Hence, together with the XRD data, our
collective results are consistent with the full incorporation of the second transition metal with Pt
within a relatively uniform and homogeneous alloyed NW structure. Additionally, the presence
of ring patterns as opposed to well-defined arrays of sharp discrete dots further confirms the

overall polycrystalline nature of the catalysts.
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Figure 4.2. (A, D, and G) Representative high-resolution TEM images, (B, E, and H) higher
magnification HRTEM images with both measured d-spacings, and (C, F, and I) associated
single area electron diffraction patterns for (A-C) Pt NWs, (D-F) Pt;Rus NWs, and (G-1) Pt7Fes
NWs, respectively. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908.
Copyright 2016 American Chemical Society.
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Figure 4.3. (A, D, and G) Representative high-resolution TEM images, (B, E, and H) higher-
magnification HRTEM images with both measured d-spacings, and (C, F, and I) associated
single area electron diffraction patterns for (A-C) PtzCoz NWs, (D-F) PtzCuz NWs, and (G-I)
PtzAus NWs, respectively. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908.
Copyright 2016 American Chemical Society.

Table 4.1 consists of data on the various atomic percent compositions associated with the
binary alloys. The expected 70: 30 molar ratio was originally chosen due to the increased activity
observed for the Pt7Rusz alloy, as discussed in the Introduction. For this reason, a 70: 30 molar

ratio has been extended to cover the composition of these binary alloys for HOR testing. The

actual atomic percent compositions for each of these catalysts are within experimental error of
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the expected 70: 30 expected ratio, as determined by EDAX analysis. Additionally, Table 4.1
reports on the average diameters of each of the binary alloy catalysts tested as well as of the
measured d-spacing values, derived from the TEM and HRTEM images in Figures 4.2 and 4.3.
All of the measured d-spacing values are in accordance with corresponding data determined for

other similar Pt-based alloy nanostructures described in the literature.30-3

Expected Atomic | Actual Atomic Average Average Pt

Material % Composition | % Composition | Diameter (nm) | d-spacing (A)
Pt NWs 100 100 2.1+£0.1 2.27 £0.05
PtRu NWs 70-30 74 - 26 (£ 0.5) 2.09£0.2 2.24 £ 0.03
PtCo NWs 70-30 73-27 (x2.1) 22+0.2 2.18 £0.05
PtFe NWs 70-30 67 - 33 (x2.3) 191+0.3 2.22 £ 0.06
PtCu NWs 70-30 72-28(x0.7) 2.19+0.2 2.15+0.08
PtAu NWs 70-30 69 -31(x2.2) 2.19+0.3 2.32+£0.02

Table 4.1. Table characterizing the binary alloyed nanowires tested. Columns relate to the
nanowire material tested, the expected and actual % chemical compositions, the average
measured diameters (nm), as well as average measured d-spacings (A). The actual atomic %
compositions presented were determined from EDAX analysis. Reprinted with permission from
ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical Society.

XPS spectra for each binary NW catalysts analyzed are presented in Figure 4.4 and
Figure 4.5, respectively. For each of the samples, regions associated with the Pt 4f7 (i.e. the
lower energy peak) and the Pt 4fs> (i.e. the higher energy peak) orbitals have been studied. In
Figure 4.4A, the behavior of the 4f peaks ascribed to Pt, PtRu, PtFe, and PtCo, respectively, has

been evaluated. We note that the Pt 4f7,» peak corresponding to the Pt NWs, serving as a control,
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is located at 69.44 eV. As expected, all 3 alloyed catalysts give rise to peaks that have been
shifted to higher binding energies as compared with Pt itself, a finding indicative of electron
removal from the Pt d-band. In particular, the specific locations for each of these Pt 4f7, peaks
are situated at 71.49 eV, 70.69 eV, and 70.11 eV for PtRu, PtFe, and PtCo, respectively. Based
upon these data, it is reasonable to assert that all of these alloyed catalysts should evince better
HOR kinetics as compared with the Pt NW system alone, because of a downward shift in the Pt
d-band center in these systems, which is consistent with a weaker adsorption of hydrogen at the
surface, i.e. a lower HBE."®

In Figure 4.4B, the pure Pt NW system is compared with both the PtCu as well as the
PtAu NW systems. By analogy with the other metal alloyed NWs, a shift to higher potentials was
observed for the PtCu system, as manifested in a peak position of 70.06 eV as compared with
69.44 eV for Pt. Again, this result is consistent with electron depletion from the Pt d-band and a
corresponding lessening in the HBE as compared with pure Pt. By contrast, the PtAu system
gives rise to a peak location (i.e. 69.41 eV) which is slightly decreased as compared with that of
Pt itself (i.e. 69.44 eV). Au is known to donate electron density to Pt and thereby cause an
upshift in the Pt d-band center. Such a scenario would lead to a stronger adsorption of hydrogen
as compared with Pt alone, i.e. a higher HBE.™® As such, the key point of our results is that
measurable XPS shifts versus that of pure Pt occur upon alloying Pt with another metal,

suggesting the importance and relevance of ligand and strain effects.
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Figure 4.4. XPS spectra associated with the Pt 4f region for the various binary catalysts tested.
(A) Pt NWs (black), PtzRuz NWs (red), PtzFes NWs (blue), and Pt;Cos NWs (magenta), as well
as (B) Pt NWs (black), Pt7zCus NWs (red), and PtzAuz NWs (blue), respectively. Reprinted with
permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical
Society.

The corresponding XPS regions associated with the individual ‘M’ metal within each
alloyed PtM catalyst are shown in Figure 4.5 along with fits provided using the CasaXPS
program. We postulate that the Co, Fe, as well as Cu elements should all be affected by a slight
surface oxidation upon exposure to air, an inevitable consequence of PtM alloy formation under
either ambient or wet-solution conditions.®® Hence, their signature peak positions will be
slightly offset from expected values for these particular elements.

Figure 4.5A highlights the raw and fitted data for the Ru 3d region. We note the presence
of a Ru 3ds/2 peak situated at 285.71 eV and a Ru 3ds,> peak located at 279.27 eV, which are
consistent with the presence of metallic Ru within the Pt alloy. Figures 4.5B, 4.5C, and 4.5D
feature the raw and fitted data for the Fe 2p region, Co 2p region, and Cu 2p region, respectively,

for the corresponding metal alloys. We were able to identify Fe 2ps;» and 2p1/2 peaks placed at

709.4 eV and 722.8 eV; Co 2ps2 and 2p12 peaks located at 779.67 eV and 795.54 eV; and
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finally, Cu 2ps/2 and 2p1»2 peaks positioned at 929.89 eV and 949.65 eV, respectively. In each
case, based upon the fitting results, the peaks can be primarily ascribed to the expected pure
metallic species. Moreover, Figure 4.5E corresponds to the Au 4f region with no oxide present.
The Au 4f7> and 4fs, peaks reside at 81.3 eV and 84.96 eV, respectively, denoting data in good

agreement with what would be expected upon alloying with Pt.40-44
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Figure 4.5. XPS spectra associated with the ‘M’ in various PtM binary catalysts tested. (A) Ru
3d region for the Pt7Ruz NWs, (B) Fe 2p region for the PtzFes NWs, (C) Co 2p region for the
Pt;Coz NWs, (D) Cu 2p region for the Pt;Cuz NWs, and (E) Au 4f region for the PtzAuz NWs,
respectively. The raw data for each metal have been fitted using the CasaXPS program with
fittings for each. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright
2016 American Chemical Society.

In addition to the XPS analysis, HAADF images as well as EELS line scan profiles have
been acquired in Figures 4.6 and 4.7 in order to probe the surface homogeneity of our alloyed

nanowires. All of the HAADF images (Figures 4.6A, 4.6C, 4.6E, 4.7A, and 4.7C) are consistent
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with an overall ultrathin nanowire network structure with individual constituent nanowires
possessing average diameters of ~ 2 nm. The STEM-EELS line scans in Figure 4.6B, 4.6D, and
4.6F, as well as in Figure 4.7B and 4.7D are strongly indicative of the spatial uniformity and
chemical homogeneity of the alloy NW structure, because the data do not support the idea of a
well-defined core-shell motif. As a caveat, we observe that in Figure 4.7D, the Pt and Au signals
could not be fully differentiated from each other, since the Au edge substantially overlaps with
the Pt edge, as can be seen in Figure 4.8. Nevertheless, it is reasonable to assert that even with
some degree of surface Au segregation, the line scan data remain consistent with an overall

alloyed NW formation.
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Figure 4.6. (A, C, and E) HAADF images and the corresponding (B, D, and F) EELS line-scan
profiles, highlighting the elemental spatial distribution of each of the nanowire catalysts. (A-B)
Pt;Rus NWs, (C-D) Pt7Fes NWs, and (E-F) PtzCos NWs, respectively. Reprinted with permission
from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical Society.
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Figure 4.7. (A and C) HAADF images and the corresponding (B and D) EELS line-scan
profiles, illustrating the elemental spatial distribution of each of the nanowire catalysts. (A-B)
Pt;Cuz NWs and (C-D) PtzAuz NWs, respectively. Reprinted with permission from ACS
Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical Society.
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Figure 4.8. EELS spectra for Pt and Au reference samples, respectively. Reprinted with
permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical
Society.

4.2.2. Evaluating Hydrogen Oxidation Reaction Activities of Synthesized Binary Alloy
Catalysts

Cyclic voltammograms for each binary alloy catalyst are shown in Figures 4.9A and 4.9B
with the corresponding Hupd charges determined from these CVs presented in Table 4.2. Figure
4.9A pertains to results associated with ‘M’ maintaining stronger HBEs than Pt, whereas Figure
4.9B highlights data involved with ‘M’ possessing weaker HBEs than Pt.1® In Figure 4.9A, all of
the catalysts give rise to CVs which are similar in nature to those of Pt, a finding which would
further confirm the likely alloyed nature of the catalysts themselves. More specifically, all
catalysts yielded peaks located at ~ 0.2 to 0.45 V vs. RHE, which can be ascribed to Pt-H

interactions on the (110) and (100) planes of Pt.3 4
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Typically, it is relatively difficult to differentiate among the shifts within the hydrogen
adsorption region for all of the catalysts analyzed. However, there are noticeable shifts in the
hydrogen adsorption region to lower potentials for all alloyed PtM catalysts as compared with
the elemental Pt NW system; for instance, the Pt(110) facet for the PtRu NW system is located at
0.205 V vs. RHE as compared with 0.257 V vs. RHE for the analogous Pt NW system. Based
upon prior research, these observations make sense, as these alloyed systems likely demonstrate
a weakening in the hydrogen binding interaction with their surfaces, which can be correlated
with corresponding improvements in HOR Kinetics.® These shifts in HBEs are likely a
consequence of electronic effects imparted upon the Pt lattice by the addition through alloying of
as much as 30% transition metal content.

In fact, as compared with Pt itself, all catalysts further demonstrate the presence of a
noticeable ‘electronic effect’, as manifested in shifts in the oxide region. Specifically, the Pt7Rus
NW catalyst demonstrates the presence of an oxide region shifted to lower potentials as
compared with monometallic Pt, with the ~OH reduction peak occurring at 0.68 vs. RHE.® 4
Additionally, the positions of the —OH reduction peaks of the other alloy catalysts tested, i.e.
Pt;Coz NWs and Pt;Fes NWs, are located at 0.7 VV and 0.71 V vs. RHE, respectively, which are
situated in the region between those of PtRu NWs and of pure Pt NWs themselves (i.e. 0.75 V
vs. RHE). Therefore, it is reasonable to conclude that the Pt;Coz NWs, PtzFes NWs, and Pt7Rus
NWs all exhibit a perceptible electronic effect, due to the incorporation of ‘M’ within the Pt
lattice as compared with the as-synthesized Pt NW system.

Moreover, these CV data correlate well with the XPS results in Figure 4.4. Specifically,
the measured XPS shifts in the Pt 4f region to higher binding energies are also suggestive of a

decrease in the oxygen binding energy.> 7 In this vein, the PtRu, PtFe, and PtCo systems all
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gave rise to anticipated shifts in the oxide regions to lower potentials. Therefore, in the context of
our CV results in Figure 4.9A, it would be expected that the Pt7Rus NW system should in fact
give rise to the ‘best” HOR kinetics due to the observation of the largest shift in the hydrogen
adsorption region (i.e. to lower potentials) as compared with monometallic Pt.

Furthermore, in Figure 4.9B, we collected CVs associated with PtCu and PtAu NWs in
addition to that for Pt NWs. The PtCu NW catalyst yielded a CV slightly different that of
monometallic Pt in the hydrogen adsorption region (0.2 V — 0.5 V vs. RHE), with PtCu
exhibiting one peak in the hydrogen adsorption region as opposed to two peaks. This feature is
more prominent in Figure 4.10, which represents a larger window (0.0 V — 0.45 V vs. RHE) of
the hydrogen adsorption region; this finding will be discussed further in Section 2.3.
Additionally, the CV profile of PtAu NW catalyst gave rise to an extra peak located at ~ 1.1 V
vs. RHE in the cathodic sweep, a feature which has been previously attributed to the presence of
hydroxyl adsorption onto surface Au.*’ In essence, we find that the hydrogen adsorption regions
for both PtCu and PtAu are shifted to lower onset potentials as compared with Pt alone, behavior
consistent with an ‘electronic’ effect. Additionally, shifts can clearly be seen in the oxide region
of the CVs of our alloyed nanowires as compared with the Pt NW system alone, thereby
substantiating our assertion. Based upon these CVs, it would appear that the PtAu NW catalyst
should possess the best HOR ability among all of these 3 catalysts, due to the lowest onset
potential observed in the hydrogen adsorption region. However, due to the inherently weak
HBEs associated with both Cu and Au, previous research has suggested that alloys incorporating

these metals may not necessarily demonstrate enhanced HOR performance.’
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Figure 4.9. Cyclic voltammograms collected in an argon-saturated 0.1 M KOH solution and
obtained at a scan rate of 20 mV/sec. (A) Pt NWs (black), PtzRus NWs (red), PtzFes NWs (blue),

and Pt;Coz NWSs (magenta), as well as (B) Pt NWs (black), Pt;Cuz NWs (red), and PtzAuz NWs

(blue), respectively. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908.
Copyright 2016 American Chemical Society.
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Figure 4.10. Hydrogen adsorption and underpotential deposition region collected in an Ar-
saturated 0.1 M KOH electrolyte for PtzCus NWs. Reprinted with permission from ACS
Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical Society.

The corresponding CO stripping CVs are presented in Figure 4.11 with the analogous CO

stripping charges determined from these data, highlighted in Table 4.2. From Figure 4.11A, we
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find that all of the NW catalyst systems possess shallow initial onsets for CO stripping between
0.4V -0.5V vs. RHE. In effect, the Pt NW system gives rise to a similar CO stripping profile to
those achieved by others.*” 8 Specifically, we find 2 distinctive peaks corresponding to features
associated with Pt(111) and Pt(110)/Pt(100) species.*® Notably, PtRu gave rise to onsets for both
peaks at detectably lower potentials than for all other catalyst systems.

In addition, the calculated electrochemical surface areas, determined from the CO
stripping charge for both PtRu (0.270 cm?) as well as Pt (0.271 cm?), are almost identical, which
would be expected, since both Ru and Pt possess similar affinity for CO.*° We note that PtFe as
well as PtCo evince broader CO stripping peaks that have been shifted to lower potentials as
compared with Pt alone, a scenario indicative of their more facile capacity for removing CO
from their surfaces.

In Figure 4.11B, the CO stripping abilities of Pt are compared with those of both PtCu
and PtAu, respectively. With PtAu, we observed a shift to lower potentials for the removal of CO
from the surface, whereas for PtCu, we detected only an ill-defined CO stripping peak. For PtCu
in particular, this result may be a consequence of a surface rearrangement or reconstruction of Pt

atoms as a result of Cu dissolution, a point which will be further discussed in Section 2.3.
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Figure 4.11. CO stripping CVs collected in an argon-saturated 0.1 M KOH solution and
generated using a scan rate of 20 mV/sec. (A) Pt NWs (black), Pt7Ruz NWs (red), PtzFes NWs
(blue), and Pt;Cos NWs (magenta), as well as (B) Pt NWs (black), Pt;Cuz NWs (red), and Pt7Aus
NWs (blue), respectively. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908.
Copyright 2016 American Chemical Society.

