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Abstract

Polymer electrolyte fuel cells (PEFCs) are electrochemical devices that efficiently
convert hydrogen and oxygen into electricity and water. Their clean point of operation
emissions and fast refueling times have resulted in PEFCs being highly touted as integral
components of sustainable energy infrastructures, most notably in the transportation sector.
The issues associated with hydrogen production and distribution aside, the commercial
viability of PEFCs is still hindered by the high cost and inadequate long term operational
stability. A main contributor towards both of these issues is the platinum-based
electrocatalysts used at the cathode to facilitate the inherently sluggish oxygen reduction
reaction (ORR). These expensive precious metal catalysts comprise almost half of the
overall PEFC stack cost, and undergo degradation under the cathode environment that is
very corrosive due to the acidic and potentiodynamic conditions. There is therefore ample
room for cost reduction if reduced platinum ORR catalysts can be developed with sufficient

activity and durability to meet the technical targets set for the use of PEFCs in automobiles.

In this work, two classes of nanostructured catalysts are investigated. The first is
high activity platinum or platinum alloy materials with the objective of surpassing the
activity of conventional catalysts on a precious metal basis to achieve cost reductions. The
second is non-platinum group metal (non-PGM) catalysts, that while intrinsically less
active than platinum, can still provide high power output at moderate operating voltages,
such as those encountered during automobile operation. These two catalyst technologies are

developed and delivered with the ultimate objective of integrating them together into



platinum/non-PGM hybrid electrodes to provide excellent PEFC performance with a

reduced platinum dependency.

In Chapter 4, titanium nitride — carbon nanotube (TiN-CNT) core-shell
nanocomposites developed by a simplistic two step fabrication procedure are reported.
These materials are physicochemically characterized by a variety of microscopy and
spectroscopy techniques and used as platinum nanoparticle elelectrocatalyst supports
(Pt/TiN-CNT) for the ORR. Through half-cell electrochemical testing in acidic electrolyte,
improved ORR activity was demonstrated for Pt/TiN-CNTs compared with state of the art
commercial Pt/C. The one-dimensional morphology of the TiN-CNT supports is also
conducive for integration into highly porous -electrode structures with excellent
interconnectivity to ensure reactant access and electronic conductivity throughout the
catalyst layer, respectively. The long term stability of this catalyst however remains
questionable, likely due to oxidation of the titanium nitride surface that results in a thin

passivating layer.

It is becoming increasingly evident that corrosion of platinum nanoparticle supports
is inevitable during fuel cell operation. To overcome this, a focus was then placed on the
development of supportless nanostructured platinum catalyst designs. Platinum cobalt
nanowires (Pt-Co-NWs) were prepared by simplistic, template free microwave-irradiation
process as discussed in Chapter 5. Using cobalt as an alloying element was undertaken
owing to the documented ability of this transition metal to modulate the adsorptive
properties of platinum and induce increased ORR activity. The one-dimensional anisotropic

nanostructure can also provide increased platinum stability owing to the reduced surface
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energies in comparison to zero dimensional nanoparticles. The Pt-Co-NWs displayed
promising ORR activity a through half-cell testing in 0.1 M HCIO4. Most notably, using
harsh accelerated durability testing (ADT) that consisted of 1,000 electrochemical potential
cycles from 0 to 1.5 V vs. RHE at 50 °C, the Pt-Co-NWs maintained the majority of their
ORR activity, highlighting exemplary stability. While simple, the drawback of this
synthesis approach is that it did not allow for nanowire diameters that were below 40 nm.
This resulted in inaccessible platinum atoms within the nanowire cores, highlighting the
fact that further improved ORR activity on a platinum mass basis could be achieved with

reduced diameters.

To accomplish this, the electrospinning approach was used to prepare PtCoNWs
(please note the nomenclature distinction). Through investigations in which synthesis
parameters were systematically investigated, electrospinning was found to provide a
versatile platform for the synthesis of nanowires with tunable diameters and atomic
compositions. PtCoNWs with a near unity stoichiometric ratio, excellent atomic
distribution and an average diameter of 28 nm were evaluated for ORR activity. Over a
four-fold enhancement in Pt mass-based activity at an electrode potential of 0.9 V vs RHE
is obtained in comparison to pure platinum nanowires, highlighting the beneficial impact of
the alloying structure. A near 7-fold specific activity increase is also observed in
comparison to commercial Pt/C catalyst, along with improved electrochemically active
surface area retention through repetitive (1,000) potential cycles. Electrospinning is thereby
an attractive approach to prepare morphology and composition controlled PtCoNWs that

could potentially one day replace conventional nanoparticle catalysts.
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With the development of PtCoNWs established, developing non-PGM catalysts that
can be hybridized with the high activity platinum-based catalysts was required. In Chapter
7, single crystal cobalt disulfide (CoS;) octahedral nanoparticles supported on
graphene/carbon nanotube composites were prepared as ORR catalysts. During the
simplistic, one-pot solvothermal synthesis, the nanostructured carbon supports were also
simultaneously doped with nitrogen and sulfur. Time dependent studies elucidated the
growth process of the {111} facet encased octahedra that could only be prepared when
carbon support materials were incorporated into the reaction mixture. The impact of carbon
support on ORR activity was clear, with the graphene/carbon nanotube composite
supported CoS, octahedra (CoS,-CG) outperforming CoS, supported on just graphene or
carbon nanotubes. Additionally, CoS,-CG provided an on-set potential (0.78 V vs. RHE)
and half-wave potential (0.66 V vs. RHE) that was 60 mV and 150 mV higher than the
CoS, particle agglomerates formed when no carbon support was included during catalyst
preparation. By combining the synergistic properties of the graphene/carbon nanotube
composite and unique shape controlled single crystal CoS, nanoparticles, CoS,-CG
comprises the highest activity non-precious metal transition metal chalcogenide reported to

date, and is presented as an emerging catalyst for the ORR in fuel cells.

Chapter 8 provides a summary of the conclusions of this body of work, along with
strategies that can be employed to capitalize on the scientific advancements made through
this thesis. The delivery of PtCoNWs and CoS,-CG that can be reliably prepared by simple
techniques provides the crucial first step towards the development of platinum/non-PGM

hybrid electrodes. Future projects should focus on the integration of these two catalysts into

viil



new electrode arrangements in an attempt to exploit their individual properties. Through
this approach, it is hypothesized that synergistic coupling of these two catalysts can lead to
PEFC systems with reduced activation losses from the PtCoNWs, along with CoS,-CG
providing increased maximum power densities at lower cell voltages, all at reduced

platinum contents in comparison to state of the art PEFC cathodes.
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1. Introduction

1.1 The energy challenge

Clean energy initiatives are an increasingly important area for technological
innovation owing to rapidly increasing global populations and energy demands. As a
society, we continue to have an almost exclusive reliance on fossil fuel reserves to meet
these demands. Development of clean energy production, storage and conversion
technologies is urgently needed to achieve sustainability of the energy sector, and to
proactively deal with climate change and environmental issues before they become

detrimental to quality of life.

Polymer electrolyte fuel cells (PEFCs) are highly efficient electrochemical devices
that convert the chemical energy of hydrogen and oxygen into electricity and water. Their
clean point of operation emissions, fast refueling times and excellent energy density render
them promising for a variety of applications, the most notable of which is in the
transportation sector. Hydrogen fueled PEFC vehicles would allow us to significantly cut
back on the over five billion tonnes of greenhouse gas emissions (CO;) produced by
automobiles each year;' however their commercial attractiveness on a device level is still
limited by two primary factors: high cost and insufficient durability. The main
contributor to PEFC system cost is the high content of platinum required in the electrodes
to facilitate the pertinent electrochemical reactions, namely the hydrogen oxidation reaction
(HOR) at the anode, and the oxygen reduction reaction (ORR) at the cathode. The

monopolized global distribution and limited natural reserves of this precious metal® leads to



a very volatile price structure.” Furthermore, as it is a natural resource, it is not privy to the
economy of scale benefits that can be realized for other manufactured component materials,
such as electrolyte membranes and bipolar plates. To this end, under projected conditions
of mass PEFC production (500,000 units per year), the platinum-based electrocatalysts are
estimated to contribute just short of 50% of the overall PEFC stack cost.* Both the anode
and cathode rely on expensive platinum-based catalysts, although the majority of platinum
content is used at the cathode as the rates of ORR are inherently six orders of magnitude
slower than the HOR.? Furthermore, the cathode catalysts are exposed to high, transient
potentials, which are very corrosive under the humidified, acidic and high temperature
environment of the PEFC.® This leads to material stability issues, and current catalyst
technologies cannot retain adequate activity to meet the 5,000 hours of operation
requirement if PEFCs are ever to compete with internal combustion engines. It is therefore
extremely desirable to develop new ORR catalyst technologies that can reduce the platinum
content of state of the art cathodes, while providing long term stability under the harsh

operative conditions.
1.2 Polymer electrolyte fuel cell fundamentals

PEFCs are electrochemical energy devices that directly convert the chemical energy
stored in hydrogen and oxygen, into electricity. Initially developed back in the 1960s,
PEFCs are attractive for a variety of different purposes due to their efficiency, relatively
low operating temperatures, environmentally benign emissions and silent operation. PEFC
stacks consist of several cells connected in series in order to achieve useful voltage levels

and practical power output. Each individual cell is comprised of three components: (i) the



anode, where the HOR occurs; (ii) the electrolyte membrane, which conducts protons from
the anode to the cathode while being impermeable to electron flow; and (iii) the cathode,
where the ORR occurs. Figure 1-1 provides a simple schematic of a single cell, which is

commonly referred to as a membrane electrode assembly (MEA).

/— i Load -—»\

Hydrogen

Cathode Electrolyte Anode

Figure 1-1: Single membrane electrode assembly consisting of an anode, polymer electrolyte and

cathode. With permission from ’, copyright John Wiley and Sons, 2003.

Hydrogen is steadily fed as a fuel to the anode, where it will undergo the HOR

(Equation 1-1):

H, > 2H" +2¢ E°=0V vs RHE (1-1)



Following this reaction, the generated protons will diffuse across the electrolyte membrane
towards the cathode. In PEFC systems, the electrolyte membrane is Nafion, a
perfluorinated sulfonic acid membrane. The negatively charged SO;™ groups have strong
interactions with the positively charged protons generated by the HOR. When the
membrane is hydrated during PEFC operation, the attraction between the protons and the
SO;™ groups weaken and provide the protons with mobility, upon which they diffuse
through the membrane towards the region of lower concentration. It is a stringent
requirement that the electrolyte membrane be resistant to electron flow, causing the
electrons to flow through the external circuit powering the attached load. After reaching the
cathode, the electrons combine with the diffused protons from the HOR, along with oxygen
molecules being continuously fed to the cathode where the ORR occurs according to

Equation 1-2:
0, +4H" +4e > 2H,0 E°=1.229 V vs RHE (1-2)

With the HOR and ORR occurring simultaneously during PEFC operation, the theoretical
open circuit voltage is given as 1.229 V and the overall full cell reaction can be

summarized according to Equation 1-3:
H, + ',0, > H,0 (1-3)

Despite boasting a theoretical open circuit voltage of 1.229, during actual use,
observed voltages are always significantly lower than this value and decreasingly so at
higher drawn currents. This is due to a phenomenon referred to as overpotential, or

irreversible voltage losses than can be attributed to a variety of different factors. Figure 1-2



provides an example of a typical PEFC polarization curve. The first thing that can be
noticed from this figure is that the open circuit voltage (no current being drawn) is
significantly lower than the theoretical ‘No loss’ voltage marked by the dashed line. This
can be attributed to fuel crossover across the membrane,” and to some extent, platinum

catalyst oxidation.

‘No loss’ voltage of 1.2 V

12 e e
____ Eventhe open circuit voltage is less than the
- — theoretcial no loss value
— — ———————— Rapid initial fall in voltage
08— _______\Voltage falls more slowly,
-3 - and graph is fairly linear
()
g
= 0.6
o
z
@
o 0.4 -
: Voltage begins to fall faster —
at higher currents
0.2
0 T T | 1 1
0 200 400 600 800 1000

Current density (mA cm™2)

Figure 1-2: Typical PEFC polarization curve showing the various regions of overpotential, or

irreversible voltage losses. With permission from ’, copyright John Wiley and Sons, 2003.

Moving to the region where current begins to be drawn from the PEFC, a sharp
drop in cell voltage with increasing currents is observed. This region is due to activation
overpotential, and is directly related to the slow kinetics of the necessary electrode
reactions. This is the most detrimental and important cause of voltage drop in PEFCs,

contributed primarily by the cathode due to the very sluggish ORR kinetics in comparison



to the HOR which contributes negligible losses. Using more effective catalysts with
deliberately designed nanostructures can serve to overcome these irreversible voltage losses

and is a primary research objective of scientists and engineers.

The region displaying a linear loss of cell voltage with increasing currents in the
polarization curve provided in Figure 1-2 is due to ohmic losses. The sources of resistance
in PEFCs can arise from the polymer electrolyte, the cell connections or the bipolar plates.
These issues can be mitigated by appropriate selection of materials, including electrode

structures with high conductivity.

Finally, at excessive current densities, the voltage of the PEFC will drop off
dramatically as observed in Figure 1-2. This is due to the fact that the necessary electrode
reactions are proceeding at a rate faster than the reactants can be delivered to the catalyst
surface. Using pure reactant feeds, or increased gas pressures can help to mitigate this
occurrence, but also using well designed catalyst layer architectures conducive to good
reactant flow and accessibility will increase the current densities attainable in a PEFC

system.
1.3 Fuel cell challenges and technical targets

While PEFCs have found marginal commercial success in niche markets such as
backup power (i.e., telecommunications) and materials handling fleets (i.e., forklifts), the
ultimate target is at scale deployment in the transportation sector. Issues with the storage,
handling and distribution of hydrogen aside, there are two device level limitations that

currently limit the attractiveness of fuel cells in the automotive market: cost and durability.



To help propel PEFCs to the point that they can one day be integrated into efficient and
clean driving light-duty vehicles, technical targets and goals have been established by the
U.S. Driving Research and Innovation for Vehicle efficiency and Energy sustainability
(DRIVE) Fuel Cell Technical Team (FCTT). The FCTT is a conglomerate organization
consisting of members of the U.S. Department of Energy, several of the major automotive

manufacturers and various energy companies.

Outlined in the “Fuel Cell Technical Team Roadmap™ are technical targets relating
to PEFC systems, stacks, MEAs and the various components integral to their performance.
Among the various components, the electrocatalysts required at each electrode to facilitate
the pertinent electrochemical reactions are the biggest contributors to PEFC cost and
durability issues.'® As electrocatalyst development is the subject of this thesis, all
subsequent discussions focus on this important area of research. The FCTT defined
technical targets for electrocatalysts are summarized in Figure 1-3. The reader is referred
elsewhere for in depth information regarding material and design challenges relating to
other PEFC components including electrolyte membranes,'"* '? bipolar plates'® and overall

system designs.* '*
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Figure 1-3: FCTT defined electrocatalyst targets for PEFCs for transportation applications.

Reproduced from °.

Under projected conditions of mass production (500,000 units per year), the cost of
the electrocatalyst is estimated to be almost half of the entire PEFC stack cost.* This is
because platinum is a precious metal with highly monopolized global distribution, and is
therefore not privy to the economy of scale benefits that other component materials can
benefit from. To lower the cost of PEFC systems, the amount of platinum required must
therefore be reduced. Concerted efforts have mainly focused on ORR catalyst development
at the cathode. This is because the cathodic ORR is inherently several orders of magnitude

slower than the anodic HOR and requires significantly higher platinum contents to achieve



adequate reaction rates. To reduce the platinum requirement at the cathode without a
sacrifice in PEFC power output or efficiency, new catalysts must be developed with
improved activity on a platinum mass basis. This must also be achieved with a
simultaneous increase in catalyst stability during long term PEFC operation, and during

periods of fuel cell start-up/shutdown.

PEFC electrodes consist of a catalyst coated gas diffusion layer (Figure 1.4a). The
gas diffusion layer is a carbon paper or carbon cloth that serves as the backing for the
electrode structure, and also delivers and diffuses the reactant gas over the entirety of the
electrode surface. The current state of electrocatalyst technology consists of uniform sized
platinum nanoparticles well dispersed on a high surface area carbon support, commonly
abbreviated as Pt/C and illustrated in Figure 1.4b. When integrating catalysts into electrode
structures, it is important that one maximizes the formation of what is referred to as the
three phase boundary (Figure 1.4c). This three phase boundary is essential, because it
brings together all of the necessary ORR reactant species to the catalyst surface (i.e.,
platinum). This includes: (i) oxygen species that are transported through pores in the
catalyst layer; (ii) electrons that are transported through the conductive carbon support
particles; and (iii) protons that are transported through the electrolyte and ionomer species

present in the catalyst layer.



Polymer electrolyte membrane

Gas diffusion layer
Pt/C electrocatalyst

-------
..............

Active Pt

Figure 1-4: (a) Schematic illustration of the cathode portion of a MEA for a PEFC. With permission
from 7, copyright John Wiley and Sons, 2003. (b) Typical image of commercial Pt/C showing platinum
nanoparticles (dark spheres) dispersed on a high surface area carbon support. (¢) Schematic depiction

of the three-phase boundary where electrolyte (PFSA) for H' transport, pores for O, transport and

catalyst particles for electron transport all intersect, reproduced from '°, with permission of RSC

publishing.

The specific type of catalyst utilized and electrode design will have a direct impact

on the activation voltage losses and oxygen mass transport, respectively, which have a
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subsequent impact on the power performance of the devices. Increasing the activity of the
electrocatalyst materials towards the ORR will have a marked impact on the overall
performance output, effectively reducing the overall platinum requirement, system cost and

performance. Several strategies to accomplish this involve development of unique catalyst

16-19 20-24

supports, alloying with non-precious base metals and deliberate nanostructure

control.”*” These are the approaches that undertaken in the current project.