4.2.3. Correlating Composition of Alloy Catalysts with Hydrogen Oxidation Reaction
Activities

A rotating disc electrode was employed to evaluate the hydrogen oxidation reaction
performance, with all current normalized to the geometric surface area of the electrode. Figure
4.12A compares the performance of as-synthesized Pt NWs with that of binary alloy catalysts
composed of 70 atom % Pt and 30 atom % Fe, Co, and Ru, respectively, at a rotation rate of
1600 rpm. Additional HOR curves for each catalyst at various rotating speeds (i.e. 400, 900,
1600, 2000, and 2500 rpm, respectively) can be found in Figure 4.13 with data associated with a
commercial Pt NP/C standard displayed in Figure 4.14.

Specifically, our Pt7Ruz NW catalyst was able to achieve a diffusion limited current at
lower potentials, which is suggestive of improved HOR kinetics, i.e. a more facile ability to
oxidize hydrogen. Corresponding data on Pt alloyed with both Au and Cu (30 at. %) can be

found in Figure 4.12B. Specifically, the Pt;Cuz NW catalyst arrived at the diffusion limited
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current density at ~ 0.2 V, whereas the PtzAus NW catalyst only attained this value at ~0.25 V.
This observation would indicate relatively slower HOR kinetics for this particular PtzAus
composition, as compared with the other catalysts. Moreover, based upon both Figures 4.12A
and 4.12B, we found that the PtzRus NW catalyst yielded the lowest potential at which the

diffusion limited current was reached, a result signifying its remarkably enhanced HOR abilities.
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Figure 4.12. Hydrogen oxidation reaction cyclic voltammograms acquired in a hydrogen-
saturated 0.1 M KOH solution and collected at 1600 rpm, with the current normalized to the
geometric surface area of the electrode. (A) Pt NWs (black), PtzRus NWs (red), Pt7Fezs NWs
(blue), and Pt;Coz NWs (magenta), as well as (B) Pt NWs (black), PtzCus NWs (red), and PtzAuz
NWs (blue), respectively. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908.
Copyright 2016 American Chemical Society.
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Figure 4.13. Hydrogen oxidation reaction curves obtained in a hydrogen-saturated 0.1 M KOH
electrolyte at varying rotation speeds (i.e. 400, 900, 1600, 2000, and 2500 rpm, respectively). All
curves are normalized to the geometric surface area of the electrode. (A) Pt NWs, (B) Pt7Rus
NWs, (C) Pt;Fes NWs, (D) PtzCos NWs, (E) Pt;Cus NWs, and (F) PtzAuz NWs, respectively.
Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American
Chemical Society.
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Figure 4.14. Hydrogen oxidation reaction curves acquired in a hydrogen-saturated 0.1 M KOH
electrolyte at varying rotation speeds (i.e. 400, 900, 1600, 2000, and 2500 rpm) normalized to the
geometric surface area of the electrode for commercial Pt/C. Reprinted with permission from
ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical Society.
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A bar graph can be found in Figure 4.15, summarizing the HOR exchange current
densities obtained at 2500 rpm with respect to the computed trend in HBE values, previously
determined by Mavrikakis et al.™® for all catalysts. In essence, exchange current densities have
been used to evaluate catalytic activity, close to the reversible potential (i.e. 0.0 V), since this is
the potential where HOR is kinetically limited.>® Hence, the calculation of this parameter, which
has been standardized to the Hypa charges, allows for a more realistic, sensible, and quantifiably
interpretable comparison of the various activities associated with the different catalyst materials
tested.>! Specifically, exchange current density values therefore been calculated using the kinetic
currents derived from data acquired from the Tafel plots (Figure 4.17) in the context of the

Koutecky-Levich equation divided by the Hypa charges determined from Figure 4.9.
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Figure 4.15. Bar graph highlighting experimental HOR exchange current densities as a function
of the corresponding trend based on calculated surface HBE values for models of ‘near surface
alloys’ for Pt NWs, Pt7Ruz NWs, PtzFes NWs, PtzCos NWSs, Pt;Cus NWs, and PtzAuzs NWSs,
respectively. The trend shown for the theoretical HBE values was based upon the data presented
in Ref. 15. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016
American Chemical Society.
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Based on all of these data, the effect of alloying cannot be underestimated. There is a
clear correlative dependence between activity and chemical composition, with the PtzRus NW
catalyst demonstrating the highest exchange current density measured of 0.493 mA/cm?, as
would be expected based on other reports in the literature.® 52 The addition of Ru promotes a
more effective and prominent ‘electronic’ effect, which, as suggested by the XPS results, is a
particularly key and influential variable with respect to determining HOR activity.? 4> 46

As mentioned previously, this ‘electronic effect’ includes contributions from both the
‘ligand effect’ as well as the ‘lattice strain effect’. The ‘ligand effect’ alters the d-band overlap of
both Pt and ‘M, as it involves either the withdrawal or addition of electron density to the Pt d-
band, thereby effectively modifying the local electronic structure of Pt. By contrast, the ‘lattice
strain effect’ is caused by either a compressive or tensile strain at the surface, i.e. a ‘perturbation’
of the Pt lattice with consequences for its electronic structure, since it has been shown to affect
the position of its d-band center as well.1° We have verified the presence of these synergistic
electronic effects through measured XPS shifts in the Pt 4f region of each binary catalyst
analyzed (Figure 4.4) as well as in shifts observed in the hydrogen and oxide regions of the CVs
presented in Figure 4.9, corroborated by variations in the d-spacing values achieved for all
alloyed structures as compared with Pt. The remaining alloyed catalysts achieved exchange
current densities of 0.459 mA/cm?, 0.394 mA/cm?, 0.162 mA/cm?, and 0.191 mA/cm?,
respectively, corresponding to PtzFes NWs, PtzCos NWSs, PtzAus NWs, and Pt;Cuz NWs, with
0.229 mA/cm? and 0.202 mA/cm? pertaining to as-synthesized Pt NWs and commercial Pt/C
NPs, respectively. The results are summarized in Table 4.2. These data confirm and substantiate
the measured activity values, which had been collected at 0.05 V vs. RHE, normalized to the

geometric surface area of the electrode, also located in Table 4.2.
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Calculated Pt Calculated Pt Activit
electrochemical electrochemical Measu reéll at Exchange
Catalyst surface area surface area from 0.05V vs. RHE current density
from the Hupd the CO stripping (r.nA/cmZI 9 (MA/cm?real)
region (cm?) region (cm?) geometic
Pt 0.27 0.271 1.38 0.229
PtRu 0.176 0.273 2.2 0.493
PtFe 0.159 0.285 1.68 0.459
PtCo 0.168 0.267 1.64 0.394
PtCu 0.129 0.134 0.97 0.191
PtAu 0.155 0.227 1.23 0.162

Table 4.2. Computed Pt electrochemical surface areas calculated from the Hypd regions and CO
stripping regions, respectively. Corresponding activities at 0.05 V vs. RHE normalized to the
geometric surface area of the electrode compared with normalized HOR exchange current
densities for all catalysts determined from a combination of data from Tafel plots in Figure 4.17
as well as from calculated Hypa charges. Reprinted with permission from ACS Catal., 2016, 6, pp
3895-3908. Copyright 2016 American Chemical Society.

It is worth noting that the Pt NW catalyst gives rise to a better overall HOR performance
as compared with commercial Pt NP/C. This observation is most likely due to the one-
dimensional nature of the nanowire catalyst. As discussed earlier, 1D nanomaterials possess a
number of beneficial attributes that can lead to such enhancements. In this particular case, the
favorable combination of short segments of smooth crystal planes, fewer potentially deleterious
defect sites, and higher aspect ratios collectively lead to enhanced performance as compared with
their OD analogues.?!

The main goal of this study has been to correlate HOR exchange current densities (and as
a result, activities) with theoretically calculated HBEs for the various alloys, with the calculated
HBEs associated with a number of near surface alloys (NSA) performed by Mavrikakis et al.*®
‘Near surface alloys’ denote alloy structures that possess different compositions at their surfaces
as compared with the bulk of the material. In Figure 4.15, we correlate the experimental HOR

exchange current densities (and by analogy, activities) of our various NW catalysts tested herein
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with the corresponding trend predicted by Mavrikakis. Since NSAs possess periodic extended
single crystal surfaces which are vastly different than that of ultrathin alloy nanowires
experimentally studied herein, the exact HBE values themselves cannot be precisely assigned to
any particular chemical composition.

Hence, the HBE values in order of ‘decreasing activity’, based upon these calculations,
can be summarized, as follows: PtCu (-2.32 eV), PtRu (-2.42 eV), PtCo (-2.62 eV), PtFe (-2.65
eV), Pt (-2.72 eV), and PtAu (-3.01 eV), respectively. Though the order of experimental
activities associated with the PtFe and PtCo NW systems appears to be ostensibly switched as
compared with theory, nonetheless, it is reasonable to assert that both the measured specific
activities and the calculated HBEs are within error of each other.

Additionally, based on these findings, it would appear that our data for the PtCu NW
system do not fall within the expected trend; PtCu would have been expected to possess the best
HOR Kkinetics due to its comparatively decreased (and by extension, more favorable) HBE as
compared with Pt. However, previous work performed on PtCu alloys in alkaline media by
Strasser and co-workers®® demonstrated that when cycling at high potentials (> 0.55 V vs. RHE),
Cu forms an oxide species that dissolves in situ and subsequently re-deposits onto the surface of
the Pt, thereby not only blocking active Pt sites but also causing —OH groups to adsorb onto Pt,
since Pt is more oxophilic. In order to test this theory, HOR was performed on the PtCu NW
system, immediately following catalyst deposition and prior to any CVs collected (Figure 4.16).
In essence, CVs are normally acquired to not only clean the surface but also evaluate the extent
of both the hydrogen and oxide adsorption and desorption taking place. However, in the very
process of cycling the test system to higher potentials in order to probe the relevant oxide region,

as previously stated, Cu oxide can form and inhibit activity by blocking Pt active sites.
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Therefore, we found that in the absence of CV data acquisition prior to HOR testing, the HOR
activity significantly improves as compared with prior results (i.e. 0.97 mA/cm?) with the PtCu
system; in effect, we achieved a value of 1.64 mA/cm? at 0.05 V vs. RHE.

In order to demonstrate that this dramatic improvement in HOR activity could be
ascribed to the lack of surface Cu oxide species, the other alloyed catalysts were also tested as
control samples, again in the absence of any prior CV data collection. As can be seen in Figure
4.16 and Table 4.3, in the absence of any previous CV measurements, the HOR activities of the
Pt (i.e. 0.94 mA/cm?), PtRu (i.e. 2.19 mA/cm?), PtFe (i.e. 1.59 mA/cm?), PtCo (i.e. 1.49
mA/cm?), and PtAu (i.e. 1.07 mA/cm?) systems, respectively, are actually within experimental
error of the corresponding HOR activities achieved with initially running the cycling protocol
followed by the HOR measurement itself (i.e. 1.38 mA/cm? (Pt), 2.2 mA/cm? (PtRu), 1.68

mA/cm? (PtFe), 1.64 mA/cm? (PtCo), and 1.23 mA/cm? (PtAu), respectively).
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Figure 4.16. Hydrogen oxidation reaction curves acquired in a hydrogen-saturated 0.1 M KOH
electrolyte at varying rotation speeds (i.e. 400, 900, 1600, 2000, and 2500 rpm) immediately
after catalyst deposition (and prior to running any CVs) for (A) Pt NWs, (B) Pt7Ruz NWs, (C)
Pt;Fes NWs, (D) Pt;Cos NWs, (E) PtzCus NWs, and (F) PtzAuz NWs, respectively. Reprinted
with permission from ACS Catal., 2016, 6, pp 3895-3908. Copyright 2016 American Chemical
Society.
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HOR activity measured after HOR activity obtained prior to CV
Catalyst CV data collection (mA/cm?) data collection (mA/cm?)

Pt 1.38 0.94
PtRu 2.2 2.19
PtFe 1.68 1.59
PtCo 1.64 1.49
PtCu 0.97 1.64
PtAu 1.23 1.07

Table 4.3. Hydrogen oxidation reaction (HOR) activities measured for each catalyst in (i) the
presence of prior CV collection and (ii) the absence of any previous CV data acquisition.
Activities were obtained at 0.05 V vs. RHE at 1600 rpm and normalized to the geometric surface
area of the electrode. Reprinted with permission from ACS Catal., 2016, 6, pp 3895-3908.
Copyright 2016 American Chemical Society.

Based uon these results, we note that only the PtCu nanowire sample gave rise to a better
HOR activity in the absence of CV data collection, a finding which would be consistent with
possible surface modification and oxidation of the Cu surface. As for the remaining materials
tested including Pt itself, we found that a decreased activity for samples measured without CV
data acquisition. That is, taking CVs prior to HOR measurements was actually positively
beneficial for almost every sample we looked at. We can therefore attribute this observation to
the removal of possible surface impurity species during the cleaning protocol which not only is
associated with acquiring both CVs and CO stripping CVs but also was consistently used prior to

the actual HOR testing. Furthermore, this finding is consistent with our previous claim that Cu
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oxide formation at higher potentials (> 0.55 V vs. RHE) inhibits HOR activity>* by blocking the
Pt active sites when re-deposited onto the surface.>® >

We also note that the PtAu catalyst is associated with a worse activity than that of Pt, as
had been theoretically predicted.® This is an expected finding in many respects, since Au is
likely to be primarily localized on the surface and moreover, does not actively participate in
hydrogen oxidation.> % %" Nevertheless, with the exception of the PtCu system, all measured
HOR current densities and the corresponding HBE trends are consistent with one another, with
the PtRu system possessing the highest HOR exchange current density (and therefore, activity),
whereas elemental Pt NWs and NPs appear to maintain comparatively worse activities.

In addition, the kinetic currents (ix) for all catalysts were calculated using the Koutecky-
Levich equation:®

1 1 1
—=—+—
i i ip

wherein i is the measured current and ip is the diffusion limited current, with the curves being
plotted as a function of the overpotential, as seen in Figure 4.17.

As shown in Figure 4.17, the Tafel slope values, collected at low potentials, appear to
increase in absolute magnitude in the order of PtRu (]-32.7| mV/dec) < PtCu (]-37.9] mV/dec) <
PtFe (]-43.3| mV/dec) < PtCo (|-45.7| mV/dec) < Pt (]-48.1| mV/dec) < PtAu (]-49.6| mV/dec).
These data mirror the corresponding XPS trend, earlier discussed in Section 2.1 with the
exception of the PtCu system, whose behavior has previously been shown to be impacted by

surface oxide formation.
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Figure 4.17. Tafel slope analysis of various monometallic and bimetallic nanowire catalysts
using a hydrogen-saturated 0.1 M KOH electrolyte, acquired at 20 mV/s at 2500 rpm. Linear fits
of the kinetic currents at high current density. (A) Pt NWs (black), PtzRuz NWs (red), Pt7Fes
NWs (blue), and Pt;Coz NWs (magenta), as well as (B) Pt NWs (black), PtzCus NWs (red), and
PtzAus NWs (blue), respectively. Reprinted with permission from ACS Catal., 2016, 6, pp 3895—
3908. Copyright 2016 American Chemical Society.
4.3. Conclusions

In this Chapter, a simple solution-based method has been employed to synthesize a
variety of ultrathin binary alloy nanowire systems which have been subsequently tested as HOR
catalysts. The nanowire morphology has been shown to give rise to a better and higher HOR
current density and activity as compared with its NP analogue, thereby suggesting the
importance of short segments of crystalline planes, decreased amounts of deleterious defect sites,
as well as high aspect ratios in determining overall performance. The addition of ‘M’ (wherein M
= Fe, Co, Ru, Au, or Cu) to the Pt alloy structure has previously been shown to induce a
beneficial response, due to the presence of both (a) the ‘ligand effect’, wherein a metal alters the
d-band structure and electron density of the second metal, as well as (b) the ‘lattice strain effect’,

wherein Pt-Pt bond distances are altered due to the addition of ‘M’, thereby resulting in

variations in the electronic properties of the underlying Pt lattice.
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Additionally, based upon the XPS results in Figure 4.4, predicted shifts in the Pt 4f region
for each of the binary catalysts analyzed as compared with monometallic Pt NWs can be
observed, validating the presence of a ligand effect. Moreover, the CVs presented in Figure 4.9
depict hydrogen adsorption regions shifted to lower potentials for all of the binary alloy catalysts
analyzed as compared with Pt, a finding which would suggest variations in their HBEs as
compared with Pt alone. Collectively, these data imply a lowering of the HBE for the PtRu, PtFe,
PtCo, and PtCu systems, respectively, as compared to monometallic Pt, whereas PtAu would be
expected to demonstrate an increase in the magnitude of its HBE.