During fuel cell operation, the cathode will be exposed to potentiodynamic
conditions encountered during drive cycles, through start up and shut down procedures or
during periods of fuel starvation.”® Combined with the acidic nature of the polymeric
membrane, humidified conditions and elevated temperature, all of these factors culminate
in an environment that is very harsh and electrode materials are very prone to degradation
and performance loss over time. The specific mechanistic pathways of Pt/C electrocatalyst

d®? and can be broken down into three contributions as

degradation have been elucidate
depicted in Figure 1-5, including: (i) corrosion of the carbon support, (ii) platinum

nanoparticle dissolution and/or agglomeration, and (iii) catalyst detachment. Contamination

or poisoning by species such as CO, CO,, NOy and SOy can also cause performance loss.””

31
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Ostwald Ripening

Particle Detachment

Agglomeration

Figure 1-5: Schematic depiction of the primary degradation pathways of conventional Pt/C catalyst.

Reproduced from » (open access article).

Corrosion (or oxidation) of the carbon support has a relatively low reversible
equilibrium potential of 0.207 V vs. RHE under standard conditions, and is thus
thermodynamically favourable at the conditions encountered as the cathode of PEFCs

during operation.*” It is known to occur according to Equation 1-4:
C +2H,0 > CO, +4H" + 4¢” (1-4)

Factors including the presence of platinum, humidity, temperature and the amount of
carbon exposure will all play an influential role in carbon corrosion,” ** however potential

is the primary governing factor. Carbon corrosion is very detrimental to long term fuel cell
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durability and can be mitigated a variety of different ways. One technique is to reduce the
amount of platinum utilized as it is known that platinum catalyses the carbon corrosion
reaction. Another technique is to use highly graphitized carbon supports, as gaphitic carbon
is less prone to corrosion than disordered or amorphous carbon species.”> Replacing, or
compositing carbon materials with materials that are less prone to corrosion is also an

16, 34, 35

effective strategy and can include titanium oxides and nitrides as investigated in the

present project.

Platinum nanoparticle dissolution and/or agglomeration will also occur during long
periods of PEFC operation. Nanosized platinum particles have very high surface energies
that promote their migration and agglomeration into larger particles in order to reduce the
surface energy of these materials.’*® *” This phenomenon is commonly referred to as
Ostwald ripening and generally occurs by two different mechanisms. The first is by
platinum ion migration through the ionomer layer in the catalyst, and the second is by
platinum dissolution and subsequent deposition on neighbouring particles. Particle
agglomeration or loss through dissolution lowers the electrocatalyst surface area available
to facilitate the ORR, thus resulting in an overall loss of PEFC performance. There are
several techniques to overcome this detrimental phenomenon. One of these techniques
involves the development of unique catalyst support materials that form stronger bonds
with platinum nanoparticles, thereby mitigating the occurrence of dissolution and
agglomeration.”®* Another technique is by developing platinum or platinum alloy
electrocatalysts with controlled nanostructures. Using anisotropic platinum based materials

- . el 26,38, 41-44
such as nanowires or nanotubes, increased stability is commonly observed™ ™ due to

13



the reduced surface energy of platinum in this morphology in comparison to nanoparticle

form.

1.4 Nanostructured catalyst approaches

The aforementioned challenges with ORR electrocatalysts highlight the need to
develop innovative material solutions. Three common approaches are taken through various
research and development activities to simultaneously reduce platinum contents and
increase stability (Figure 1-6). These include the development of: (i) unique platinum
nanoparticle supports, (ii) extended surface platinum alloy nanostructures, and (iii) non-
platinum group metal (non-PGM) catalysts. This section will provide background
information and a survey of currently available literature on each of these subjects. It is
quite possible that advanced electrocatalyst solutions will comprise a combination of two or
more of these approaches. Therefore intensive research efforts, such as those reported

within this thesis, are highly warranted both independently and in tandem with each other.
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!.ow Platinu
' Electrodes

Unique Platinum Supports

Figure 1-6: Schematic summary of the three primary approaches taken to develop reduced platinum
catalyst and electrode structures. The assistance of Ja-Yeon Choi is gratefully acknowledged for his

preparation of this (and many other) images.

1.4.1 Unique platinum nanoparticle supports

The selection of catalyst support materials can have a remarkable impact on the
activity and durability of the resultant catalyst-support composites. An ideal catalyst
support combined several properties, including: excellent electronic conductivity, high
surface areas, electrochemical/corrosion resistance, favourable catalyst-support interactions
and strong cohesive bonding to the catalyst nanoparticles.*” The specific properties of the
support will also affect interactions with the ionomer in the catalyst layer, along with
impacting the resultant electrode architectures and properties. Beyond material selection,

proper support nanostructure control to achieve favourable morphologies, three phase
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boundary formation and mass transport conducive electrode architectures are of
importance.*® While there have been numerous investigations of unique support materials,
the exact mechanistic nature of the impact on catalyst activity and stability is a subject of

debate.

First, it is essential that the electrocatalyst support is able to provide good dispersion
of uniformly sized nanoparticles. This is in order to achieve high utilization of the platinum
materials and is directly influenced by the surface properties of the material being used.
Platinum nanoparticle deposition is generally accomplished by a chemical reduction
method, using a platinum salt (i.e. chloroplatinic acid hexahydrate) and a reducing agent
such as ethylene glycol (EG) or sodium borohydride to form metallic platinum
nanoparticles from platinum ion complexes.'” ** Surface anchoring sites are required to
interact with the ions, followed by platinum nanoparticle nucleation and subsequent growth.
It has been claimed that regions on carbon supports with © electron dense regions can serve
as these anchoring sites.*” The importance of appropriate surface species to act as anchoring
sites has been successfully illustrated by several research groups, including our work in the

1738 T this end, it was found that for undoped

case of nitrogen-doped carbon nanotubes.
carbon nanotubes (CNTs), it was essential to functionalize them by a reflux technique using
nitric acid in order to induce surface active species for successful platinum deposition. In
the case of nitrogen doped carbon nanotubes however, no functionalization was required
due to the presence of heteroatomic dopant species that could serve as anchoring sites.'”

Moreover, with increasing nitrogen sites, it was found that more uniform, well dispersed

platinum nanoparticles could be achieved, which provided marked benefits in terms of
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electrochemically active surface area availability and platinum utilization. This impact of

catalyst support on morphology and dispersion of platinum nanoparticles is illustrated in
Figure 1-7.

1 2 3 4 8§

7
Particie diamater / nm

Figure 1-7: (a) Relatively high nitrogen content carbon nanotubes, (b) with platinum nanoparticles, (c)
relatively low nitrogen content carbon nanotubes, (d) with platinum nanoparticles, (e) nitrogen free
carbon nanotubes, (f) with platinum nanoparticles. The insets provide platinum nanoparticle size
distributions, with reduced particle sizes, improved size uniformity, and better dispersion observed for
materials with increasing nitrogen content. Reprinted with permission from v, Copyright 2010,

American Chemical Society.
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For well dispersed, uniformly sized platinum nanoparticles dispersed on various
supports, there are several other factors that can influence the ORR activity and
performance of these materials. These factors are primarily governed by the
physicochemical properties of the support material and the corresponding interactions with
the platinum nanoparticles. Primarily, these properties will modulate the electronic
properties of the catalyst-support composites, altering the specific oxygen adsorption
mechanisms, charge transfer characteristics and the reaction rate kinetics. These electronic
modifications have been observed and reported by a variety of different analytical
techniques including x-ray photoelectron spectroscopy (XPS), electron-spin resonance
(ESR) and x-ray adsorption near-edge structure (XANES) characterization. For example,
Lim et al.*® prepared an array of TiO, nanotubes and deposited platinum on their surface by
sputtering. Using XPS, they observed a 0.4 eV shift in the Pt4f;, to higher binding energies
of the Pt/TiO, sample in comparison with bulk platinum materials. The authors attributed
this peak to the specific catalyst support-interactions, whereby the TiO, nanotubes can
transfer electrons to the platinum, resulting in improved ORR rates. While it is very
difficult to elucidate the exact nature of electron property modulation by the catalyst
support interactions, it is clear throughout the literature that it can have a beneficial impact

on the resulting electrochemical performance of catalyst materials.

As previously discussed, the current carbon supports used in Pt/C will not be
sufficient to meet the demands of the PEFC market due significantly to stability limitations.
The support material utilized has a significant impact on catalyst stability and therefore new

and improved configurations require investigation. In order to address the issue of carbon
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corrosion, materials with high electrochemical stability can be used including highly

38,39.49.50 1 transition metal oxides,

graphitic carbons (i.e., carbon nanotubes or graphene)
nitrides or carbides.'® ** 3> °!° Selecting support materials that can combine excellent
electrochemical stability during the harsh conditions encountered during PEFC operation

with the other catalyst support requirements (i.e. electron conductivity, high surface area,

etc.) can overcome the technical challenge of carbon corrosion.

Furthermore, the strength of the cohesive interaction between platinum and the
support material will have a strong impact on the durability of the materials, hindering the
occurrence of platinum dissolution, migration and agglomeration. It can be very difficult to
predict the interaction strength between various support materials and the platinum
nanoparticles, although some authors have resorted to computational studies in order to

1.°° found that the presence of nitrogen, or

investigate this property. For example, Li et a
boron dopant atoms in carbon nanotubes could significant improve the adsorption strength
and “tethering” of platinum nanoparticles in comparison to undoped carbon nanotubes.
Expanding on this, several authors have successfully demonstrated improved durability of
nitrogen doped carbon materials as platinum nanoparticle supports in comparison with
similar, but undoped carbon support materials.”® >’ Moreover, nitrogen doped carbon
nanotubes with increased nitrogen contents retained higher electrochemically active surface
areas (ECSAs) and hindered platinum nanoparticle agglomeration observed by TEM
imaging of catalyst samples before and after half-cell accelerated durability testing
(ADT).*® Our group was also the first to ever report the use of sulfur-doped graphene as

39, 50, 58

platinum catalyst supports as shown in Figure 1-8. We found that, using
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computational simulations liked with spectroscopic evidence, strong cohesive interactions
would occur between sulfur dopants and the platinum nanoparticles.” This in turn led to
unprecedented electrochemical stability of the resulting platinum/sulfur-doped graphene
catalysts as measured by half-cell ADT protocols. Furthermore, the platinum mass activity
of the newly developed catalysts was found to be 15% higher than that of commercial Pt/C,
which was attributed to a shift in the d-band center of the platinum nanoparticles arising

due to the electronic interactions with sulfur species.

Figure 1-8: TEM images of platinum nanoparticles supported on sulfur-doped graphene. Reprinted

from ¥, with permission from Wiley.

Titanium dioxide materials have been considered promising as electrocatalyst
supports because they can be synthesized by simplistic techniques, with highly variable and
controllable nanostructures, and can moreover provide beneficial catalyst support-

1% synthesized mesoporous titanium dioxide using

enhancements. For example, Huang et a
a templating technique. This Pt/TiO, composite obtained a maximum power density of 0.94

W/em?® in a single cell MEA, in comparison to 0.84 W/cm® for commercial Pt/C. The

authors attributed this to the higher density of titanium dioxide, resulting in a thinner
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catalyst layer than Pt/C with the same platinum loading. This thinner catalyst layer would
then result in enhanced mass transport and higher catalyst utilization. Moreover, the
durability was investigated by holding the cell potential at 1.2 V for varying time periods.
After 200 hours, Pt/TiO, displayed only a negligible loss in performance, whereas
commercial Pt/C los the majority of its performance after only 80 hours. The excellent
stability of these materials was later confirmed further by these authors, employing a
variety of accelerated stress and durability testing protocols.** Rajalakshmi ez al.>® prepared
titanium dioxide nanoparticles by a sol-gel procedure and then deposited platinum on the
surface using sodium borohydride as a reducing agent. While Pt/C demonstrated higher
initial fuel cell performance, the Pt/TiO, materials provided promising stability capabilities

through MEA cycling and durability testing.

Ultimately however, the poor inherent electronic conductivity of titanium dioxide
may limit its practical applicability in PEFCs. To overcome this limitation, partially
reduced Ti Oy, 1, also referred to as Magneli phase titanium oxide provides exemplary
electronic conductivity, on the order of magnitude of carbon,” while retaining excellent
electrochemical corrosion resistance.’’ To this end, loroi et al.’* prepared Magneli phase
supported Pt catalysts, which possessed very similar PEFC performance to that of
commercial Pt/C, although significantly higher onset potential and lower magnitude of
oxidation currents measured through cyclic voltammetry (CV) testing. This indicates the
resiliency of these catalyst materials towards oxidation at elevated potentials. Krishnan et
al.®? prepared Magneli phase titanium oxide supported Pt, which was found to provide

excellent electrochemical stability in the broad range of -0.25 to 2.75 V vs SHE; however
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fuel cell performance was low in which the authors attributed to the low electronic
conductivity of the specific phases synthesized and difficult preparing catalyst ink for MEA
fabrication. It appears as if phase and morphology control are two important aspects of
Magenli phase titanium oxide support developments. Interestingly, in a report published
recently by Yao et al.®’, these researchers successfully prepared TisO; fiber like
nanostructures by a multi-step technique. First they fabricated titanium dioxide nanotubes,
which were then coated with silicon oxide by a simple chemistry based procedure.
Following that, conversion of the titanium dioxide to Ti4O; was achieved by a high
temperature (1050 °C) heat treatment in pure hydrogen, after which the silica shell was
removed, preserving the one dimensional morphology. Upon deposition with platinum
nanoparticles, Pt/Ti4O; showed improved ORR kinetics through half-cell testing, along
with dramatically improved stability following up to 3000 CV cycles from 0 to 1.4 V vs

RHE.

1.4.2 Platinum alloy nanostructures

Parts of this section were reproduced in adapted form from *', with permission of The

Electrochemical Society.

D. C. Higgins, S. Ye, S. Knights and Z. Chen, "Highly Durable Platinum-Cobalt Nanowires
by Microwave Irradiation as Oxygen Reduction Catalyst for PEM Fuel Cell"

Electrochemical and Solid-State Letters, 2012, 15, B83-B8S5.

Alloying platinum based materials with other precious metals (Ru, Pd, etc.) or non-

precious (Fe, Co, Ni, etc.) is a commonly reported approach in order to improve the
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catalytic activity and stability. The latter configuration is favourable owing to the
significantly lower cost of non-precious metals, with transition metals offering the most
promising enhancements upon alloying. Alloying with inexpensive transition metals can
effectively reduce platinum content in catalyst materials by replacing the platinum present
in the core with alloying metals. Moreover, it has been consistently reported that alloying
with transition metals can modulate the performance, providing specific activity and

stability enhancements in comparison with pure platinum materials.®* ©°

Numerous computational approaches and empirical investigations have been
directed at gaining a theoretical understanding regarding the exact nature of performance

66
enhancement. For example, Norskov et al,.

through computational calculations,
highlighted that the electronic properties of the catalytically active platinum sites will
govern the oxygen and hydroxyl bonding strengths. The corresponding ORR kinetics will
be impacted by these adsorption energies, whereby if oxygen and hydroxyl are bonding too
strongly, charge and proton transfer are impossible and the ORR will not proceed.
Incorporating alloying transition metals into the materials can modify the electronic
properties of the platinum species and by extension modulate the adsorption energies of
ORR reactants and intermediates, thereby enhancing ORR activity. It has been well
established that the surface bonding energies of reactants and intermediates can be directly
linked to the average energy of the d states residing on the catalytically active surface
atoms.® This is generally referred to as the d-band center, and by appropriate modification
165

of this value performance enhancements are observed. Verifying this, Stamenkovic ef a

carried out experiments on polycrystalline alloy films with the composition of Pt;M, where
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M = Ni, Co, Fe and Ti. They observed a volcano trend of increasing catalytic activities
towards the ORR with decreasing d-band centers (red lines in Figure 1.9), which were
correlated closely with density functional simulations (black lines in Figure 1-9) that took
into account the impact of d-band center on catalyst adsorption properties and subsequent
rates of charge transfer and reactions. Strasser et al.®’ explained the distinct causes of these
electronic d-band shifts upon alloying, dividing it up into three separate contribution. The
first included geometric effects, or surface strain that implies differences in the atomic
spacing of surface atoms due to interactions from the underlying layers. The second is
ligand effects, involving two dissimilar surface atoms in the vicinity of each other partaking
in electronic charge transfer and causing shifts in the electronic properties. The third is
ensemble effects, whereby two different elemental surface atoms, or ensembles of atoms
provide their own distinct and complementary functional mechanism. In platinum alloy
catalysts for the oxygen reduction, it is generally geometric and ligand effects that have

provided performance enhancements for platinum alloy ORR catalysts.®” ¢

24



0.06 T Y T T !

0.05F

0.04 -

0.03

AleV

0.02

0.01

Pt,Ti

0.00

| \ |
.8 —.6 0.4 0.2
E(d-band center) / eV

Figure 1-9: Catalytic activity versus d-band center position for pure Pt and a variety of Pt;M alloys.
Red line indicates results from experiments and black line indicates results from density functional

theory simulations. Reprinted from *, with permission from Wiley, copyright 2006.

During PEFC operation, dissolution of the transition metal components is a serious
issue as the ions may transport through the catalyst layer and contaminate other component
materials. Post treatment techniques applied to platinum alloy catalyst materials can be very

effective at mitigating this occurrence by removing surface base metal species that are the

69, 70

most prone to leaching in PEFC systems. Acid washing or heat treatments in different

25,53, 71

environments are the two most commonly reported techniques to accomplish this.