In fact, our experiments confirm theoretical insights about a clear and correlative
dependence between measured activity and chemical composition. We find that the Pt7;Ruz NW
catalyst exhibiting the highest HOR activity and specifically, exchange current density of 0.493
mA/cm?, a value even better than that of pure Pt NWs alone. Additionally, all of our binary alloy
NW systems, with the exception of the PtCu and PtAu NW systems, outperformed that of our as-
synthesized, monometallic Pt NWs, likely due to the addition of ‘M’ to the Pt lattice, thereby
imparting electrochemically favorable ligand and lattice strain effects on the bare Pt structure. In
addition, we have been able to correlate the trend found in the calculated HBE values of our
various alloyed structures with their actual HOR activities, as previously discussed in Section
2.3. We find that all catalysts generally follow the expected theoretical trend (within
experimental error).%®

To summarize, the significance of this Chapter is several-fold. First, we have
systematically synthesized a variety of chemically well-defined Pt-based binary alloy systems

and correlated their HOR activities in alkaline media as a function of composition. Our work
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highlights our capability of reproducibly and reliably achieving electrocatalytic enhancements
over that of commercial Pt NPs alone with specific, well-chosen alloy compositions.

Second, in our alloy NW samples, we have experimentally elucidated and confirmed the
presence of desirable electronic interactions with the introduction of the second metal with Pt.
These critically relevant ligand and lattice strain effects have manifested themselves in not only
perceptible shifts in the Pt 4f region associated with the XPS spectra for each binary catalyst
tested but also corresponding shifts in both the hydrogen adsorption and oxide regions with
respect to Pt. In the case of PtRu, PtFe, PtCo, and PtCu NW alloyed systems, these phenomena
may collectively explain the expected decrease in HBE values (versus Pt) because of a
transitioning of the d-band center away from the Pt Fermi level. On the other hand, for PtAu NW
alloys, one would expect a corresponding increase in HBE (versus Pt), which can be ascribed to
the d-band center moving closer to the Pt Fermi level. In doing so, these results have supported
the notion that ‘electronic’ effects substantively control HBE values and therefore, HOR activity.

Third, we have correlated our observed current densities and hence, resulting measured
experimental activities with predicted trends based upon theoretical calculations of near surface
alloys possessing identical chemical compositions and in doing so, highlighted possible
limitations and caveats associated with existing models. Finally, all of our data have confirmed
our assertion that morphology, size, and chemical composition need to be rationally and
collectively tuned in order to achieve optimal electrochemical performance. Specifically, we
have demonstrated that 1D anisotropic motifs, characterized by <5 nm diameters and Pt-based
alloyed compositions (in particular, PtRu), likely represent some of the most promising and

intriguing active material platforms for HOR in alkaline media, developed to date.
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Chapter 5 - Correlating the Chemical Composition and Size of
Various Metal Oxide Substrates with the Catalytic Activity and
Stability of As-Deposited Pt Nanoparticles for the Methanol
Oxidation Reaction

5.1. Introduction

Significant strides have been made in terms of advancing direct alcohol fuel cell (DAFC)
technology. However, a number of pervasive and potentially deleterious issues can significantly
impact upon the overall fuel cell design and specifically reduce electrochemical performance. In
particular, the nature of the electrode materials used raises an important and unavoidable
concern. In particular, the (i) low activity of the catalyst materials relative to their overall cost,
(i) the poisoning of the active sites due to the presence of carbon monoxide produced during
small molecule (methanol, ethanol, and formic acid) oxidation, and (iii) the lack of catalytic
stability and durability on the underlying commercial carbon support all represent key inhibitors
of catalytic activity and contribute to the operational degradation of electrocatalysts employed,
thereby reducing the efficiency of the fuel cell as a whole.13

Currently, Pt-containing electrocatalysts (such as alloy, core-shell, and hierarchical
motifs) are the most widely utilized catalysts, due to the inherently high activity achieved by Pt,
which is the most active metal for both MOR and ORR. Nevertheless, the use of carbon as the
support medium not only can lead to Pt agglomeration but also is intrinsically problematic, since
carbon is easily corroded over time. The net consequence is an overall loss of active Pt sites (i.e.
a decrease in the ECSA) and hence, the concomitant degradation of the catalyst.! Typically, with
the use of carbon black, i.e. the most common carbon support, aggregation and detachment of

previously immobilized Pt NPs tend to occur. As a result, the overall surface area needed for the
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oxygen reduction and methanol oxidation reactions is reduced, and the observed fuel efficiency
is effectively lowered.

In order to address this issue and to discover high-performing, relatively inexpensive
alternatives to carbon black, research has turned to other supports such as either graphene, CNTSs,
or metal oxides in order to (i) improve upon favorable physico-chemical coupling interactions of
the underlying support with the catalyst and to (ii) enhance the stability of the support under
highly acidic electrochemical conditions. Specifically, other groups have previously
demonstrated that certain metal oxides such as TiO2,*® RuO2,” and SnO,'%*2 represent viable
and practical alternatives to standard carbon black, due to their (a) increased chemical and
electrochemical stability, (b) positive interactions with the coated electrocatalysts,'® as well as (c)
capacity to give rise to an external, outer surface composed of pendant, accessible hydroxyl
groups which can conceivably facilitate the removal of poisonous, de-activating species, such as
CO.% The ability of these metal oxides to adsorb hydroxyl groups is highly advantageous;
specifically, these metal oxides possess certain geometrical configurations of metal oxide (M-O)
bonds, such that when placed in water, the M-O bonds will interact and form layers of molecular
water adsorbates.

Additionally, by either adding in oxygen vacancies or doping with ions such as fluorine,
it is likely that these metal oxides can be tailored so as to exhibit even higher electrochemical
activities.®® Although TiO2 and SrTiOs are known to be semiconductors in bulk, by contrast, at
the nanoscale, a significant amount of defects exist within these materials, and these
imperfections ultimately enhance their intrinsic conductivities. For example, it has been shown
that nanoscale TiO, possesses Ti®* ions which contribute to an increase in their conductivity, and

these cations are typically generated by either creating oxygen deficiencies or heating TiO>
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within a reducing atmosphere. These scenarios are analogous to the net effects of our own
experimental protocol herein, in which we have fabricated nanoscale TiO2 by means of
hydrothermal synthesis.*>

Indeed, these binary metal oxides have been noted to be particularly advantageous for
their corrosion resistance and electrochemical stability under highly acidic conditions, due to
their intrinsically high oxidation state, because it is very difficult to oxidize these metal oxides
even further. Additionally, metal oxides can act either as co-catalysts or as supports that give rise
to beneficial metal-support interactions with their overlying metal catalysts.™ 8 Typically, metal
support interactions are characterized by either partial charge transfer between the support itself
and the supported metal catalyst or a change in the lattice parameter of the metal catalyst.'® 2°
This important and helpful interaction can be essentially ascribed to an electronic effect created
by the specific metallic component within the support, and has been previously noted with metal
oxide supports such as but not limited to TiO2, CeOz, M0oOz, WO, SnO», and RuQ,.1> 182

To take this concept one step further, it is reasonable and appropriate to consider using
either complex metal oxides or perovskites such as ABOs (A = Sr, La, and Ca; B = Ti and Ru) as
viable metal oxide support materials. In fact, it is well documented that a variety of perovskite
materials are electronically conductive, possess very good proton transport properties, and
maintain acidic outer surfaces, thereby rendering them as excellent candidates for support
materials in highly acidic environments, typically utilized by conventional fuel cells.?? As a
relevant and illustrative example in this context, our group has previously shown?® that SrRuO3
yields a promising level of methanol oxidation activity, even in the absence of Pt metal as a
dispersed catalyst. This result provides for compelling evidence for the ability of the support

material itself to actively participate in the oxidation process of methanol.
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Moreover, a different team investigated the corresponding methanol oxidation behavior
of Pt/SrRuQs, and demonstrated its significant MOR potential.?? That is, the use of a complex
metal oxide material as a support for Pt has been shown to not only lower the overpotential for
methanol oxidation but also contribute to the complete oxidation of any methanol present. 4 24
More importantly, in the presence of water, the perovskite material appears to have the capability
to readily absorb surface oxygen atoms that are likely to be heavily protonated on its surface,
thereby generating hydroxyl groups which can facilitate and hence promote the desired oxidation
process.?®> Some groups have proposed that the metal located at the B site, as opposed to the A
site, more significantly influences and contributes to the observed electrochemical abilities of the
electrocatalyst lying on its surface.'*

Specifically, a combinatorial study by Mukasyan et al.?? evaluated a variety of ABO3
perovskite structures, with ‘A’ = La, Sr, and ‘B’ = Fe, Ru, for instance. In terms of results, they
not only found that SrRuQz as a support is highly active towards methanol oxidation but also,
after Pt NP deposition, noted that the Pt likely existed in a higher oxidative state, with the
implication that the perovskite material most probably accepted electrons from the adjacent
elemental Pt, thereby contributing to a higher observed MOR activity for the overall catalyst.
Multiple groups have attempted to determine and differentiate the exact ‘catalytic roles’ of the
atoms localized at both the ‘A’ and ‘B’ sites within the perovskite structure, respectively. In
particular, Sauvet et al. showed that the Sr present at the ‘A’ site stabilizes the Ru in its
tetravalent configuration at the ‘B’ site.?® Additionally, Ponce and co-workers?’ highlighted a
similar finding in which the Sr within the perovskite La;-xSrxMnOs (‘x” = 0-0.5) played an

important role in maintaining the Mn** state.
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Hence, with the ongoing need to find more stable and potentially more active alternatives
as compared with conventional carbon black, perovskite materials represent a viable, attractive,
and relatively little used substitute for catalytic supports. Moreover, there have been few if any
systematic efforts to correlate the chemical composition of these perovskites with the resulting
electrochemical performance observed. In this light, the significance of this study is as follows.
We aim to differentiate between the various enhancements observed at the catalytic interface as a
result of the identity of ‘B’ site within the perovskite structure. That is, by systematically
studying various perovskites wherein we have purposely altered ‘B’ but kept ‘A’ constant, we
intend to determine whether the metal residing at the ‘B’ site is indeed the driving factor for the
observed, enhanced MOR activity. Additionally, we strive to demonstrate the origin of catalytic
enhancement, thereby providing a plausible rationale for explaining the improved MOR activity
noted.

We have also tested for the effect of surface area and size by analyzing metal oxides of
various constituent crystallite sizes. Moreover, we compare our data to binary oxide control
samples to deduce between and thereby potentially explain the relevant electrocatalytic
performances of simple binary versus ternary (in this case, perovskite) metal oxides. Our results
demonstrate that (i) the SrRuOgz substrate coated with Pt NPs gives rise to the best MOR
performance observed as compared with the other substrate materials tested herein and that (ii)
size is a relatively less important determinant of electrochemical activity as compared with the
overriding importance of the chemical composition of the substrate materials themselves.

Furthermore, in order to probe the origin of this enhancement, EELS analysis provided
evidence for electron transfer from Pt NPs lying at the surface to surface Ru atoms within the

underlying SrRuQOs substrate itself. Interestingly, little if any electron transfer was detected for
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either the TiO2 and RuO> controls or even analogous SrTiOs3 substrates. As additional
complementary corroboration of these EELS data, XPS data were acquired and confirmed a
decrease in the electron density in the Pt 4f region when Pt NPs were deposited onto the SrRuO3
supports. These cumulative results would imply that favorable metal support interactions,
involving electron transfer between immobilized Pt and the underlying SrRuQs, likely account
for the increased MOR activity of the composite catalyst material. Moreover, based on the
collected chronoamperometry data, the use of SrRuO3 would also be beneficial in terms of
improving the overall stability and long-term effectiveness of the catalytic support as compared
with standard commercial carbon black.
5.2. Results & Discussion

In this chapter, we seek to investigate the impact of the chemical composition of the
support material itself upon the overall activity of the catalyst. That is, we address the issue of
how specifically varying the identity of the ‘B’ metal site within a perovskite material ultimately
promotes and enhances the oxidation of methanol. As a constant ‘parameter’, Sr was chosen for
the invariant ‘A’ site, since it has been shown to be electrochemically passive.?® In probing the
effect of Ru in particular as the ‘B’ site, titanium was utilized as a corresponding
‘counterbalancing’ element, since Ti itself possesses neither a promotional effect nor sufficient
conductivity.?® It has been previously documented that altering the nature of the substituents at
the ‘B’ site can significantly contribute to electrochemical activity.* 2* Specifically herein, we
demonstrate not only a reproducible electrochemical enhancement when Ru is localized as the
‘B’ site but also the underlying nature of this enhancement by utilizing EELS analysis. In so
doing, we demonstrate electron transfer between Pt and Ru within the SrRuO3 substrate, which

may plausibly account for the improved MOR performance. Moreover, in addition to
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commercial Pt/C, both TiO> and RuO: served as further controls for these perovskite supports.
The structure, morphology, purity, and crystallinity of our perovskite materials both before and
after Pt deposition were analyzed using a suite of complementary structural characterization
techniques, including XRD, SEM, HRTEM, SAED, XPS, and EELS.
5.2.1. Characterization of the Various Metal Oxide and Perovskite Support Materials
Specifically, Figure 5.1 depicts the powder XRD of various perovskite materials tested,
including not only of both sizes of SrTiOz and SrRuO3z but also of the TiO2 and RuO; control
samples. All six metal oxide samples gave rise to the expected crystallographic structure, as
demonstrated by the JCPDS database standard of each material. In particular, Figure 5.1A is
associated with the anatase form of TiO2, with peaks corresponding to JCPDS 21-1272. Figure
5.1B can be ascribed to the tetragonal structure of RuO», with the peak values and locations
consistent with JCPDS 73-1469. Additionally, the SrTiOs samples (Figure 5.1C & 5.1E) evince a
cubic structure similar to JCPDS 86-0179, whereas the STRuOz samples (Figure 5.1D & 5.1F)
could be readily identified with an orthorhombic structure (JCPDS 85-1907). Moreover, all metal
oxide samples displayed the correct structure with little if any obvious impurities, as had been

expected, based on the original synthesis protocols. 3034
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Figure 5.1. XRD patterns (black curves) for (A) TiO2 NPs (11.4 nm), (B) RuO2 NPs (35 nm),
(C) SrTiO3 NPs (40.7 nm), (D) SrRuOz NPs (37.3 nm), (E) SrTiOs NPs (113 nm), and (F)
SrRuO3 NPs (146 nm), respectively. All experimental peaks can be correlated with the expected
assignments determined from individual JCPDS patterns, shown in red. Reproduced by

permission of The Royal Society of Chemistry.
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The morphological and chemical compositional characterization data for the various
metal oxide and perovskite materials tested are highlighted in Figures 5.2 and 5.3, respectively.
These include results obtained from SEM, TEM, HRTEM, as well as SAED analysis. Specific
data associated with the average diameters, measured d-spacings, and particular crystallographic

planes of our binary and ternary metal oxides are listed in Table 5.1.
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Figure 5.2. Representative TEM image (A & D), higher magnification HRTEM image with the
measured d-spacing (B & E), and associated single area electron diffraction data (C & F) for
binary 11.4 nm TiO2 (A-C) and 35 nm RuO2 (D-F) NPs, respectively. Reproduced by permission
of The Royal Society of Chemistry.
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Figure 5.3. Representative SEM images (A, D, G, J), higher magnification HRTEM images with
the measured d-spacings (B, E, H, K), as well as associated single area electron diffraction data
(C,F, I, L) for 40.7 nm SrTiO3 (A-C), 37.3 nm SrRuQOs3 (D-F), 113 nm SrTiOz (G-1), and 146 nm
SrRuOs (J-L) NPs, respectively. Reproduced by permission of The Royal Society of Chemistry.
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As mentioned earlier, our TiO2 NPs were fabricated hydrothermally, our RuO2 NPs were
generated by utilizing a sol-gel protocol, and lastly, our perovskite nanostructures were produced
using both molten salt techniques as well as hydrothermal methods. Nonetheless, in spite of the
variation in synthesis technique, all of our collected data are definitely consistent with the prior
results in terms of morphology, degree of monodispersity and homogeneity, crystallinity, as well
as chemical composition for these various systems.