Moreover, these post treatment techniques can also improve alloying, or provide atomic

72,73

rearrangement in the alloy, where it is possible to segregate platinum near the surface
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so it is accessible for the ORR, and the base metal in the core so it is less prone to leaching

although can still have a beneficial impact on the ORR.?

With the issues associated with nanoparticle catalysts outlined, it is becoming
increasingly clear that a fundamental shift from conventional zero-dimensional platinum
nanoparticles to new catalyst designs and architectures may be necessary. This has been a
focus of recent research endeavours.”*” One-dimensional platinum nanowire and nanotube

composites have been investigated as ORR catalyst materials for fuel cell applications®”*"

20-8083 i an attempt to exploit the distinct advantages with respect to catalytic activity and
stability arising from their unique morphology. The micrometer range length and unique
morphology of one-dimensional nanostructure can provide high fuel cell performance and
superior stability compared with commercial Pt/C (0D nanoparticles), primarily due to the
anisotropic, self-supported nature. This can be attributed to: (i) high catalyst utilization due
to enhanced reactant/product mass transport properties on nanowire configurations,®® (ii)
high surface aspect ratios,®’ (iii) lack of a carbon support eliminating the catalyst/support
electron transport interface™ and avoidance of carbon support corrosion, while (iv) their
micrometer range length mitigates the occurrence of Pt dissolution and/or agglomeration
when compared with high surface energy 0D Pt nanoparticles.”” Commonly viewed as
standalone catalyst materials, thereby eliminating the need for a carbon support and the
impacts of corrosion, several researchers have also reported the fabrication of supported
platinum nanowire catalysts* **°* % by a simplistic room temperature techniques using

formic acid as the platinum reducing agent. In terms of supportless platinum alloy

nanowires and nanotubes, Chen et al®’ fabricated platinum and platinum palladium
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nanotubes using a silver nanowire templating technique. These materials were found to
provide both ORR activity and stability enhancements through half-cell testing in
comparison to commercial Pt/C and platinum black. Zhang et al.*’ used a chemical based
technique to synthesise ultra-thin PtFe nanowires. While the ORR activity of these
materials was slightly lower than commercial Pt/C, following 1000 CV cycles, the ORR
activity and ECSA retention of the PtFe nanowires was excellent, highlighting the
promising durability of these materials. It should be noted however, that for the majority of
platinum alloy nanowires and nanotubes reported in the literature, they are often
synthesized by expensive and complex template-based procedures.”””* Furthermore, there
is a lack of fundamental understanding regarding the impact of nanostructure control,
alloying metal selection, atomic composition and atomic arrangement of platinum alloy
nanowires that would provide immense benefits to the development of this class of

electrocatalyst.

1.4.3 Non-platinum group metal catalysts

Parts of this section were reproduced in adapted form from °°, with permission from Wiley,

and from °°, with permission from the Royal Society of Chemistry.

D. Higgins, Z. Chen, “Recent progress in non-precious metal catalysts for PEM fuel cell

applications”, Canadian Journal of Chemical Engineering, 91 (2013) 1881-1895.

Z. Chen, D. Higgins, A. Yu, L. Zhang, J. Zhang, “A Review on Non-precious Metal
Electrocatalysts for PEM Fuel Cells”, Energy & Environmental Science, 4 (2011) 3167-

3192.

27



It would be ideal from a cost and manufacturing standpoint to completely replace
platinum-based catalysts with non-platinum group metal (non-PGM) alternatives. Non-
PGM research and development efforts have involved several different approaches,

including the development of transition metal oxides, nitrides and/or carbides,”” "'

19219 and conductive polymers'®"'°. In terms of activity and

transition metal chalcogenides
stability, the most promising non-PGM catalysts have been a class of pyrolyzed transition
metal-nitrogen-carbon complexes.'® * """ Degpite their promise, these catalysts also

have associated material challenges that must be addressed, or overcome by developing

promising alternative non-PGM systems.

With the inherently minimal cost of non-PGM catalysts in comparison with
platinum based materials, using very high catalyst loadings at the cathode is an
economically viable approach. By extension, the activity of the relatively much thicker
non-PGM catalyst layers (ca. 10 times thicker than Pt/C catalyst layers) have been
traditionally evaluated on a volumetric basis as opposed to a precious metal loading basis.
The DOE previously set volumetric activity targets of 300 Acm™ at a PEFC voltage of 0.8
V (corrected for iR losses).'*” More recently however a shift in the fuel cell community has
occurred, with more of an emphasis placed on areal performance owing to its more
practical implications.” Catalyst activity on an areal basis (i.e., working area of the
electrode) is a product of several factors and can be defined as outlined in Figure 1-10.
Ultimately, areal activity is a combination of the: (i) average active site turnover frequency
(TOF), (ii) catalytically active site density, and (iii) catalyst layer utilization. Also shown in

this Figure are three common approaches taken, focusing on each of the aforementioned
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factors to improve overall activity. When evaluating the activity of non-PGM (or even
platinum-based) electrode activity, cell voltages of 0.8 V are generally used. From a
practical standpoint, non-PGM electrodes must also be capable of achieving high power
densities at lower cell voltages, at which point catalyst layer utilization becomes an

increasingly important consideration.

Activity = Turnoverfrequency , q1gx101° x Arealactivesitedensity Utilization
(Alcm?,,.) (e’/site.s) (site/ecm?,,.c) (%)
Specific Catalyst
active site surface area
(sitelcmzcm) (cm 2c:at'/cmzeleu:)
Kinetic activity . Act_ive ‘site_ Catalyst Catalyst layer
size/distribution structure structure
. . Material
Att:_th_e s’tl'te Structure o til:'nnlizzeation
optimization optimization P
(1 (2) (3)

Figure 1-10: Practical approaches to improvements in non-PGM performance evaluated on an areal

basis.

TOF relates to the number of electrons that are transferred at a single ORR active
site per second. Catalyst TOFs are directly related to the kinetics of the ORR occurring at
defined operating conditions, and are furthermore active site structure dependent, directly
influenced by the exact nature and surrounding environment of the ORR active moieties
present in the catalyst materials. For non-PGM catalysts, the average TOF takes into

account all of the different active site structures that may be present in different forms and
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quantities, possessing different site specific TOFs. The non-PGM catalyst active site
density is a product of the concentration of active site structures per unit surface area, and
the overall volumetric surface area of the catalyst materials. It is not dependent on the
identity of the active site structure; however relies on the active site sizes, dispersion and
overall catalyst morphologies. Dramatic improvements to non-PGM catalyst TOFs and
active site densities have been realized over recent years by deliberate selection and
modification of the particular synthesis and treatment techniques utilized. This has resulted
in significant performance enhancements that have perpetuated non-PGM catalyst research
and development efforts from a fundamental stage to its current status where it is
considered extremely promising for practical PEFC applications, although still a long-term
objective.” %% - 121122 1 inited operational stability is also a primary technical challenge
facing non-PGM catalyst deployment,'® owing to the harsh, oxidizing conditions

encountered at the cathode of PEFCs during operation.

As mentioned previously, the most promising non-PGM catalysts to date are
pyrolyzed transition metal-nitrogen-carbon complexes. This type of catalyst was first

123

pioneered by Jasinski ©> who demonstrated that macrocyclic cobalt phtalocyanine (CoPc)

was capable of facilitating the ORR in alkaline conditions. Years later, Alt er al.'**
expanded upon this study, demonstrating the potential of transition metal-N4 chelates
supported on carbon to facilitate the ORR in acidic solutions, albeit coupled with very
limited stability. Through the years, many different transition metal macrocycle complexes

have been investigated, including phtalocyanine and porphyrin structures, with a

comprehensive review of the latter published recently to which the readers are referred for
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detailed discussion.'” It was eventually found that the stability limitations of these
macrocycle cataysts could be effectively overcome by a heat treatment under inert
environments at temperatures in the range of 400-1000 °C."**'* These stability
enhancements were furthermore accompanied by improved ORR activity of the pyrolyzed
non-PGM catalysts, indicating that high temperature heat treatments induce favourable
structural and atomic reconfigurations that have been the subject of extensive investigation
and debate in the scientific community. Another breakthrough was realized by Gupta et
al.'” who demonstrated that non-PGM catalysts could be fabricated by the heat treatment
of a simple mixture of carbon, nitrogen and transition metal sources. This provided
significant economic advantages due to the relatively low cost of simple precursor materials
in comparison with expensive macrocyclic complexes, along with providing a large degree

of flexibility for non-PGM catalysts research and development efforts.

Although pyrolyzed transition metal-nitrogen-carbon catalysts are the best in class
to date, a significant issue remains. This issue is the lack of certainty regarding the exact
active site structures that are capable of facilitating the ORR. The elusive structural
evolutions and morphological changes occurring during high temperature heat treatments
lead to extremely heterogeneous structures with several different identities and phases of
iron, carbon, nitrogen and sulfur species present,"*’ as depicted in Figure 1-11. Coupled
with limitations of existing structural and surface probing techniques, the exact identity and
characterization of the particular ORR active moieties present in this class of catalyst
material has been the subject of controversy in the literature. Specifically, several

131-144
d,

researchers insist that the ORR active site structures are metal-ion centere consisting
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of either Fe or Co species coordinated by nitrogen species in various configurations and
entrained in the matrix of the carbon support materials. Conversely, other researchers claim

145158 whereby the

that the ORR active sites consist of carbon-nitrogen functionalities,
presence of transition metal species during NPMC synthesis is required only to catalyze the
formation of these ORR active moieties. With a broad range of ORR active moieties
proposed in the literature, it is highly likely that pyrolyzed NPMCs contain a variety of
different active site structures, governed by the specific synthesis techniques employed (i.e.
precursor selection, heat treatment conditions, post-treatment procedures). It is furthermore
highly likely that each of these active site species is present in different amounts,

possessing varying degrees of ORR activity; culminating in the overall sample dependent

differences in NPMC activity observed at identical potentials.
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Figure 1-11: Bar graph depicting the weight percentage of different iron species in a polyaniline-iron-
carbon derived catalyst at different stages of synthesis. HT refers to heat treatment, and AL refers to

acid leaching. Reprinted from *’. Copyright (2012) American Chemical Society.

It is therefore still prudent to investigate non-PGM catalysts that have well-defined
active structures, so that researchers can employ a rational design approach, rather than the
trial and error methods that have dominated pyrolyzed catalyst research for years.
Transition metal chalcogenides are one group of ORR catalyst materials that can fulfill this
criteria, and have been the subject of several studies in the last few decades. There are
many reports about the high ORR catalytic activity of Mo-Ru-Se chalcogenide complexes,

159-166

with performances approaching that of platinum. However, Ru is considered a

precious metal and its high cost and scarce availability hinder its potential application as
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cathode catalysts in PEFCs. Thus, efforts have been directed at investigating non-precious

transition metal chalcogenides, with some progress being made in recent years.

Behret er al'® initially demonstrated the potential application of non-precious
transition metal chalcogenide materials as ORR electrocatalysts. These authors prepared
various M®,M®;_ X, thiospinels, where M® = Mn, Fe, Co, Ni, Cu or Zn, M® = Ti, V, Cr,
Fe, Co or Ni and X = S, Se or Te. A systematic study on ORR activity was carried out
using these various thiospinels complexes in 2M H,SO4 vs a hydrogen electrode in the
same solution. CosSs complexes synthesized by an aqueous precipitation reaction at
moderate temperatures (~400-450°C) displayed the most promising ORR activity and
performance with an open circuit voltage of ~800 mV vs RHE, and a current density of 20
mAcm™ at 600 mV vs RHE. However, this activity was found to degrade rapidly when
compared with other less active compounds synthesized at higher temperatures. Results
from this investigation indicated that the ORR activity of the thiospinel compounds was
directly related to the type of metal utilized, with an order of Co > Ni > Fe. Moreover,
performance decrease was also observed when sulphur was partially replaced with O, Se or
Te. This study provides insight into the activity of non-precious transition metal
chalcogenides, initiating further investigations into these inexpensive materials as ORR

catalysts several decades later.

This inspired theoretical investigations by Sidik er al.'®” in order to explain the
exemplary activity of Co sulphide species, where three different CoySg surface structures
were studied. It was determined that the partially OH covered surface of CooSg (202)

should be active for ORR, with an onset potential of 0.74 V vs RHE. No investigations
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were carried out with respect to ORR stability, thus experimental results would be needed
in order to further characterize and optimize surface structures and properties. These
interesting findings led to another similar theoretical investigation carried out on CogSeg
phase structure, in an attempt to explain the inferior ORR activity of this complex
compared with sulphur-based chalcogenides.'® Results from this quantum computational
approach indicated that CooSes should in fact display a higher overpotential compared to
CoySs (> 0.22 V), which was consistent with the experimental observations reported by
Behret ef al.'® decades earlier. To supplement the theoretical investigation, the authors
synthesized CoSe electrodes with unspecified stoichiometries by refluxing dicobalt
octacarbonyl (Coy(CO)s) and selenium powder in a xylene solvent.'™ The synthesized
compound displayed negligible ORR activity in 0.5 M H;SO4. However, after subjecting
the CoSe complex to heat treatment at 900°C in an NH3 environment, considerable ORR
activity was observed, with an onset potential of 0.5 V vs RHE. While NH; pyrolysis of
transition metals has been demonstrated to result in formation of active site structures
(Section 2.2.4), in this study there is an absence of a carbon support to anchor these
functional groups and XRD analysis indicated improved crystallization as opposed to
ligand coordinated ion formation. Thus, the authors attributed this increase in ORR activity
to the enhanced crystallization of nonstoichiometric CoSe as a result of heat treatment. The
observed ORR activity however was still significantly lower than that of Pt-based

electrodes.

168
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At around the same time, Susac ef a synthesized three thin films of CoSe with

varying Co/Se ratios, using magnetic sputtering of different targets. For comparison, the
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authors also developed an XC72 carbon supported CoSe powder (CoSe/C). The ORR
activity of all materials was investigated in 0.1M H,SO,4. Without any optimization to the
surface structure or properties of the complexes, CoSe/C displayed an open circuit potential
of 0.78 V vs RHE, slightly higher than the most active CoSe thin film (0.74 V vs RHE).
CV was carried out on these materials, and the results indicated that after initial CV sweeps,
some surface Co was leached out, leaving a chalcogen rich active surface. The authors
proposed that the ORR active sites consisted of a Co deficient form of CoSe surrounded by
chalcogen atoms. It was also noted, that during electrochemical testing, some Se-S
exchange occurred between the surface of the thin films and the H,SO, electrolyte,
however the exact effects of this occurrence are still unknown. Due to the fundamental
differences between the CoSe/C and Pt/C materials, specifically the unknown CoSe/C
surface area, the authors argued that appropriate comparison with platinum based catalysts
is obscured. The CoSe/C particles were also very large and non-uniform (ca. 10-100 nm)
with numerous agglomerates observed, thus development of carbon supported CoSe
nanoparticles with uniform size and proper dispersion could potentially increase the

applicability of this class of catalyst.

A year later, Susac et al'® expanded on their investigations, preparing FeS, and
(Fe/Co)S; thin films by a similar magnetic sputtering procedure. The synthesized FeS; thin
films were found to display higher ORR activity compared to naturally occurring mineral
FeS, (pyrite), which had previously been shown to possess ORR activity in acidic

169

conditions.” The variation in ORR activity of these two materials was attributed to

differing surface sulphur contents, however the exact mechanism of the activity
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enhancement is still unknown. In addition, the ORR activity of the synthesized thin films
were compared with the ORR activity of a thin film of Pt, allowing adequate comparison
based on similar reaction surface areas. Unfortunately, this FeS; thin film displayed a much
lower open circuit potential of 0.78 V vs RHE than that of the Pt electrode which had an
open circuit potential of 1.02 V vs RHE. Moreover, in terms of catalytic current density at
0.6 V vs RHE, the Pt electrode had a current density three orders of magnitude larger than
that of the FeS, electrode. In addition, the cobalt containing (Fe/Co)S; thin film displayed a
slightly higher open circuit potential (0.8 V vs RHE) and enhanced catalytic current
densities than that of FeS, thin film electrode. Despite performance still significantly lower
than a Pt thin film electrode, this work indicated the possibility of combining transition
metal species for improved ORR activity and performance. Whether the observed ORR
enhancement arises due to a complementary reaction mechanism occurring between Fe and
Co or simply due to the addition of Co sulphide species with a higher activity is unknown.
Elucidating this relationship, along with investigating other binary transition metal catalysts
could provide valuable information and progress towards the development of transition

metal chalcogenide catalysts.

Feng et al.'®® used a Vulcan XC-72 carbon as a dispersing agent and support
material in preparing Co3Ss and CoSe, carbon supported chalcogenides (Co3S4/C and
CoSe,/C, respectively). Co3S4/C (20% wt.) complexes were synthesized by three different
reflux methods using cobalt carbonyl and sulphur dispersed in p-xylene, followed by a heat
annealment at 250°C in pure nitrogen. The two samples synthesized by in-situ surfactant

free methods displayed promising ORR activity with onset potentials of ~0.66-0.68 V vs
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RHE in 0.5 M H,SOs. This activity was significantly higher than that of the third Co3S4/C
material synthesized by a surfactant based method (onset potential of ~0.3 V vs RHE). This
poor activity was attributed to the presence of surfactants blocking the ORR active sites.
These materials were shown to have electrochemical stability below 0.8 V vs RHE,'”’
however a later report by these authors suggested that these compounds were unstable
under long term exposure to air, where phase conversion from Co3Ss to CoSO4 was
observed by XRD analysis.'”' In addition, the CoSe»/C compounds developed in this study
were also synthesized by a similar organic solvent based reflux procedure.'” After slight
modification of these materials, an onset potential of ~0.70 V vs RHE and an open circuit
potential of 0.81 V vs RHE were observed through electrochemical testing.'”> These
methods led to more uniform sized particles dispersed on the carbon support and minimal
agglomerates observed compared with the work of Susac ef al.;'®® however these particles
were still relatively large (> 50 nm). Development of synthesis procedures to load carbon
support materials with smaller transition metal chalcogenide nanoparticles with controlled
surface morphologies and properties could provide valuable ORR activity enhancements

and should be a focus of future investigations.