The BET analyses for each of the binary metal oxide and ternary complex metal oxide
materials along with their respective sizes are presented in Table 5.1. The results obtained from
BET characterization are particularly significant for understanding the role and functionality of
supports, since materials possessing small surface areas tend to be more prone to potentially
deleterious catalyst sintering and Ostwald ripening effects. These mechanisms are responsible for
the aggregation of Pt, and can thereby reduce the ECSA of the tested material, thereby ultimately
decreasing the number of available sites for methanol oxidation. The measured surface areas
were found to increase in the following order: 35 nm RuO < 146 nm SrRuO3 < 113 nm SrTiO3<
40.7 nm SrTiO3< 37.3 nm SrRuO3< 11.4 nm TiO». All BET values were found to be consistent
with other measured BET data for each metal oxide tested herein, possessing a particular range
in size, as noted from prior literature.1* 2353 |t js also important to note that the synthesis

method plays an important role in controlling the overall surface area of the material.
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Measured Metal Actual
Nanoparticle | BET Surface Area d-spacing Oxide d-spacing

Material Size (nm) (m?/g) (A) Plane (A)
TiO2 114+238 129.32 3.57 (101) 3.51
RuO2 35.0%3 4.68 3.13 (110) 3.17
SrTiOs 40.7+0.7 29.02 2.81 (110) 2.76
SrRuOs3 37.3 54.49 2.00 (220) 1.96
SrTiOs 113.0 +40 9.79 2.74 (110) 2.76
SrRuOs 146.0 + 49 11.43 1.98 (220) 1.96

Table 5.1. Table highlighting the perovskite material, the average measured diameters (nm), the
Brunauer—Emmett—Teller (BET) measurements, the measured d-spacings (A) as well as the
corresponding lattice planes, in addition to the actual, expected d-spacings (A) associated with
these lattice planes. Reproduced by permission of The Royal Society of Chemistry.
5.2.2. Characterization of our Various Metal Oxide and Perovskite Metal Oxide Support
Materials after Pt Deposition

The deposition of Pt NPs onto the various metal oxide and perovskite supports was
initiated using a NaBH4 reduction method. Therefore, in order to evaluate the optimal Pt loading
for methanol oxidation in an H2SO4 electrolyte, a systematic series of Pt NPs immobilized onto a
TiO2 support (used as a control) with various mass loadings was tested. As others have
previously noted, an optimal Pt mass loading of 50% generated the highest level of MOR activity
discerned, with no significant additional increase after 50% loading.?® Therefore, with the need
to utilize the least amount of Pt possible without impacting upon the observed performance, a
50% Pt mass loading was used for each electrocatalyst sample tested. Additionally, based upon
the HRTEM results highlighted in Figure 5.4 (which will be described in more detail below), a

generally uniform spatial distribution of NPs evenly dispersed onto the underlying metal oxide

surface was observed.
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HRTEM images of the various metal oxide samples prepared after Pt deposition are
shown in Figure 5.4. The Pt NPs possess a rather uniform average particle diameter, ranging
from 2-4 nm, for each and every sample analyzed with a relatively homogeneous distribution, as
mentioned above. The d-spacings corresponding to both the Pt and the metal oxide support for
each material, respectively, have been indexed. Table 5.2 incorporates data on the various

measured d-spacings and the corresponding planes for both the metal oxide substrate as well as

the overlying Pt NPs.

Figure 5.4. Representative high-resolution TEM micrographs with measured d-spacings,
corresponding to both the Pt NPs and the corresponding supports for (A) Pt/TiO2 NPs (11.4 nm),
(B) Pt/RuO2 NPs (35 nm), (C) Pt/SrTiOs NPs (40.7 nm), (D) Pt/SrRuO3z NPs (37.3 nm), (E)
Pt/SrTiOs NPs (113 nm), and (F) Pt/SrRuOs NPs (146 nm), respectively. Reproduced by
permission of The Royal Society of Chemistry.
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Overall, all of the measured d-spacings can be assigned to the expected crystallographic
structures for each of the samples, with the Pt (111) facet noted as the most predominantly
exposed facet observed for the adsorbed particles. It should also be mentioned that for both of
the analyzed samples incorporating SrRuO3 supports, we observed a ~2% increase in their
corresponding Pt d-spacings. Although these values fall within the error of the measurement, the
increases could also be plausibly attributed to the presence of tension strain imparted onto Pt by
the presence of the underlying substrate materials, thereby resulting in an expansion of the Pt
lattices, a scenario which has been previously shown to improve methanol oxidation activity.*
Additionally, SAED patterns possessing rings attributed to both the metal oxides as well as to the

Pt NPs present can be found in Figure 5.5.

Measured Metal Oxide Measured Pt
Support Material d-spacing (A) Plane d-spacing (A) Pt Plane
TiOz (11.4 nm) 3.50 (101) 2.20 (111)
RuO; (35 nm) 3.10 (110) 2.24 (111)
SrTiOs (40.7 nm) 2.20 (200) 2.21 (111)
SrRuOs (37.3 nm) 2.76 (020) 2.31 (111)
SrTiO3 (113 nm) 2.28 (111) 2.29 (111)
SrRuO;3 (146 nm) 2.71 (020) 2.31 (111)

Table 5.2. Table associated with Figure 5.4, corresponding to the measured d-spacings (A) and
lattice planes of various Pt/metal oxide species, incorporating both binary and ternary perovskite
oxide materials. Reproduced by permission of The Royal Society of Chemistry.
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Figure 5.5. Single area electron diffraction patterns of (A) Pt/TiO2 NPs (11.4 nm), (B) Pt/RuO-
NPs (35 nm), (C) Pt/SrTiOz NPs (40.7 nm), (D) Pt/SrRuOz NPs (37.3 nm), (E) Pt/SrTiO3 NPs
(113 nm), and (F) Pt/SrRuO3s NPs (146 nm), respectively. Reproduced by permission of The
Royal Society of Chemistry.
5.2.3. Electrochemical Activity of our Metal Oxide and Perovskite Support Materials
Cyclic voltammograms collected in argon-saturated 0.1 M H2SO4 electrolyte can be
found in Figure 5.6. It is worth remarking that CVs collected on the RuO> substrate (Figure
5.5B) in sulfuric acid electrolyte has exhibited similar peak profiles, which others have attributed
to the presence of hydroxyl groups.*!#? Specifically, these CVs imply that the Ru-containing
substrates gives rise to apparent oxygen adsorption features (Figures 5.5B, D, F) whereas there is

no evidence for oxygen adsorption in the analogous Ti-containing support data (Figures 5.5A, C,

E).
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Figure 5.6. Cyclic voltammograms in an argon-saturated 0.1 M H2SO4 solution, obtained at a
scan rate of 20 mV/s for (A) TiO2 NPs (11.4 nm), (B) RuO2 NPs (35 nm), (C) SrTiOs NPs (40.7
nm), (D) SrRuO3z NPs (37.3 nm), (E) SrTiOz NPs (113 nm), and (F) STRuOs NPs (146 nm),
respectively. Reproduced by permission of The Royal Society of Chemistry.
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The methanol oxidation reaction activity of the various metal oxide support materials was
probed using cyclic voltammetry in a 0.1 M H2SOg4 solution containing 0.5 M methanol (Figure
5.7). The collected CVs indicate that the bare SrTiOs substrates evinced noticeably higher MOR
activities as compared with other analogous substrates, including Ru-based support materials due
to the presence of the anodic current apparent during the negative sweep. The decreased activity
of the Ru-containing substrates may be attributed in part to the increased amount of adsorbed
hydroxyl species, inhibiting the adsorption and subsequent oxidation of methanol. This assertion
is consistent with the nature of the CVs collected prior to methanol oxidation. It is worth noting
that although the SrRuOs supports do not demonstrate an improved MOR activity as compared
with analogous SrTiOs substrates, the addition of Pt NPs should generate Pt-Ru pair sites that

will be highly beneficial towards enhancing methanol oxidation activity.
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Figure 5.7. Cyclic voltammograms associated with the methanol oxidation reaction in an argon-
saturated 0.1 M H2SO4 + 0.5 M MeOH solution, obtained at a scan rate of 20 mV/s for (A) 11.4
nm TiO2 NPs, (B) 35 nm RuO2 NPs, (C) 40.7 nm SrTiOz NPs, (D) 37.3 nm SrRuOs NPs, (E) 113
nm SrTiOs NPs, and (F) 146 nm SrRuOz NPs, respectively. Reproduced by permission of The

Royal Society of Chemistry.
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The overall stability of each of the catalyst support materials has been evaluated and is
depicted in Figure 5.8. Specifically, the degree of stability has been tested by cycling each
material for 1000 cycles at 250 mV/s in an 0.1 M H>SO4 electrolyte in order to evaluate the
change in available surface sites as well as in the corresponding electrochemical activity. In
particular, the TiO2, RuO2, and SrTiOz samples evince reasonable stability over 1000 cycles, as
can be concluded by the reproducible nature of the curves at cycle 1 versus cycle 999. However,
an increase in activity is seen with both of the SrRuO3z samples tested. In order to determine the
cause for this increase, a TEM analysis of these two samples, post cycling, can be seen in Figure
5.9, and the SrTiO3z samples analyzed measure 38.1 + 3.9 nm and 194.8 + 22.6 nm, respectively .
Based on these images, it can be observed that the surfaces of both of these STRuO3 samples are
becoming more perceptibly roughened as opposed to experiencing any appreciable change in
either size or intrinsic morphology. Therefore, this apparent increase in activity for both SrRuOs
samples can likely be ascribed to the formation of new Ru-O active sites that possess lower
coordination numbers and are hence more catalytically active. Hence, on the basis of all of these

data, our samples appear to be stable without a distinctive alteration in either size or morphology.
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Figure 5.8. Cyclic voltammograms obtained in an argon-saturated 0.1 M H2SO34 solution and
collected at a scan rate of 250 mV/s for 1000 cycles (only the first and last are included) for (A)
11.4 nm TiO2 NPs, (B) 35 nm RuO2 NPs, (C) 40.7 nm SrTiO3z NPs, (D) 37.3 nm SrRuO3 NPs,
(E) 113 nm SrTiOs3 NPs, and (F) 146 nm SrRuOs NPs, respectively. Reproduced by permission

of The Royal

Society of Chemistry.

181



Figure 5.9. TEM images of (A) SrRuO3z NPs (37.3 nm), and of (B) SrRuO3 NPs (146 nm), post
stability testing, respectively. Reproduced by permission of The Royal Society of Chemistry.
5.2.4. Electrochemical Activity of our Metal Oxide and Perovskite Support Materials after
Pt Deposition

In order to assess the electrochemical activity of our materials after Pt deposition, as
shown in Figure 5.10, CVs were collected for each material in 0.1 M H2SOs4, in order to
investigate and correlate the impact of the support materials with the overall electrochemical
performance.

Regarding the substructure of the CVs, the shape and location of the observed hydrogen
and oxygen adsorption features associated with the Pt/TiO, sample are consistent with prior
reports.** Moreover, the Pt/SrTiO3 samples evince similar attributes to those observed for Pt
itself. Interestingly, the peaks in both regions can be solely attributed to the Pt NPs themselves at
the surface, an observation indicative of the fact that the identity of the ‘A’ site metal, Sr, likely
does not itself contribute significantly to the adsorption of hydroxyl groups; this assertion is

supported by Figure 5.6 as well as by prior reports.?® In fact, both strontium and titanium are
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known to be “inactive” and electrochemically passive, since they do not possess obvious active
sites for adsorption.?® 2 By contrast, the RuO, and SrRuOs samples maintain peaks in the
hydrogen and oxygen adsorption regions, which are similar to what has been previously

observed with Pt/RuO, materials.®
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Figure 5.10. Representative CV curves in an argon-saturated 0.1 M H>SOj4 solution, obtained at
a scan rate of 20 mV/s with the current normalized to ECSA for (A) Pt/TiO2 NPs (11.4 nm), (B)
Pt/RuO2 NPs (35 nm), (C) Pt/SrTiOz NPs (40.7 nm), (D) Pt/SrRuOs NPs (37.3 nm), (E)
Pt/SrTiOz NPs (113 nm), and (F) Pt/SrRuO3z NPs (146 nm), respectively. Reproduced by
permission of The Royal Society of Chemistry.
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Moreover, EELS was employed for the first time to probe the nature of the surface
interactions between Pt and these metal oxide support materials in order to gain further insights
into the corresponding electrochemical performance. To summarize, because there was little if
any difference in the shape of EELS spectra associated with the various TiO2, RuO2, and SrTiO3
samples either before or after Pt deposition (Figure 5.11), there was likely no apparent charge
transfer in these systems that we could readily distinguish and differentiate. By contrast, both of
the SrRuO3 samples gave rise to a suppression of the Ru Ma edge, in particular after Pt NP
coverage, as can be observed in Figure 5.12.* This reduction in the Ru My signal, associated
with the Ru 4p orbitals, is evident and noticeable, and is likely indicative of electron acceptor
behavior. This signal suppression would infer that electron transfer is occurring from Pt to Ru
within the SrRuOs support material, and, as a result, there is a decrease in the number of Pt

electrons available, as previously demonstrated by prior reports.*6-48
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Figure 5.11. Electron energy loss spectra of (A) TiO2 (red) and Pt/TiO> (black) (11.4 nm), (B)
RuO: (red) and Pt/RuO> (black) (35 nm), (C) SrTiOs (black) and Pt/SrTiO3 (40.7 nm) (red), and
(D) SrTiO3 (black) and Pt/SrTiOs (red) (113 nm), respectively. Reproduced by permission of
The Royal Society of Chemistry.
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Figure 5.12. Electron energy loss spectra for the series of (A) SrRuO3z (37.3 nm) vs. Pt/SrRuO3
(37.3 nm) and for the corresponding series of (B) SrRuOs (146 nm) vs. Pt/SrRuOs (146 nm)
samples, respectively. Peaks presented below 300 eV represent the Carbon K edge peaks
associated with the underlying carbonaceous TEM grid. Reproduced by permission of The Royal
Society of Chemistry.

Ultimately, this situation would not only lead to a decrease in the amount of poisonous
species potentially blocking Pt active sites but also allow for increased methanol adsorption at
these Pt active sites. One group?? noted that, after Pt deposition onto a SrRuOj3 substrate, Pt was
likely oxidized to Pt™? from a neutral Pt° state, thereby further supporting our EELS-derived
notion that the presence of an oxidized Pt species is necessary for high alcohol oxidation activity.
It should be noted that the Pt® was not likely to have been completely oxidized to the Pt™ state,
since the latter species is known to be ineffective at promoting methanol oxidation.*°

To further probe the nature of the electron transfer from Pt, XPS (Figure 5.13) was used
to more closely examine the Pt 4f region in order to confirm the postulated presence of electron
donation from Pt to Ru. The Pt 4f region contains two peaks, consisting of low energy band

(4f712) and high energy band (4fs;2) regions. As noted in Figure 5.13, upshifts in the 4f7;, band

energy are detected upon deposition of Pt onto both of the SrRuO3 supports tested (i.e. +600
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meV and +1.6 eV for the 146 nm SrRuOs and 37.3 nm SrRuOs supports, respectively), as
compared with a control support of Pt/C itself. This upshift would indicate a loss of electron
density within the Pt 4f region.®® ® This result not only supports our EELS findings that electron
transfer is indeed occurring from the Pt 4f to the Ru 4p orbitals but also corroborates the

presence of a metal support interaction between the Pt NPs and the underlying SrRuOz support.
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Figure 5.13. XPS spectra associated with the Pt 4f region for Pt/C, Pt/SrRuQOs (37.3 nm), and
Pt/SrRuO3z (146 nm), respectively. A significant upshift is observed when Pt is deposited on both
SrRuO3 surfaces as compared with conventional carbon. Reproduced by permission of The
Royal Society of Chemistry.