In summary, non-precious transition metal chalcogenides have displayed some
promise as alternative catalyst materials for PEFCs, however ORR activity and
electrochemical stability still requires improvements to meet practical targets. Therefore,
developing novel non-precious chalcogenides (including new phases) along with the
optimization of bulk and surface properties should be on the forefront of research in this

area. The use of a carbon supports, such as doped graphene and carbon nanotubes could
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also serve to improve the dispersion and reactive surface area of transition metal
chalcogenide particles and is an attractive approach. Future work is still required directed at
reducing particle sizes while enhancing their surface properties, particle morphologies and

dispersion on the carbon support.
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2. Thesis objectives and approach

The ultimate objective of this thesis is to develop and deliver new catalyst
technologies that are capable of improving the performance of PEFCs, while
simultaneously reducing the platinum loading. To accomplish this, a new strategy will be
pursued that combines high activity platinum-based catalysts with non-PGM catalysts in a
hybrid configuration. This new approach is being taken to investigate the feasibility of this
configuration. The hypothesis is as follows. High activity platinum catalysts (either
extended surface platinum-alloy nanostructures, or platinum deposited on unique catalyst
supports) will be capable of reducing the activation potential loss of the PEFC (Figure 2-1,
region A). This can be accomplished even at sufficiently low platinum loadings, provided
the developed catalyst can provide increased activity in comparison to conventional Pt/C on
a platinum mass basis. These high activity catalysts will be integrated with high surface
area, non-PGM catalysts into new electrode configurations. Although the non-PGM
catalysts will inherently possess lower intrinsic ORR activity in comparison to platinum, its
primary contributions will be twofold. First, it will provide supplementary ORR active sites
that will play a promotional role in achieving higher current densities at reduced electrode
potentials (Figure 2-1, region B) that could not be achieved due to the low loading of
platinum, as the electrochemical surface area of platinum as opposed to ORR kinetics will
be the limiting factor under these conditions. Achieving high current densities and
improved power output at these reduced cell voltages is very important for practical
applications, such as fuel cell vehicles. The second role of the non-PGM catalyst is to

provide a microstructure “scaffold” that is conducive to reactant transport through the

40



electrode, and provide excellent dispersion and connectivity of the high activity platinum

materials throughout the catalyst layer.
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Figure 2-1: Typical PEFC polarization and power density curves showing the areas of primary

contribution for high activity platinum catalyst (region A) and non-PGM catalyst (region B).

This thesis comprises the first important step of this long-term approach, and
includes the design, development and optimization of novel ORR electrocatalysts. The

specific objectives include:

e Design, development and optimization of unique platinum catalyst support materials, or
nanostructured platinum alloy nanowire catalysts with high stability and improved ORR

activity on a platinum mass basis in comparison to conventional Pt/C.
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e Design and synthesis of non-PGM with well-defined active site structures and
nanostructures conducive for excellent reactant transport through catalyst layers.

e Physicochemical and electrochemical characterization of developed materials, including
analysis of ORR activity in acidic electrolytes and stability investigations involving
accelerated durability testing protocols.

e Delivery of both high activity platinum and non-PGM catalyst technologies prepared by
reliable and simplistic procedures for electrode integration and fuel cell performance

investigations.

This project is iterative in nature and branches several important areas of electrocatalyst
research and development. Figure 2-2 depicts a simplified breakdown of the project tasks

conducted throughout this thesis.
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Figure 2-2: Schematic of the project work flow.
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As already seen, Chapter 1 consists of background information relevant to the thesis

work and Chapter 2 provides a description of the overall project objectives and task

organization. The preceding chapters will provide details, results and discussion about the

specific work conducted throughout the entire project. Chapter 3 provides an introduction

to the experimental procedures used throughout the project, with in depth details and task
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specifics provided within subsequent chapters. Chapter 4 will introduce the reader to the
development of unique titanium nitride coated carbon nanotubes and their use as platinum
nanoparticle supports. Chapter 5 will highlight the development of platinum cobalt
nanowires by a microwave assisted solvothermal technique. The structure and
electrochemical activity of these materials are carefully elucidated, with further challenges
clearly outlined. These challenges are addressed by the content of Chapter 6, which is the
development of morphology and composition controlled platinum-cobalt nanowires by
electrospinning. The electrospinning procedure is rigorously investigated, and performance
capabilities of the resulting nanowires carefully elucidated. Chapter 7 focuses on the
development of non-PGM catalysts, and in particular the development of graphene/carbon
nanotube composite supported cobalt disulfide octahedral nanoparticles. The beneficial
impact of the controlled surface structure of these nanoparticles, in addition to the effect of
the nanostructured carbon support are carefully investigated and reported. Finally, Chapter
8 provides conclusions and summary of all the results reported within the thesis, along with
recommendations for future work that can translate the progress made throughout this

thesis into practical PEFC performance improvements.
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3. Experimental methods and techniques

This section will provide general details and fundamental principles regarding the
experimental techniques (synthesis, characterization, electrochemical evaluation) used
throughout the thesis. For more specific details and experimental parameters, the reader

should refer to the experimental section within the preceding Chapters.

3.1 Nanostructured catalyst synthesis

Throughout this thesis, several different techniques were used to prepare
nanostructured catalyst materials. These techniques, to name a few, include wet chemical
techniques (Chapter 4), microwave assisted solvothermal treatments (Chapter 5),
electrospinning (Chapter 6) and solvothermal induced reduction and nanocrystal deposition
(Chapter 7). An emphasis was placed on adopting and developing procedures that are
simple, inexpensive, scalable and environmentally friendly. This ensures that the catalysts
can be reliably prepared in sufficient quantities for subsequent electrode and MEA
integration work. Please refer to the respective chapters for detailed descriptions of the

synthesis and processing techniques used within those particular tasks.

3.2 Physichochemical characterization techniques

Developed electrocatalysts are extensively characterized by a variety of
physichochemical techniques to understand the structure and property of the materials. The
obtained insight is correlated to electrochemical performance evaluation to establish
fundamental synthesis-structure-performance relationships that can be applied into the

project feedback loop. In this way, elucidating the important factors governing
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electrochemical properties and catalytic activity, improved catalysts can be rationally
designed and synthesized. Details of the commonplace physicochemical characterization

techniques used throughout this thesis are provided within this section.

3.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful imaging tool used to investigate
morphology and topological features of micro and nanostructured materials. It involves
illuminating the sample with a powerful beam of electrons, and projecting images based on
collected secondary or backscattered electrons.'”> The image resolution is similar to the size
of the utilized electron beam and can be on a nanometer or micrometer scale. In the
proposed project, SEM will be utilized to investigate the distinct nanostructures of the
fabricated electrocatalyst materials. Preparation of samples for SEM imaging involves
spreading the powder sample onto carbon tape that is secured to a sample holder stub. This
stub can then be placed into the SEM machine, followed by evacuation of the sample

chamber and subsequent imaging.

3.2.2 Transmission electron microscopy

Transition electron microscopy (TEM) allows high resolution imaging of samples
on the nanometer scale, whereby high resolution TEM imaging can approach the atomic
scale. Samples are illuminated by an electron beam with constant current density, generally
produced by field emission techniques and passed through several condensers to focus it
upon a very small site of interest. When the electrons come in contact with the sample, they
will be scattered either elastically or inelastically and collected. Based on electron

diffraction theory, the signals from the collected diffracted electrons can be processed in
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order to produce an image. With such high resolution, TEM is effective in determining
nanostructures, atomic arrangements, exposed crystal facets and defects within the structure.

Figure 1-5b provided typical TEM images of commercial Pt/C catalyst.

3.2.3 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDX) capabilities are commonly
incorporated into SEM and TEM devices, and can be carried out concurrently with
common imaging techniques. EDX involves bombardment of electrons onto a materials
surface which results in the emission of x-rays collected by a detector. The energy of the
emitted x-rays and their corresponding intensity are characteristic of certain elements,
allowing their appropriate identification and quantification in the sample being investigated.
Elemental mapping is also an interesting technique that can be utilized and involves
analyzing the x-rays emitted from localized positions on the sample. Variations in the
emitted x-ray intensities will indicate variations in the specific atomic contents at those
locations and can be used to map the concentration of different elements over the entirety

of the sample being investigated.

3.2.4 X-ray diffraction

X-ray diffraction (XRD) is a prevalent characterization tool in materials science and
engineering, used to identify materials upon comparison with diffraction pattern databases
and to investigate particular crystal arrangements. X-ray beams are emitted from a source,
and then interact with the atoms in the materials being investigated. As the x-rays have
wavelengths similar to the distance between atoms in crystalline and polycrystalline

samples, a diffraction pattern will occur characteristic of the present crystal phases. In the
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present study, XRD is used to identify crystal phases, determine average platinum
nanoparticle sizes and calculate the lattice spacing. For example, commercial Pt/C will

display the characteristic fcc platinum diffraction peaks.