In order to evaluate the methanol oxidation ability of the materials, LSVs are included in
Figure 5.14A. The corresponding activities of the various materials probed at 0.55 V vs. RHE are
summarized in the bar graph in Figure 5.14B. A complementary set of activities measured at 0.7
V vs. RHE is highlighted in Table 5.3. Specifically, the Pt/SrRuOs (average diameter of 37.3 nm)

sample achieved the highest activity of 1.42 mA/cm? with the larger Pt/SrRuO3 sample (average
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diameter of 146 nm), possessing an activity of 0.57 mA/cm?, with data on both systems collected
at 0.7 V vs. RHE. These measured activities are consistent with the trend in the surface areas of
the underlying support materials (Table 5.1). In particular, the higher the surface area, the more
uniform the dispersion of Pt, and hence, the more active sites available for methanol oxidation. A
similar trend was observed for the 2 sizes of SrTiOs samples produced with the electrochemical
data taken at a slightly higher potential (0.9 V vs. RHE). In this case, Pt/SrTiO3 (average
diameter of 40.4 nm) gave rise to a peak activity of 0.82 mA/cm?, whereas the larger sample, i.e.
Pt/SrTiOs (average diameter of 113 nm), yielded a peak activity of 0.75 mA/cm?.

It is worth pointing out that even though bare SrTiOs substrates were indeed more active
for methanol oxidation as compared with their uncoated SrRuO3 analogues, the presence of Pt-
Ru pair sites created after Pt deposition significantly increased the methanol oxidation activity
observed in the presence of SrRuQOs. This observation further corroborates the existence of
favorable metal-support interactions, facilitated and engendered by the use of SrRuOs as the
support material, an idea which is further reinforced by the EELS/XPS confirmation of electron

transfer between the Pt catalyst and the underlying SrRuO3z support material.
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Figure 5.14. (A) Cyclic voltammograms for the methanol oxidation reaction in an argon-
saturated 0.1 M H2SO4 + 0.5 M MeOH solution, for Pt/TiO2 NPs (11.4 nm) (black), Pt/RuO>
NPs (35 nm) (red), Pt/SrTiOz NPs (40.7 nm) (green), Pt/SrRuOz NPs (37.3 nm) (blue), Pt/SrTiO3
NPs (113 nm) (cyan), and Pt/SrRuOs NPs (146 nm) (magenta), respectively, as compared with
commercial standards (i.e. Pt NP/C) (yellow), obtained at a scan rate of 20 mV/s with the current
normalized to ECSA. (B) Bar graph highlighting the MOR activity data obtained at E (V) vs.
RHE =0.55 V for Pt/TiO2 NPs (11.4 nm) (black), Pt/RuO2 NPs (35 nm) (red), Pt/SrTiOs NPs
(40.7 nm) (green), Pt/SrRuO3 NPs (37.3 nm) (blue), Pt/SrTiOz NPs (113 nm) (cyan), and
Pt/SrRuO3z NPs (146 nm) (magenta), respectively, as compared with commercial standards (i.e.
Pt NP/C) (yellow). Reproduced by permission of The Royal Society of Chemistry.

By analyzing the onset region of Figure 5.14A, it is apparent that both Pt/SrRuO3
(average diameter of 37.3 nm) and Pt/SrRuOs (average diameter of 146 nm) maintain very
similar onset potentials, i.e. 0.43 V and 0.45 V vs. RHE, respectively. A comparable proximity in
onset potentials was also observed for both Pt/SrTiOs (avg. diameter of 40.7 nm) and Pt/SrTiOs
(avg. diameter of 113 nm) samples; in fact, we measured an onset potential of 0.63 V vs. RHE
for both systems. These observations would indicate that the chemical composition as opposed to
the size of the support is the more significant determinant of the onset potential. As such, it is
evident that the use of the Ru-containing supports gave rise to lower onset potentials as
compared with those supports containing Ti. Hence, the improvements observed for the Ru-

containing substrates as compared with Ti-rich supports would imply that the former are more
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active for methanol oxidation. Significantly, we emphasize that our data were obtained in the
absence of carbon additives, thereby rendering our metal oxide systems as important, relevant,
and viable alternatives to the use of conventional carbon black.

Previous studies on the use of Pt/SrRuOs towards methanol oxidation have implied that
the Ru-O surface sites likely play an important role in not only removing CO from Pt active sites
but also contributing to the efficacy of methanol oxidation, as was previously shown.? In
support of this hypothesis, it has been claimed that the increased localized presence of tetravalent
Ru species at the surface within Lao.7Sro3CrxRu1.xO3 can significantly contribute to the increased
oxidation of CO at Pt active sites.>® All of these previous results would collectively suggest that
the presence of Ru is a positive driving force for increased MOR activity, while the intrinsic
perovskite structure enhances the overall stability of the support itself. Based on our results, a
slight shift in the MOR onset potential can be seen between the Pt/SrTiO3 samples and the
corresponding Pt/TiO control, an observation which would further support the notion that
perovskite materials can adsorb hydroxyl groups at their external surfaces in order to facilitate
the methanol oxidation process. However, by contrast with Ru, the Pt/TiO2 and Pt/SrTiO3
samples possess similar peak MOR activities, which would indicate an inability of both Sr and Ti
to contribute to the methanol oxidation itself. Previous reports?” have postulated that the A site
within a perovskite structure may actually contribute to the stability of the B site metal as
opposed to actively participating in the methanol oxidation reaction itself, thereby further
reinforcing our claims herein.

In Figure 5.15, we have attempted to correlate the methanol oxidation activity with the Pt
ECSA values associated with the various supports. Specifically, when comparing the SrRuQO3

(146 nm) sample, which maintains an ECSA value of 3.35 cm?, with the analogous SrTiOs (113
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nm) sample, which possesses an ECSA amount of 4.31 cm?, a higher activity was noted with the
former Ru-containing support. It can be inferred that since the Pt ECSA associated with STRuOs
is actually less than the corresponding ECSA value assigned to SrTiOs, the observed
enhancement in methanol oxidation activity with SrRuO3 must be a result of other effects.
Therefore, one plausible explanation accounting for our observations with our Pt/SrRuO3
samples would be electron transfer from immobilized Pt NPs to the underlying Ru-containing
support, as highlighted by the EELS and XPS analysis shown in Figures 5.11 and 5.12,

respectively.
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Figure 5.15. Methanol oxidation activity (mA/cm?) at 0.55 V as a function of Pt
electrochemically active surface area (cm?) for the various Pt/metal oxide catalysts. Reproduced
by permission of The Royal Society of Chemistry.

When the inherent support size is reduced to an even smaller scale, an increase in both

activity as well as ECSA can be observed. Specifically, when comparing the data associated with
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the SrRuOs3 (37.3 nm) and analogous SrTiOz (40.7 nm) substrates, the corresponding ESCA
values are 7.45 cm? and 4.81 cm? for SrRuQz and SrTiOs, respectively. A dramatic increase in
activity was noted for SrRuQOs, even though the two substrates are comparable in size. Yet, it is
unlikely that this performance enhancement could be solely attributed to the greater Pt ECSA
value for SrRuOz. Rather, it is plausible that the electronic effects associated with Pt interactions
with the underlying SrRuOs support might also have contributed to the observed result.

The Pt ECSA values of SrRuO3 (146 nm) and SrRuQs (37.3 nm) are 3.35 and 7.45 cm?,
respectively. In this case, we note that there is a direct correlation between the measured ESCA
data and the resulting electrochemical activity measured; specifically, the higher the ESCA, the
better the electrochemical performance. Therefore, since similar types of electronic effects and
interactions are likely present within both samples, the higher activity ascribed to the smaller
37.3 nm SrRuOs support would likely be due to its increased Pt ECSA value as compared with
the corresponding value for the larger analogous support material. To summarize, our data
highlight the fact that the resulting observed electrochemical activity data can be ascribed to a
combination not only of the Pt ECSA values but also of the electronic effects induced by the
perovksite oxide support onto the immobilized Pt nanoparticles.

In order to evaluate the MOR mechanism responsible for the activity of our best catalyst,
namely Pt/SrRuOs (37.3 nm), Tafel plots were collected at potentials between 0.4 and 0.75 V vs.
RHE at a scanning rate of 1 mV sX. The data are shown in Figure 5.16. In effect, our high-
performance system achieved a Tafel slope of 0.112 V/decade, which correlates well with the
theoretical value expected of Pt (0.118 V/decade) for a one-electron transfer process.>***® This
one-electron transfer process is considered to be the rate-determining step within this potential

window, and corresponds to the splitting of the first C-H bond of the CH3OH molecule. A
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commercial Pt/C catalyst control sample tested gave rise to a Tafel slope value of 0.142
V/decade. This value is also within range of the predicted value for platinum and is similarly
suggestive of a one-electron transfer process. However, the slightly smaller value attained by our
‘optimal’ Pt/SrRuO3 catalyst would imply a beneficially more facile methanol electro-oxidation
ability as compared with commercial Pt.>* Moreover, these data further underline our claim that a
metal-support interaction is essential and likely responsible for the improved MOR activity

detected, when SrRuOs is employed as the support material.
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Figure 5.16. Tafel plot data of (A) commercial Pt/C and (B) Pt/SrRuO3 (37.3 nm), collected
between 0.4 — 0.75 V vs. RHE at a scanning rate of 1 mV/sec. Reproduced by permission of The
Royal Society of Chemistry.
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Chronoamperometry testing of our various Pt/metal oxide electrocatalysts is presented in
Figure 5.17. The test was conducted over a period of 60 minutes at (E) vs. RHE = 0.7 V, which
is located within the methanol oxidation peak current region. The dramatic initial activity loss for
all electrocatalysts can be attributed to the presence of the intermediate species CO, potentially
poisoning the Pt active sites.®® %" As noted, the Ru-containing support materials evinced the
highest measured activity over the 60 minute period, with the Pt/SrRuOs (average diameter of
37.3 nm) sample and the Pt/SrRuOs (average diameter of 146 nm) sample, giving rise to steady
state activities of 2.8 mA/cm? and 2.2 mA/cm?, respectively. The remaining steady state activity

values can be found in Table 3.
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Figure 5.17. Chronoamperometry measurements of catalysts, composed of Pt/TiO, NPs (11.4
nm) (black), Pt/RuO2 NPs (35 nm) (red), Pt/SrTiOz NPs (40.7 nm) (green), Pt/SrRuOs NPs (37.3
nm) (blue), Pt/SrTiOs NPs (113 nm) (cyan), and Pt/SrRuOs NPs (146 nm) (magenta),
respectively, as compared with commercial standards (i.e. Pt NP/C) (yellow) in an argon-
saturated 0.1 H.SO4 + 0.5 M CH30H solution, obtained at a potential of 0.7 V vs. RHE for a test
period of 60 min. Reproduced by permission of The Royal Society of Chemistry.
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J (mA/cm?) Steady State Current Densities after 60
Material E(V)vs. RHE=0.7| min (mA/cm? @ E(V) vs. RHE =0.7)
P/TiO2 (11.4 nm) 0.15 0.75
Pt/RuO; (35 nm) 0.48 1.7
Pt/SrTiO3 (40.7 nm) 0.2 1.05
Pt/SrRuO337.3 nm) 1.42 2.8
Pt/SrTiO3 (113 nm) 0.2 1.5
Pt/SrRuOs (146 nm) 0.57 2.2
Commercial Pt/C 0.31 0.7

Table 5.3. Table consisting of measured MOR activities (mA/cm?) and steady state current
densities (mA/cm?), obtained after 60 minutes, for various series of catalyst materials.
Reproduced by permission of The Royal Society of Chemistry.

We postulate and confirm that the Ru-containing species would be expected to possess
higher steady state current densities due to the presence of Ru active sites that can also
participate in the methanol oxidation process. Although the commercial Pt/C exhibited a higher
initial activity as compared with the Ti-containing samples, this result is not surprising,
considering that Pt/C is more conductive. However, the stability of all of the oxide-containing
support materials, even those containing Ti, significantly outperforms that of commercial
analogues over time, due to the ability of these metal oxide materials to more effectively and
more consistently oxidize harmful CO species at the Pt-metal oxide interface.

5.3. Conclusions

In this study, various metal oxide support materials have been synthesized. These support
materials were characterized using a suite of techniques in order to verify their composition, size,
morphology, structural integrity, and chemical purity as well as electrochemical ability. Pt NPs
were then deposited onto these supports to evaluate methanol oxidation performance. In the case

196



of ABOs perovskites used as supports, the effect of using Ru and Ti as the variable ‘B’ site was
explicitly tested, while maintaining Sr as the constant ‘A’ site. The electrochemical findings
indicate a significant electrochemical contribution from Ru at the ‘B’ site, an observation which
had previously been proposed by others* 24 and more importantly, confirms prior theoretical
hypotheses. In effect, the presence of Ru within the SrRuOs perovskite structure not only
contributed to a significant increase in the methanol oxidation activity but also resulted in an
overall shift to lower MOR onset potentials as compared with both analogous SrTiO3 samples
and binary metal oxides, used as control samples. Moreover, we confirmed that chemical
composition as opposed to the size of the support is the more significant indicator of
electrochemical behavior. Furthermore, a small shift to lower MOR onset potentials was also
noted for SrTiO3z as compared with TiO2, which may indicate that Sr also plays a small but
important role in adsorbing hydroxyl species, thereby facilitating the full oxidation process of
methanol.

Additionally, energy electron loss spectroscopy has been employed in order to analyze
and interpret the degree of charge transfer happening at the surface between the Pt and the
underlying metal oxide interface. As a result, we have shown that electron transfer is occurring
between the Pt NPs and the underlying SrRuOs support, thereby leading to a decreased
adsorption of CO species and an increase in the presence of additional available Pt active sites
for methanol oxidation. Moreover, XPS demonstrated an upshift associated with the Pt 4f region
for both Pt/SrRuQ3 substrates as compared with the analogous Pt/C control sample, indicative of
a decrease in the electron density connected to the Pt. In particular, our cumulative data suggest
electron transfer from Pt to the Ru in the SrRuO3s material likely occurs via a Pt 4f to Ru 4p

transition. In the case of Pt immobilized onto SrRuO3z supports, the magnitude of the Pt ECSA
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value does correlate with the observed methanol oxidation activity, and as such, helps to explain
the higher activities attained of 1.42 mA/cm? (Pt/SrRuOs (average diameter of 37.3 nm)) and
0.57 mA/cm? (Pt/SrRuOs3 (average diameter of 146 nm)) at E(V) vs. RHE = 0.7 V, respectively,
as compared with what has been previously achieved with conventional C-based systems.
Furthermore, a Tafel plot was generated in order to evaluate the methanol oxidation
reaction mechanism of our most effective catalyst tested, i.e. Pt/SrRuOs (37.3 nm), as compared
with commercial Pt/C. In effect, our catalyst gave rise to a measured slope value (0.112
V/decade in this case versus 0.142 V/decade for commercial Pt/C), which was numerically very
close to what was theoretically expected for a one-electron transfer reaction involving Pt (i.e.
0.118 V/decade). Significantly, these data implied a more facile capability of oxidizing methanol
with the use of our Pt/SrRuOg catalyst. Moreover, the combined results from our Tafel plot
analysis as well as from cumulative XPS and EELS data confirm the presence of a beneficial and
advantageous metal-support interaction between the Pt nanoparticles and the underlying SrRuOs
support, thereby implying the viability of utilizing this specific perovskite metal oxide-based

support as a practical alternative to conventional carbonaceous materials.
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Chapter 6 - Ambient Synthesis, Characterization, and
Electrochemical Activity of LiFePO4 Nanomaterials Derived from
Iron Phosphate Intermediates

6.1. Introduction

LiFePO4 materials have become increasingly popular as a cathode material, due to the
many benefits they possess including thermal stability, durability, low cost, and long life span.
However, to improve the appeal for electrochemical applications, it is necessary to develop a
relatively mild and simple synthetic method for the generation of LiFePOa. As a result of the
work conducted by Goodenough and co-workers,' 2 olivine LiFePO4 has become of significant
interest due to its low cost, low toxicity, high thermal stability, and excellent electrochemical
properties. Specifically, LiFePO4 exhibits good cycling stability, a high, flat voltage profile, and
a high theoretical specific capacity of ~170 mAh/g.> # This material also gives rise to a high
lithium intercalation voltage of 3.5 V as compared with pure lithium.> % Additionally, a lifetime
of more than 2,000 cycles has been measured for a LiFePO4 battery, which is necessary for
creating commercial batteries with high stability and durability. Equation 6.1 represents the
discharge of LiFePOa:

FePOs+ Li* + 1le" — LiFePO4 E° =35V [6.1]

LiFePO4 possesses an olivine structure composed of a distorted hexagonal-close packed
array of oxygen atoms, wherein 50% of the octahedral sites are occupied by Fe?* and 12.5% are
occupied by Li*.° The olivine crystal structure is highly advantageous, due to its stability and
lack of a significant volume change during de-lithiation.” 8 Conversely, other common battery
materials, such as LiCoO., succumb to significant structural changes, when the lithium content is
below a certain amount.® Hence, as a result, the olivine crystal structure is considered to be more

sturdy and hence preferable for long-term battery applications.
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By reducing the dimensions of LiFePO4 materials to the nanoscale, improvements in the
lithium ion diffusion rate can be made. For example, a particle size reduction to the nanoscale
size regime would minimize the path length for Li* ion diffusion and further aid in electron
transport through the material. Others have also suggested that when confining the dimensions to
the nanoscale, the mechanical strain of the particles is reduced, thereby leading to faster lithium
ion diffusion during reversible intercalation and hence, enhanced cycle lifetimes.* °

As previously mentioned, nanostructured materials of LiFePOg retain increased surface
area-to-volume ratios as compared with their bulk counterparts, which leads to enhanced activity
by increasing the contact area with the electrolyte.* ® 1% Moreover, as a result, much research has
focused on the synthesis and characterization of LiFePO4 nanomaterials.*® Specifically, one-
dimensional (1D) nanomaterials represent an optimal morphology, as they have demonstrated a
significant impact upon LiFePQO4 battery performance, as a result of uniquely advantageous
structural and electronic properties.® 4 20-32

As an example, computational analysis has shown that the preferred Li* ion diffusion
pathway is oriented along the b-axis (0.55 eV), wherein Li* ions form a chain within the FePO4
matrix.3* 3 Consequently, by growing the nanowire along either the a- or c- axis to orient the b-
axis across the Li* ion channels along the diameter of the nanowire (i.e. the shortest distance), an
increased rate performance can be attained. This would reduce the Li* ion diffusion length
through the material and also generate better performance at cycling high rates.

Our synthesis method herein forms iron phosphate as the initial product, allowing for
direct electrochemical evaluation of the FePO4 moiety. Prior reports have indicated that success
in the electrochemical lithiation of iron phosphate materials can be very sensitive to specific

structural properties, depending on the crystallinity and the phase of the FePO4 material. For
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example, a prior report yielded a cycle 2 specific discharge capacity of 76 mAh/g for an
amorphous FePO4+2H>O material, but only 18 mAh/g for a more crystalline hexagonal FePO4
material prepared at 500°C.*® Similarly, carbon nanotube-amorphous FePO4 core—shell
nanowires realized a specific capacity of 175 mAh/g in lithium batteries® and 120 mAh/g in
sodium batteries,?’ respectively, characterized by ultra-thin amorphous coatings of FePO4
comprising only a few nm in thickness. A limitation of these prior studies was a lack of
discernible X-ray diffraction patterns in each case. By contrast, herein, through directed control
of synthesis properties, we can tailor the aspect ratio and size of FePO4 material, thereby
providing for an opportunity to evaluate function with respect to electrochemical lithiation for
nanowire FePO4 materials relative to bulk-type granular FePO4 samples.

Moreover, a significant amount of reports exist for the generation of 1D LiFePO4
nanomaterials through the employment of hydrothermal and electrospinning techniques.® 4 223
Conversely, template-directed methods represent a simple and straightforward synthetic method
for the generation of 1D nanostructures,®® with the template representing a framework for the
nucleation and subsequent growth of 1D nanomaterials. The template directs the formation of the
material, with the product mimicking the size and morphology of the individual pores. This
synthetic method allows for increased flexibility, since the diameters of the 1D material may be
controlled by varying the corresponding pore size of the template employed.

Not only does our group have significant experience synthesizing 1D nanomaterials from
templates with pore diameters ranging from 15 nm to 200 nm,> 231323942 bt others have also
shown their ability to synthesize high-performing, 1D LiFePO4 nanomaterials as well. For
instance, Yang et al. synthesized LiFePO4 nanotubes employing a calcination step at 550°C for 2

hours in a 5%/95% H./Ar atmosphere.** Additionally, nanowires were generated by submerging
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a PC template in an aqueous precursor solution of ferric nitrate, lithium hydroxide, phosphoric
acid, ascorbic acid, and ammonium hydroxide for 24 hours,* with the resulting electrodes
achieving a specific capacity of 165 mAh/g (3C discharge rate).

In our synthesis scheme herein, the membranous template is wedged between two half-
cells of the so-called “U-tube device”, which is a U-shaped tube. The addition of precursor
solutions to the two half-cells of the device enables the “double-diffusion” of precursors into the
porous channels. Subsequently, the precursors meet within the spatial confines of the
polycarbonate membrane and react within the confined 1D pore space, thereby forming the
desired product. This synthetic technique has been extensively developed by our research group
to generate a wide range of materials including but not limited to metals, metal oxides,
phosphates, sulfides, and fluorides.® 202225, 28,29, 31, 38,41, 42,4550 The template-assisted U-tube
method offers many advantages for the synthesis of 1D nanostructures, since it is a simple and
flexible methodology, often operating in aqueous media and yielding high-quality single-
crystalline nanomaterials with high yield and with reliable control over composition, size, and
shape. Additionally, the method is compatible with a wide range of relatively benign, sustainable
precursor systems, and typically involves rather short reaction times under ambient conditions.

In this Chapter, we investigate the characterization of 1D LiFePO4 nanowires, prepared
with a mild template-based U-tube method. The diameter of the amorphous FePO4 nanowires are
controlled by the pore size of the specific template employed, with nanowires possessing as-
generated diameters of 185 + 35 nm and 63 + 14 nm, respectively. The desired olivine-type
LiFePO4 NWs were produced by a 2-step protocol, with the first involving a chemical lithiation
by Lil, followed by a calcination step under a reducing atmosphere. Additionally, these

nanowires will be compared with an as-synthesized LiFePO4 bulk analogue. Various advanced
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characterization methods will be employed to investigate the morphology, phase, and purity of
our as-prepared LiFePO4 nanomaterials. The nanomaterials will then be employed as cathode
materials to investigate their electrochemical performance as Li-ion battery materials.
6.2. Results and Discussion
6.2.1. Characterization of Pure, Crystalline, 1D LiFePO4 Nanowires

To demonstrate a proof-of-concept validation for the synthesis of the various LiFePO4
nanomaterials, Figure 6.1 depicts scanning electron microscope (SEM) images in conjunction
with the corresponding X-ray diffraction (XRD) patterns. As shown in Figure 6.1A, the particles
reveal average diameters of 220 = 57 nm. The 50 nm LiFePO4 nanowires can be seen in Figure
6.1B. The corresponding average diameter of the 50 nm nanowires is 98 + 18 nm, with the
nanowires exhibiting a roughened surface. Conversely, the 200 nm NWs (Figure 6.1C) possessed
an average diameter of 185 + 35 nm with an average length of 3.0 + 0.9 um. Based on the SEM
image, particles are evident in the image, which may be a result of the mechanical strain
occurring during the sonication step needed to remove the sample from the annealed template.
Even though some nanowires with shorter aspect ratios as well as particles are evident, the
majority of the sample possesses the nanowire morphology.

The composition and crystallinity of the as-obtained products were evaluated by XRD,
high-resolution synchrotron XRD, and high resolution TEM techniques. The XRD patterns for
all three lithiated samples are displayed in Figure 6.1D-F, respectively, with all present peaks
corresponding to the standard pattern for olivine LiFePO4 (JCPDS #83-2092). This result initially
confirmed to a first approximation that the lithiation and crystallization step successfully
converted the as-synthesized amorphous materials into phase-pure LiFePOa, with no additional

crystalline impurities.
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Figure 6.1. Representative SEM images of crystallized chemically lithiated particles (A),
nanowires produced from 50 nm pore sized PC templates (B), and nanowires produced from 200
nm pore sized PC templates (C). Corresponding X-ray diffraction patterns of as-prepared bulk
and nanomaterials (in red), along with their corresponding crystallographic database standards
(in black), are displayed in (D), (E), and (F), respectively. Taken with permission from
Reproduced by permission of Springer.

However, to obtain a clearer idea about the purity of our as-prepared samples, additional
high-resolution synchrotron XRD data processed in the context of Rietveld refinements were

gathered with the intent of more rigorously accounting for the presence of any remnant
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impurities and possible anti-site disorder for Fe and Li ions in the structure. The data are
summarized in Figure 6.2. Our as-prepared bulk-like particles were determined to be a =
10.326(0) A, b = 6.004(6) A, and ¢ = 4.690(0) A with a cell volume of 290.800(6) A3. Moreover,
the bulk-like sample appeared to co-exist with an approximately 30% LizPO4 impurity, as
indicated by the green asterisks in Figure 6.2.The reliability factor for this fit was noted to be an

acceptable value of Rup = 3.3%.
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Figure 6.2. High-resolution synchrotron X-ray diffraction patterns (in black) and corresponding
Rietveld refinement patterns (red) of (A) bulk-like LiFePQO4 particles (green asterisks highlight
the presence of a LizPOs impurity) and of (B) 200 nm LiFePO4 nanowires produced using the PC
template with the corresponding database standards shown below (in pink) for each material.
Differences between the observed and calculated intensities are plotted in blue. Reproduced by
permission of Springer.
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The collective crystallographic information obtained, including the cell parameters,
volumes, and anti-site defect concentrations, as determined from Rietveld refinement analysis, is
shown in Table 6.1. The formation of this impurity likely can be attributed to the presence of an
excess quantity of Li ions in the material. However, we should note that the as-prepared LisPO4
was effectively phase segregated from LiFePOys itself, which exists as the predominant, majority
phase and is essentially stoichiometric in nature.®> %2 The implications of the formation of LizPOa
on the resulting electrochemical behavior of the bulk material will be discussed later.

By contrast, we noted that the LiFePO4 nanowires prepared using the 200 nm template
sample do not evince any such impurity, as determined by the absence of any LizPO4 peaks in
the high resolution XRD as well as the lack of any other crystalline impurities associated with
LiFePOs. The as-obtained lattice constants were not significantly different as compared with
those of bulk-like powders. These were computed to a = 10.327(9) A, b = 6.005(8) A, and ¢ =
4.692(6) A with a corresponding cell volume of 291.069(3) A3. The reliability factor for this fit
was determined to be an acceptable value of Rwp = 3.3%. Moreover, our nanowires possessed
negligible (within the limits of error of the measurement) anti-site disorder for both Li and Fe
ions, thereby suggesting that as-obtained LiFePO4 nanowires were high quality in terms of
chemical purity. Detailed structural parameters associated with both LiFePO4 bulk-like particles

and the corresponding nanowires are shown in Table 6.1.
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200 nm
Nanowire
Atom X y z Occupancy
Li 0.5 0.5 0 1
Fe 0.21853 0.25 0.0267 1
P 0.40479 0.25 0.58445 1
o1 0.40267 0.25 0.2689 1
02 0.16286 0.54884 0.22128 1
03 0.04822 0.25 -0.211 1
Space Reliability Factor
group: Pmna (Rwp): 3.29%
Unit Cell Parameters:
a=10.32789 A, b =6.00579 A, c = 4.69261 A Phase: 100% LiFePO4
Cell
Volume:  291.06917 A3
Bulk-like
Sample
Atom X y y4 Occupancy
Li 0.5 0.5 0 1
Fe 0.21775 0.25 0.02557 1
P 0.40502 0.25 0.58446 1
o1 0.40029 0.25 0.25635 1
02 0.16733 0.54493 0.21629 1
03 0.04563 0.25 -0.20062 1
Space Reliability Factor
group: Pmna (Rwp): 3.29%
Unit Cell Parameters:
a=10.32599 A, b =6.00463 A, ¢ = 4.69005 A Phase: 71% LiFePO4
Cell
Volume:  290.80068 A3 29% Li3POs4

Table 6.1. Structural parameters, determined from the high-resolution synchrotron X-ray data
analysis for both the 200 nm LiFePO4 nanowire (top) and bulk-like LiFePO4 (bottom) samples.
Reproduced by permission of Springer.

The HRTEM images presented in Figures 6.3, 6.4, 6.5, 6.6, and 6.7 validate the XRD

results. Specifically, a low magnification TEM image of a typical bulk-like particle is shown in

Figure 6.3A. Further analysis of the high-resolution TEM (HRTEM) image in Figure 6.3B
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reveals the perfect long-range crystal ordering with lattice fringes observed for the [-12-1] zone
ascribed to the particle. Moreover, direct measurement of the expected lattice spacings, i.e.
d(111) = 0.348 nm and d(-101) = 0.425 nm, along with the optical Fourier Transform pattern
shown in the inset also is consistent with the appropriate (hkl) reflections expected for the [-12-1]
zone associated with the bulk-like LiFePO4 particles. The Fourier diffraction pattern (DP)

shown in the inset of Figure 6.3B is in good numerical agreement with the calibrated DP in
Figure 6.3C, recorded from a larger area of the nanoparticle, as shown in Figure 6.3A. The

diffraction spots can be assigned to the (111), (101), as well as (210) planes, respectively.

- (111 :
i {210)

A

(-io1).‘; 4

Figure 6.3. A low magnification TEM image of (A) crystalline LiFePOg particles, (B) Magnified
HRTEM image is recorded along the [-12-1] zone direction from the optical Fourier pattern
(inset) of LiFePO4 (Pnma) taken from this image. (C) An experimental diffraction pattern (DP)
(magnified 1.4x), representing the [-12-1] zone pattern for the 200 nm LiFePO4 nanoparticles,
highlighted in the HRTEM image (B). Reproduced by permission of Springer.

Representative nanowires produced from a 50 nm pore size template are highlighted in
the dark field TEM image (Figure 6.4C). The surface of the wire appears to be roughened and
fractured, as it exhibits low angle grain boundaries, which is consistent with our observations
from SEM. The high magnification image in Figure 6.4A indicates that the wire is highly
crystalline. Its corresponding SAED pattern is shown in Figure 6.4B. The SAED pattern in

Figure 6.4B exhibits a [01-1] zone pattern, which can be attributed to LiFePOs. Diffraction spots
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have been indexed to the (200) and (011) planes in this specific zone. It can be seen from these
data that the 50 nm NWs grow anisotropically along the a-axis, although low angle grain

boundaries can be seen due to the small diameter of the NWs.

Figure 6.4. HRTEM characterization for the 50 nm LiFePO4 NWs. (A) A magnified HRTEM
image of a 50 nm NW tip taken from (C). (B) A single area electron diffraction pattern taken
from (A), corresponding to the [01-1] zone of LiFePOs. (C) A dark field image of two 50 nm
LFP NWs. Reproduced by permission of Springer.

In Figure 6.5, additional HRTEM characterization was used to further corroborate the

assertion that we had synthesized single crystalline 50 nm NWs with the appropriate growth
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directions. Specifically, in Figure 6.5A, a dark field image of 2 LFP NWs can be seen. This
result demonstrates internal consistency in the crystallinity within the NW sample, as the
individual crystals lying in the correct Bragg condition are highlighted. In the bottom righthand
part of Figure 6.5A, a high magnification image of the boxed area can be observed, further
demonstrating the presence of low angle grain boundaries within our 50 nm NWs. In Figure
6.5B, a SAED pattern is included for the area, delineated in Figure 6.5A. This SAED pattern
suggests that some of our 50 nm NWs are actually polycrystalline. In the bottom righthand
portion of the image, there is a special calibrated ring pattern obtained by the rotational
averaging of all diffraction spots observed for that localized region. The diffraction rings
obtained by this procedure match well with the expected reference fringes (shown with bright
bars in the inset) for appropriate (hkl) reflection positions of crystalline LiFePO4. Herein, even
though there are a lot of data within this pattern, for the sake of clarity, only seven strong rings

are marked with the corresponding referencing bars.
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NW growth direction

Figure 6.5. (A) Dark field image of 200 nm LiFePO4s NWs. The inset is associated with the
boxed area 2 in the main image. (B) An experimental diffraction pattern (DP), corresponding to
the inset of Figure 6.5A. The lower right-hand inset for the recorded ED pattern illustrates a
rotationally averaged ring pattern, overlaid with a theoretical fringe pattern of LiFePO4 (Pnma)
for several d-spacings (JCPDS #83-2092), as shown by cross-like fine fringes, labeled by the
word “theory”. For the sake of clarity, only the first seven rings are indexed with d-space fringes.
Reproduced by permission of Springer.

HRTEM images corresponding to the 200 nm LFP NWs can be observed in Figure 6.6.
Figure 6.6C focuses on a single crystalline 200 nm NW. A higher magnification image can be
noted in Figure 6.6B, corresponding to the Fourier transform in Figure 6.6A, identified as the
[011] zone of LiFePOs. The NW edge (Figure 6.6C) follows the a-axis direction, associated with
the (200) spot direction in the FT pattern. Figure 6.6E is a SAED pattern that can be assigned to
the [011] zone for LiFePOs, thereby further corroborating the FT shown in Figure 6.6A. The
appropriate selected area image of the 200 nm NWs for which the SAED pattern was obtained is
described in Figure 6.6D, which provides for additional evidence, supporting the idea of NW
growth parallel to the a-axis. Figure 6.6F reveals the defocused diffraction pattern for the region

shown in Figure 6.6D, which implies a direct relationship between the NW orientation (in the

central BF image spot) and the a-lattice direction, as defined by the (200) reflection.
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Figure 6.6. HRTEM characterization for the 200 nm LiFePO4 NWs. (A) Fourier transform of an
magnified image insert (B), identified as the [011] zone of LiFePQOa4, (B) A high magnification
image of the 200 nm LFP NW used for the FT. (C) The NW edge follows the a-axis direction
presented by the (200) spot direction in the FT pattern. (D) A high magnification image used for
acquiring (E) a selected area electron diffraction image, corresponding to the [011] zone of
LiFePO4 (200nm), as well as (F) a defocused diffraction pattern, highlighting the NW orientation
(in the central BF image spot),which is almost parallel to the a-lattice direction, as defined by the
(200) reflection. Reproduced by permission of Springer.

Additional HRTEM images are shown in Figure 6.7. Specifically, Figure 6.7A represents
a low magnification TEM image of a typical 200 nm nanowire. The nanowire appears to possess
a highly textured surface with regions, featuring uneven color contrast and brightness, thereby
implying that the electron diffraction signal fluctuates to some extent throughout the material,
likely because of slight spatial variations in thickness and surface roughness within its length.
This observation may be indicative of a slightly porous structure. The measured d-spacing
(Figure 6.7B) of 0.369 nm corresponds to the (0-11) plane aligned parallel with the [100] vector,

i.e. the a-axis, associated with the LiFePO4 crystal. Such an observation agrees well with the

localized diffraction pattern (DP) orientation, seen in Figure 6.7C.
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Figure 6.7. (A) A low magnification HRTEM image corresponding to nanowires produced from
200 nm pore size diameter PC templates. (B) A magnified HRTEM image corresponding to 200
nm diameter nanowires, demonstrating the presence of anisotropic growth along the a-direction.
(C) Magnified (1.4 x) image for a DP of 200 nm-diameter nanowires, as compared with the
theoretical DP, calculated for the [011] zone of LiFePO4 (Pnma) thin crystal and overlaid with a
DP (in dark color square), thereby confirming an a-axis growth direction. (D) A low-index [010]
zone of LiFePO4. Reproduced by permission of Springer.

By comparing the DP with a theoretically calculated pattern (as shown by the overlaid
dark square), we have been able to conclude that the 200 nm nanowire, as shown in Figure 6.7A,
likely has a preferred growth direction associated with the a-axis of the crystalline LiFePO4
structure. Specifically, all of the sharp and uniform diffraction spots in Figure 6.7C can be
attributed to the [011] zone pattern for a LiFePO4 crystal, implying that the nanowire possesses a
long range crystalline ordering with a preferred anisotropic growth direction along the a-axis.
Moreover, the measured spacings of d(011) = 0.373 nm and d(200) = 0.514 nm in Figure 6.7C
can be ascribed to the reference (hkl) reflections of LiFePOj4 single crystals (JCPDS #83-2092)
and, in particular, for a large a-lattice parameter of 2*d(200) = 1.3 nm. Figure 6.7D represents an
additional SAED pattern taken from the low-index [010] zone of LiFePO4. These spots have
been indexed to the (200), (010), and (002) reflections, respectively, of LiFePQOas, thereby further
supporting the idea of a-axis growth.

Moreover, we note that both of the preferred growth directions for the 50 nm and 200 nm

nanowires, along the a-axis, result in an interesting structural consequence. That is, in both cases,
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one of the lattice normal vectors, i.e. (a, b) for the nanowire surfaces, possesses a b direction for
the (010) lattice planes, corresponding to the preferred Li ion transport pathway.** ** Overall, our
observations from HRTEM and XRD data suggest that our as-obtained LiFePO4nanowires are
likely to be both single-crystalline and phase-pure.
6.2.2. Electrochemical Performance of 200 nm LiFePO4 Nanowires

Crystalline 200 nm diameter LiFePO4 nanowires were prepared as an electrode for a coin
cell battery setup. The incorporation of carbon particles in the electrode has been shown to vastly
reduce resistance by assisting in the transport of electrons produced by the LiFePO4 cathode
material to the current collector.®* % This step is critical to overcoming the low conductivity
inherent to LiFePO4, which would typically result in a dramatically reduced specific capacity at
high rates, relative to the theoretical value, under practical coin cell conditions.

Constant current charge/discharge experiments were run at room temperature from 2 to
3.6 V at a rate of C/10, and the corresponding data can be observed in Figure 6.8A. The
associated charge and discharge profiles of the 200 nm diameter nanowires are presented in
Figure 6.9. These experiments were run in order to demonstrate that our 200 nm-diameter NWs
were electrochemically active as compared with bulk as a comparative standard. The bulk
material showed average electrochemical properties, exhibiting a decrease in specific capacity

over the course of 10 cycles, which is indicative of average rate performance and reversibility.
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Figure 6.8. (A) Capacity vs. cycle number for both the bulk-like particles as well as 200 nm
diameter lithium iron phosphate nanowires. SEM images have been taken both before (B, D) and
after (C, E) electrochemical cycling. (B) and (C) are connected with the bulk-like LiFePO4
particles, whereas (D) and (E) are associated with the 200 nm-diameter LiFePO4 nanowire
system, both coupled with carbon black and PTFE. Reproduced by permission of Springer.
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While it is reasonable to conclude from these data that our chemical lithiation procedure
appears not to be as efficient as the corresponding electrochemical lithiation protocol, more
experiments must be conducted to confirm this result. The value of the specific capacity after 10
cycles was measured to be 111.5 mAh/g, revealing that the bulk-like particles likely achieved
66% of the theoretical value (i.e. 170 mAh/g). By comparison, the average specific capacity (i.e.
26.4 mAh/g) of our as-synthesized 200 nm NWs, as determined by the relatively small amount
of LiFePO4 active material present in the electrode, is significantly below that of the theoretical
value (i.e. 170 mAh/g), which may be due to poor electronic conductivity and sheer lack of
active material. Moreover, our electrode preparation will need to be optimized, but the main goal
of this report was to successfully demonstrate our ability to synthesize chemically pure,
crystalline LiFePO4 nanomaterials that are electrochemically active.

Hence, the charge and discharge curves in Figure 6.9 are promising in that they show that
our nanowires are at least responsive electrochemically. The plateau seen in this Figure suggests
that the potential of 200 nm-diameter nanowires, during the charging process for the oxidation of
Fe?*-> Fe®', is 3.4 V vs. Li/Li". In fact, the higher than anticipated voltage observed for the 200
nm nanowires (i.e. 3.5 V) can be ascribed to the impedance present within the cell. This
increased resistance can be attributed to a number of reasons, including the nature of the
electrolyte as well as morphological differences in the samples analyzed (i.e. particles versus
wires). In our case, we can potentially attribute the observed increase in impedance to both
morphology and poor contact between the active material and the current collector, as the other
parameters during coin cell assembly were effectively maintained constant throughout for all of

the cells analyzed including those for bulk.

220



3.5

w
o
1

E (V) vs. LilLi"
N
T

g
(=)
1

1.5 T | T T T 1

4 6 8 10 12
Cycling Time (Hrs)

Figure 6.9. Electrochemical cycling of 200 nm LiFePO4 nanowires. The charge-discharge curve
is plotted as a function of time. Reproduced by permission of Springer.

Of significance for the interpretation of our electrochemical data, we were unable to
conclusively demonstrate the formation of Li-Fe anti-site pair defects in which a Li ion at the M1
site is exchanged with a Fe ion at the M2 site.>”° This impurity is actually intrinsic® to LiFePO,
and easily forms in olivine structures. Yet, this defect can potentially influence electrochemical
performance, because it has been postulated that the presence of Fe ions on lithium sites can
block the long-range 1D migration of the corresponding Li channel®® (in particular, the (010)
channel).>® For instance, hydrothermally grown LiFePO4 nanostructures synthesized by Yang
and coworkers possessed about 3-5% of Fe ions, occupying Li sites, as determined by using
Rietveld analysis.® During the intercalation/de-intercalation process, these Fe ions localized in
the M1 sites likely inhibited Li ion transport and concomitantly led to not only a noteworthy

decrease in the Li ion diffusion coefficient but also a reduction in the availability of active
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volume, all of which would have diminished the overall potential capacity of this material.
Hence, typically, these materials are heated above 450°C to remove this deleterious defect.>®
Interestingly, our material evinced no such impurities, as indicated by our high resolution
synchrotron XRD data, thereby supporting the notion that the presence of these impurities could
not be the reason for our poor conductivity.

Furthermore, the observed variation in electrochemical behavior may be ascribed to the
differences in size and morphology between the samples herein, which directly impact both
electron and lithium ion transport.>* ®* To analyze and track the morphological evolution of the
electrode before and after cycling, scanning electron microscopy was specifically utilized to
document these changes. More specifically, the electrode was prepared and imaged prior to
assembling the coin cell as well as after 1 cycle, in order to probe the effect of Li
intercalation/de-intercalation on the electrode.

Images of individual electrodes containing bulk-like particles (Figure 6.8B and C) and
the 200 nm diameter nanowires (Figure 6.8D and E) have been analyzed. Specifically, the
electrode, containing 200 nm-diameter LiFePO4 nanowires, shows reasonable surface
uniformity, both pre- and post-cycling; it is not as if the Li intercalation/de-intercalation process
caused the electrode to fracture and crack after electrochemical cycling. However, there are a
few issues that are worth noting. First, there is a qualitative difference in physical appearance
and packing between the 200 nm LiFePO4 nanowires isolated immediately after synthesis
(Figure 6.1C) and when physically incorporated into the electrode (Figure 6.8D). This
observation may be as a result of the technique employed to synthesize the electrode, which
tends to require a fair amount of mechanical, potentially destructive grinding in order to compact

the mixture. Second, it is apparent that an inhomogeneous distribution and packing of the
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cathode material exists throughout the electrode, which may also be detrimental to the overall
performance of the resulting cell. As stated previously, the conductivity of the material is directly
related to both its size and shape. Hence, the slight but noticeable deterioration in morphology
and packing, which presumably affected electrode porosity and which is apparent from Figures
6.8D and 6.8E, before and after cycling, respectively, suggests that this factor had a negative
effect upon the wires’ overall electrochemical performance.

Moreover, without even considering the characteristics of the active material, the
electrochemical measurement technique employed possesses a number of limitations of its own.
That is, the specific methodology implemented to put together the coin cell assembly in these
studies ultimately decreases the volume energy density of the LiFePO4 used by 25% (i.e. 10%
carbon black and 5% PTFE present in the cathode),** thereby fundamentally affecting
performance. From prior literature, it has been suggested that the electrode fabrication process
needs to be specifically and carefully tailored to the type of LiFePO4 material used (i.e. through
optimization of the adhesion and miscibility characteristics of the LiFePOas relative to the other
cell components, for instance),® in order to inadvertently avoid lowering the volumetric and
gravimetric energy density and hence the overall efficiency of the resulting coin cell
configuration.® %8 Herein our protocols did not necessarily lead to the formation of a
homogeneous, uniform electrode, which would represent a minimum and necessary prerequisite
for observing reasonable Li intercalation/de-intercalation. However, we reiterate that the reason
for choosing this method of electrode synthesis was to use viable, reproducible, and relatively
simple techniques, considering the relatively small amounts of LiFePO4 nanowires that we had
ambiently formed. Evidently, we learned that the quantity of active LiFePO4 material matters.

Hence, future work will rely on working with an optimized electrode set-up using larger
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quantities of electrochemically active single-crystalline LiFePO4 nanostructures, tailored in terms
of size, chemical composition, and morphology.
6.2.3. Electrochemical Lithiation of FePO4 Nanowires

In order to assess the opportunity for electrochemical lithiation of the iron phosphate
materials, commercial (bulk-like) and synthesized (nanowire) samples of FePO4 were tested in
electrochemical cells versus lithium metal electrodes. The first test of the FePO4 was designed to
be consistent with the test of the chemically lithiated material. Cells containing bulk-like FePO4
material were cycled under a voltage range of 2.0 — 3.6 V at a 0.18 mA/cm? rate for ten cycles
(Figure 6.10). After a lower capacity for the initial cycle, the discharge and charge capacities

were measured to be ~ 4 mAh/g for cycles 2 - 10.
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Figure 6.10. Electrochemical cycling of Li/FePO4 cells containing bulk-like FePO4 material
under 0.018 mA/cm? rate. Specific capacities for discharge and charge are shown as a function of
cycle number. Reproduced by permission of Springer.

It was proposed that a lower cycling rate may improve the lithiation of the FePO4

material, and that a nanowire structural motif would impact the delivered capacity of the FePO4

material. Therefore, a second test was undertaken in terms of cycling both bulk-like and
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nanowire FePO. materials under a voltage range of 2.0 — 3.6 V at 0.018 mA/cm? rate for three
cycles (Figure 6.11). For the bulk-like material, the discharge capacities were 16 and 18 mAh/g
on cycles 1 and 2, respectively, with no discharge capacity observed on the third cycle (Figure
6.12A). Lithiation of the bulk-like material remained limited, even at this lower rate, with low
charge capacities measured of 5 and 8 mAh/g on cycles 2 and 3. For the nanowire material, the
discharge capacities were 0.17 and 0.17 mAh/g on cycles 1 and 2, with very little discharge
capacity observed for the third cycle (Figure 6.12B). Lithiation of the bulk-like material was in
fact very limited even at this lower rate, with capacities < 0.02 mAh/g on all three cycles. The
ten-fold lower capacity for the nanowire FePO4 material relative to the bulk-like FePO4 material
under this test was similar to the six-fold lower capacity for the nanowire LiFePO4 material,

relative to that of the bulk-like LiFePO4 material, as shown in Figure 6.8 above.
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Figure 6.11. Electrochemical cycling of Li/FePO4 cells, containing bulk-like FePO4 material
under 0.018 mA/cm? rate and a 2.0 — 3.6 V potential window. The charge-discharge curve is
plotted as a function of cycling time. Reproduced by permission of Springer.
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Figure 6.12. Electrochemical cycling of Li/FePO, cells under a rate of 0.018 mA/cm? and a 2.0 —
3.6 V potential window. Specific capacities for discharge and charge are shown as a function of
cycle number for bulk-like (black) FePO4 material (A), and nanowires of (red) FePO4 material
(B). Reproduced by permission of Springer.
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It was further hypothesized that a modification of the voltage window for the discharge-
charge rate may improve the lithiation of the FePO4 material. Therefore, a third test was
undertaken in terms of cycling both bulk-like and nanowire FePO4 materials under a voltage
range of 1.5 — 4.0 V at an 0.018 mA/cm? rate for ten cycles (Figure 6.13). For the bulk-like
material, the cycle 1 discharge capacity was ~70 mAh/g for Cycle 1 and remained effectively
constant at ~30 mAh/g for cycles 2- 10 (Figure 6.14A). The charge capacity remained at 30 — 40
mANh/g for all cycles, showing reasonable cycling efficiency but low capacity for the bulk-like
material. For the nanowire material, the discharge capacities were < 4 mAh/g on all cycles, with

very low charge capacities of <0.3 mAh/g on all cycles (Figure 6.14B).
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Figure 6.13. Electrochemical cycling of Li/FePOx cells under a 0.018 mA/cm? rate and ina 1.5 —
4.0 V potential window. Voltage versus specific capacity for (A) bulk-like (black) FePO4
material and (B) nanowires (red) of FePO4 material. Reproduced by permission of Springer.
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Figure 6.14. Electrochemical cycling of Li/FePO4 cells under 0.018 mA/cm? rate and 1.5 - 4.0 V
window. Specific capacity versus cycle number for (A) bulk-like (black) FePO4 material and (B)
nanowires (red) of FePO4 material. Reproduced by permission of Springer.

Under all electrochemical lithiation conditions tested, the nanowire FePO4 material

showed less capability for lithiation relative to the bulk-like FePO4 material. A recent first-

principles study of the chemical bonding and conduction behavior of LiFePO4 using maximally-
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localized Wannier functions®? lends additional insight into our empirical observations. Results of
the calculations showed that the chemical bonding of Fe—O3 has an important function in the
low-temperature conductivity of LiFePOs, as small polaron hopping is mainly mediated by Fe—
03 chemical bonds. Notably, our Rietveld analysis of the bulk-like and nanowire LiFePQO4
materials (Table 6.1) showed similar Fel, O1, and O2 positions, but different O3 positions. Thus,
we propose that the Fe-O3 geometry in our nanowire materials may be less favorable than that in
the bulk-like materials, providing (to the best of our knowledge) the first empirical evidence with

which to support this theory.

6.3. Conclusions

The strength of our contribution lies not only in our ability to generate lithium iron
phosphate nanowires using mild reaction conditions with demonstrably high quality,
crystallinity, and purity but also in our deliberate approach in including a set of results emanating
from the use of a sophisticated toolkit of complementary structural characterization (including
synchrotron-based) techniques that have rarely been applied to this material. Specifically, in this
study, we have described our success in the diameter and shape-controlled synthesis of 1D
LiFePO4 nanostructures under sustainable conditions.

Building upon our previous work, we have utilized an ambient, seedless, surfactantless,
wet-solution-based U-tube method to generate 1D amorphous FePOg4 precursors through the
precipitation of FeCls and NasPOa. The precursor chemistry and reaction time were optimized to
yield chemically pure, high-quality amorphous FePO4 nanowires, with spatial control over the
diameters of the nanowires achieved through appropriately varying the pore size channel of the

commercially available template. We have successfully converted our amorphous starting
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precursor material into the electrochemically active LiFePO4 through chemical lithiation, while
maintaining the specified size and 1D morphology.

Structural characterization of the as-prepared 50 nm and 200 nm diameter crystalline
LiFePO4 material showed that the one-dimensional samples grew anisotropically along the a-
axis direction, thereby exposing the b-direction. Specifically, a suite of high-resolution TEM
techniques, including HAADF, SAED, and defocused diffraction methods, has confirmed the
presence of enhanced crystallinity of both the 50 nm and 200 nm nanowires, taken from various
regions. Moreover, our as-prepared 200 nm NWs were found to be not only phase pure but also
single-crystalline by various additional characterization methods, including but not limited to
synchrotron X-ray diffraction.

The size and morphology of these as-synthesized nanowires have had an impact upon
their electrochemical efficiency, when employed in a coin cell setup. However, our technique
was not necessarily optimal because of low sample quantity considerations, and the mechanical
grinding may have fundamentally altered the morphology of our lithium iron phosphate materials
when incorporated as a part of a functional electrode. Moreover, the relatively poor electronic
conductivity, packing inhomogeneity, and poor contact with the current collector may also have
affected the electrochemical performance of our 200 nm-diameter nanowires. Nevertheless,
based on the collected charge/discharge curves, we were able to successfully demonstrate that, at
a minimum, our LiFePO4 material is electrochemically active. The electrochemical data for the
chemically and electrochemically lithiated FePOsmaterials showed consistent trends for the bulk-
like and nanowire material, where the bulk-like materials exhibited higher capacities in each
case. The capacity trends may relate to Fe-O3 geometry for materials, as recent calculations

showed that the chemical bonding of Fe—O3 has an important function in the low-temperature
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conductivity of LiFePO4.5? As a positive step towards understanding and potentially improving
upon Li ion diffusion at a structural level, we have demonstrated that our nanowires can be

synthetically grown along the a-axis in terms of a viable growth direction.
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Chapter 7 - Conclusions

7.1. Conclusions

The experiments described within this thesis represent a logical and straightforward
approach at synthesizing and characterizing various nanoscale materials. Not only have we been
able to tailor and tune chemical composition and morphology, but also control various
parameters so as to optimize performance for a number of applications, including fuel cells and
batteries. Nanomaterials produced in this thesis were generated by using reasonably ambient and
mild synthetic techniques in order to minimize negative environmental impacts while achieving
high purity and crystallinity.

In Chapter 3, the synthesis and characterization of ultrathin ternary PtRuFe alloy
nanowires were investigated as catalyst materials for the methanol oxidation reaction. An
ambient and facile synthesis method was employed to generate nanowire networks with average
diameters of 2 nm. 1D nanomaterials are highly advantageous for catalytic reactions, due to their
intrinsic stability and reduction in deleterious defects. Moreover, the Pt7RuFe NW catalyst
evinced the highest MOR activity as compared with the other PtRuFe alloy nanowires,
possessing an activity of 1.1 mA/cm? at 0.65 V vs. RHE. Additionally, this catalyst exhibited
enhanced stability as compared with commercial PtRu NP/C, maintaining a steady state current
density of 0.605 mA/cm?, whereas PtRu NP/C only achieved a current density of 0.051 mA/cm?.
As a result, optimized performance and durability were attributed to the specific ratio between
Ru and Fe, with Ru likely promoting methanol oxidation through the indirect pathway, whereas
Fe enabled the direct pathway through the formation of a formic acid intermediate.

In Chapter 4, the same synthetic method employing CTAB as an inverse micelle network
was utilized to generate multiple binary Pt-based alloy nanowires. Specifically, PtM (M = Ru,

Fe, Co, Au, Cu) nanowires were produced as anode catalysts for the hydrogen oxidation reaction
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in alkaline media. Moreover, the effect of alloying was investigated using a variety of techniques
including XPS and EELS in order to make correlations between the presence of d-band
vacancies and the HBE. In essence, the PtRu NW catalyst yielded the fastest kinetics and highest
HOR exchange current density (0.493 mA/cm?) as compared with Pt NWs (0.209 mA/cm?), a
finding attributable to electron density withdrawal from Pt, thereby producing a more favorable

HBE value.

In Chapter 5, the effect of alternative support materials to carbon were investigated. More
specifically, binary and ternary metal oxides, including TiO2, RuO2, SrTiO3z and SrRuQOs, have
been employed as supports for Pt NPs, and these oxide materials were subsequently tested for the
methanol oxidation reaction. In effect, a favorable metal-support interaction was found between
the SrRuOs substrates and Pt NPs, with the supports withdrawing electron density from the Pt 4f
orbitals. This resulted in an observed enhanced catalytic activity for the Pt/SrRuO3 (37.3 nm)
sample, achieving an activity of 1.42 mA/cm? as compared with commercial Pt NP/C possessing
an activity of 0.31 mA/cm?, collected at 0.7 V vs. RHE.

Chapter 6 discussed the effect of morphology, electronic structure, and purity of LiFePO4
nanomaterials on the electrochemical performance of Li ion batteries. More specifically, an
ambient, surfactantless template-based method was employed to generate highly anisotropic
LiFePO4 nanowires with diameters consistent with the pore sizes of the template employed. The
NWs exhibited high purity and crystallinity, with a growth direction along the a-axis, allowing
for the favorable orientation of the b-axis along the diameter of the nanowire. Although the
observed electrochemical performance was unfavorable, producing low capacities, it was

discovered that this result was a consequence of the geometry of the nanowire, specifically the
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Fe-O3 geometry which has been shown to significantly influence conductivity under low
temperature operations.
7.2. Future Directions

Throughout this thesis, we have demonstrated our ability to not only control the synthesis
of our nanostructures but also acquire a basic understanding of data derived from the acquired
characterization methods. Moreover, our work highlights significant promise for the
development of fuel cell catalysts and cathode materials for Li ion batteries.

Specifically, in terms of trends in the field, many groups are generating non-precious
metal catalytic analogues to lower the overall cost of the fuel cell catalyst, which is a large
inhibitor for widespread commercialization. As mentioned, Pt is still the most efficient metal for
most fuel cell reactions, with PtRu typically employed as an anode catalyst. Currently, catalysts
such as but not limited to CoNiMo NPs! used for the hydrogen oxidation reaction in alkaline
media and NixCo3.xO4? catalysts utilized for the methanol oxidation reaction in alkaline media,
are being explored and further optimized to compete with Pt-based materials. Conversely, it will
be more difficult to generate non-precious metal catalysts for acidic media, since most succumb
to dissolution and degradation. Nonetheless, the transition from Pt to other more cost effective
and abundant transition metals such as but not limited to Fe, Co, and Ni is necessary for the
widespread commercialization of fuel cells.

Additionally, beyond the use of more abundant and cost-effective metals, it will be
necessary to expand beyond either a mono-metallic or binary metallic catalyst composition. As
suggested above, many groups are leaning towards the development of more complex
combinations of ternary or even quaternary nanomaterials, in addition to intricate permutations

of different varieties of catalysts.> This strategy allows for the creation of a “catalyst’ that
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encompasses an assortment of attributes so as to address a wide range of issues with a particular
reaction. For instance, a PtRuOslIr catalyst demonstrated an accelerated reaction process for
MOR, thereby leading to enhanced efficiencies for DMFC applications. More specifically, the
use of Ir led to better C-H activation for methanol oxidation, whereas the roles of Ru and Os
were in promoting water adsorption.® Furthermore, the growing knowledge base and associated
understanding of reaction mechanisms will continue to lead to the development of more complex
and effective catalyst materials, so as to address existing technical obstacles.

Moreover, scientists within the fuel cell field have begun to recognize the significance
and advantages associated with the 1D morphology. With the beneficial combination of
anisotropy, high aspect ratio, and enhanced stability, efforts have focused on the investigation of
alloyed, core-shell, and hierarchical motifs, respectively, of a 1D structure as compared with the
traditional nanoparticle morphology.®2° For example, Pt@Ru NTs have been developed for the
hydrogen oxidation reaction in alkaline media and these evinced a surface specific activity of 2.4
mA/cm? at 0.05 V vs. RHE, which is 2.5 times greater than that of Pt NTs.” Additionally,
Pd@Cu NWs can realize a mass exchange current density of 0.33 A/mgeem™ for the hydrogen
oxidation reaction in basic media and achieve 95% of the activity threshold normally attained for
Pt NP/C.® The analysis of similar types of 1D nanostructures will continue, as this research area
is still relatively nascent.

Regarding support materials, with the ability either to dope carbon-based supports with
nitrogen or to partially reduce them to not only improve stability and durability but also provide
for beneficial metal-support interactions, carbon materials such as either graphene or CNTs still
exist as the primary support material for catalysts.> **3 However, although metal oxide supports

still represent a more stable alternative to carbon-based materials, in most instances, they do not
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possess the same conductive behavior as carbon yields with respect to as-deposited catalyst
material, immobilized on its surface. Recently, research has turned to support materials that
contain a combination of these two material support alternatives, i.e. stable metal oxides coupled
with carbon-based materials.'* 1> For example, a graphene-based porous carbon-

Pd/SnO. nanocomposite has shown enhanced activity for the methanol oxidation reaction,
maintaining 85% of its activity after 500 cycles, with the improved performance attributable not
only to the enhanced conductivity of the graphene but also to the greater CO tolerance resulting
from the addition of the Sn0,.1

Additionally, carbon materials combined with Fe-N-C composites have been developed
as promising alternative catalysts to Pt.252% These particular catalysts are almost completely
unaffected by the presence of small molecules such as methanol or CO, which can significantly
hinder and inhibit catalytic reactions. Although this is a highly beneficial attribute, the activities
of these composites for either ORR or the oxygen evolution reaction (OER) are unfortunately not
even remotely competitive with current commercial catalysts.

Li-ion batteries also represent a clean energy alternative to fossil fuel-based components.
However, with the employment of either a carbon or graphene-based anode material, the
theoretical capacity is reduced significantly as compared with using Li metal. Moreover, most Li
metal batteries suffer from either detrimental side reactions that significantly influence cell
lifetimes or safety concerns as a result of Li dendrite formation or unstable electrodeposition. As
a way to mitigate for these issues, research has transitioned to the use of less hazardous and more
abundant metals such as Al or Na.%

Additionally, the employment of metal oxides as cathode materials for Li ion batteries

typically results in the formation of insulating metal oxide layers at the interface, which
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subsequently lead to the formation of high reaction barriers. Therefore, some have begun
investigating metal organic frameworks to address and alleviate this particular problem.?? In both
technologies, significant work still needs to be performed and optimized to keep up with the
current standards of fossil fuel-based technologies and be utilized as a clean energy alternative.

Moreover, carbon-based materials such as graphene and CNTSs are being developed as
conductive additives to anode and cathode materials as a result of their low electrical
conductivity.?*2 For instance, reduced graphene oxide possesses high electrical conductivity as
well as high surface area, which lead to a capacity retention rate of 93% after 1000 cycles at a
10C rate for reduced graphene oxide-modified LiMno75F€o.25PO4 microspheres.?*

More recently, research has shifted focus to a more optimal battery, i.e. the Li-air battery.
This type of battery oxidizes lithium at the anode and reduces oxygen at the cathode. However,
as with Li-ion batteries, the safety concern associated with metallic lithium is still present.
Additionally, the cathode materials, in this case, are typically noble metals, which present a
significant cost issue, and again, it is likely that more economical alternatives will be developed.
Nevertheless, Li-air batteries possesses the highest theoretical capacity as compared with other
types of batteries, with the possibility of storing 10 times the amount of energy of that normally
associated with Li-ion batteries.

In addition to the optimization of catalysts through chemical means, there is also a
significant need to expand upon the characterization tools utilized for analyses of samples used
for fuel cell and battery applications. For example, beamline techniques, such as pair distribution
function (PDF), which measures the distances between particles and atoms within a material, and
inner shell spectroscopy (ISS), which gauges changes in oxidation states under operando

conditions, would be highly beneficial tools for the characterization of nanomaterials.
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Specifically, PDF measurements can enable the analysis of specific distances between atoms
within an alloy structure, which in turn would provide insight not only into the type of strain
present within the material but also the extent of that strain. These data could then be correlated
with the activity of a particular material in question by comparison with that of a pure
monometallic standard. The ISS technique moreover would be advantageous for measuring
changes in the oxidation state during battery operation.

Other techniques include in-situ infrared spectroscopy (in-situ IR) and electron
microscopy. In-situ IR could probe the formation of specific intermediates during a reaction
process, allowing for identification of species produced in a particular reaction pathway. For
example, the methanol and ethanol oxidation reactions possess a number of plausible pathways,
which Adzic and co-workers were able to successfully narrow down to more precise scenarios
through the employment of in-situ IR.2” Moreover, liquid cell electron microscopy could also be
utilized to investigate the growth mechanism of a particular nanomaterial. For instance, the
growth kinetics of FesPt-Fe,O3 core-shell nanoparticles have been investigated using this
technique, and insights into a plausible formation pathway were acquired as a result.?® Such
studies would enable information to be acquired about the specific facets and planes that
participate in the overall growth process, findings which can hopefully be generalized to further
an understanding of the generation of materials possessing a similar class of chemical
composition. Hence, advanced characterization techniques will play a major role in the
development and optimization of nanomaterials and contribute to the advancement of both fuel

cells and batteries.
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