3.2.5 X-ray photoelectron spectroscopy

XPS is a surface specific characterization technique that allows probing of the composition

7% The materials under

and identity of atoms in the top ca. 0.5 to 5 nm of a sample.
investigation are exposed to x-ray photons with a known energy. These x-rays, upon
interaction with the materials, will cause the emission of electrons. The emitted electrons
are counted, along with their kinetic energies being measured. By determining the
differences between the initial x-ray energies and those of of the emitted electrons, the
electron binding energy within the materials can be determined. Electron binding energies
are characteristic of several factors, including the type of atom, the chemical state and the
empirical state that can be inferred from the obtained spectra. In the field of electrocatalysis,
XPS is very commonly conducted on nitrogen-doped graphitic carbon structures, such as

175-180
carbon nanotubes or graphene.'’

High resolution Nls (i.e.,, nitrogen) spectra is
commonly the most analyzed and interpreted component of the overall XPS signal. By
deconvoluting the overall spectra into distinct contributions, the quantity of various
nitrogen functionalities (i.e., pyrollic, pyridinic, graphitic nitrogen) can be determined. This

same approach is also very applicable to numerous other elements and bonding

configurations.
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3.3 Electrochemical characterization and performance evaluation

To understand the electrochemical properties and activity of the various catalyst
technologies developed through this thesis work, different electrochemical characterization
techniques were employed. This section provides an introduction and background
information regarding these techniques. It should be noted that the ideal parameters for
electrochemical testing (i.e., electrode preparation technique, electrode loading, ionomer to
catalyst contents, catalyst ink solvent type) are material specific. Therefore readers should
refer to the appropriate chapters within this thesis for information regarding the preparation

and testing parameters used for different catalysts.

3.3.1 Rotating disc electrode testing

Half-cell rotating disc electrode (RDE) testing is a well-established technique in
order to screen the electrochemical activity of various catalyst materials.®' It is ideal
because it is simplistic and timely, allowing a high throughput of catalyst materials to be
investigated. Half-cell testing uses an electrolyte filled electrochemical glass cell and three
electrodes as shown in Figure 3-1a. Throughout the present project, 0.1 M HC1O4 was used
as the electrolyte to simulate the acidic conditions encountered during PEFC operation at
the cathode. The electrolyte is saturated with oxygen during ORR activity testing in order
to ensure a consistent supply of oxygen for diagnostic purposes. The working electrode,
also known as the RDE, is a glassy carbon disc, upon which the catalyst materials under
investigation are deposited (Figure 3-1b). Working electrode preparation first consists of
creating a catalyst ink by ultrasonically dispersing the catalyst materials in a solvent (i.e.,

ethanol, methanol or isopropanol). This catalyst ink is then dropcasted onto the electrode
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using a pipette, with the volume of ink deposited carefully controlled to achieve a desirable
electrode loading. After drying, the entire electrode surface area should be uniformly coated
with the catalyst materials. Nafion can either be incorporated directly into the catalyst ink,
or deposited afterwards onto the prepared electrode. The role of Nafion through these
experiments is to serve as both a binder and proton conducting ionomer. During testing,
this electrode will be immersed into the oxygen saturated electrolyte solution. The potential
is then swept in the ORR relevant range, and currents measured. A counter electrode is
used to complete the circuit, and is generally either a platinum wire (for platinum catalyst
investigations) or a graphite rod (for non-PGM experiments) immersed in the
electrochemical cell. The third electrode is a reference electrode and allows for electrode
potential measurement and control versus a standard electrode potential. Generally for
acidic ORR evaluation, a Ag/AgCl, Hg/HgSO, or reversible hydrogen electrode (RHE) is

utilized.
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Figure 3-1: (a) Standard three electrode cell used for RDE measurements, reprinted in adapted form
from '*, with permission from the Royal Society of Chemistry. (b) Rotating disc electrode upon which

the catalyst is deposited, and (c) schematic of electrode rotation to induce convective electrolyte flow.

In a typical measurement of ORR activity, the potential of the electrode is swept
from ca. 1.1 to 0 V vs. RHE at 10 mV/s, while measuring current under oxygen saturated
electrolyte conditions. The electrode is continuously rotated (i.e., at 900 rpm) to induce
convective electrolyte flow that ensures a steady supply of oxygen saturated electrolyte to
the catalyst layer (Figure 3-1c). Background (capacitive) currents obtained under nitrogen
saturated conditions will be removed in order to only account for the Faradaic ORR. This
will result in a typical ORR polarization curve as illustrated in Figure 3-2a. From this data,
ORR electrokinetics occurring on the catalyst materials can be evaluated, whereby
increased onset potentials for the ORR and higher current densities indicate improved

activity. Platinum catalysts are generally evaluated based on their ORR activity (both on a
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platinum mass and a surface area basis) at an electrode potential of 0.9 V vs. RHE. For non-
PGM catalysts, the primary activity metric employed is referred to as the half-wave
potential (E;). This is the potential at which the current density reaches exactly half that of
the mass transport limited current. Half-wave potential thereby provides indication of

intrinsic ORR activity, along with mass transport and catalyst utilization in the electrode.

CV cycling under nitrogen saturated conditions is utilized to investigate the
electrochemical signatures of catalyst materials under investigation. For platinum catalysts,
ECSAs can be determined using this technique. To accomplish this, the electrode potential
is cycled (i.e., at 50 mV/s), resulting in a typical CV curve such as that illustrated in Figure
3-2b. ECSA values can be calculated using the hydrogen adsorption/desorption region
observed below ca. 0.35 V vs RHE. In this figure, areas Q’ and Q’’ represent the charge
transfer/current generated for the adsorption and desorption of hydrogen, respectively. The
shaded region represents the capacitive current generated by the carbon support or in the

catalyst materials. Catalyst ECSAs can then be calculated based on Equation 3-1:'7 18318
EcsA =% (3-1)
mc

Here, Q is the charge transfer for hydrogen adsorption/desorption (mC/cm? electrode), m is
the mass loading of platinum (mgp/cm® electrode) and c¢ is the charge required to oxidize a
monolayer of hydrogen on a platinum surface (0.21 mC/cmp’). ECSA provides an
indication of platinum accessibility/utilization in the catalyst and can also be utilized to

calculate specific ORR activity (activity per unit of platinum surface area).
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Figure 3-2: (a) Typical ORR polarization plot obtained from half-cell ORR activity investigations.
Reprinted with permission from . Copyright 2010, American Chemical Society. (b) Typical CV curve
for platinum based materials, indicating areas used to calculate ECSA values. Reprinted from 184

Copyright 2002 with permission from Elsevier.

3.3.2 Half-cell accelerated durability testing

The durability of catalysts can be investigated by applying what is referred to as a
half-cell ADT. These experiments are done using the same setup as that described in the
previous section on rotating disc electrode testing. ADT protocols typically involve
subjecting catalyst materials to repeated cycles (typically several thousand at least). These
transient conditions will induce catalyst deactivation faster than what might be encountered
under normal operative conditions. ORR activity, ECSAs and electrochemical signatures
can be compared both before and after ADT. This will provide indication of the
electrochemical stability of the developed catalysts, in addition to understanding the
physical changes that may occur as a result of extended potential cycling. During a
Department of Energy — Fuel Cell Technologies Office webinar, typical guidelines
regarding experimental conditions that can be used for testing have been published.'®

Parameters can be modified during testing to simulate different conditions, or to induce
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different catalytic degradation mechanisms. For example, higher electrode potentials will
result in more rapid corrosion of carbon support materials, and a potential ranges that spans
the oxidation/reduction platinum surface redox couple will result in accelerated platinum
particle degradation. Many different ADT protocols are used throughout the literature, and

conditions must be designed and applied according to the objectives of the current project.
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4. Titanium nitride coated carbon nanotubes as platinum supports

This chapter is reprinted in adapted form from '®, with permission from the Royal Society

of Chemistry.

D. C. Higgins, J.-Y. Choi, J. Wu, A. Lopez and Z. Chen, "Titanium nitride-carbon nanotube
core-shell composites as effective electrocatalyst supports for low temperature fuel cells"

Journal of Materials Chemistry, 2012, 22, 3727-3732.

4.1 Introduction

Platinum catalyst supports are utilized to achieve excellent dispersion of nanosized
particles for the pertinent electrochemical reactions. For ORR electrocatalysis, it is well
known that the activity and stability of platinum nanoparticle catalysts can be tuned by the
specific type of support material used.*> '*¢ Additionally, by using more corrosion resistant
supports, the detrimental impact of carbon corrosion can be mitigated or even eliminated.

numerous alternatives have been investigated including various carbon morphologies such

187-189 190, 191

as carbon nanotubes and graphene, or transition metal based oxides, nitrides and

35, 192, 193

oxynitrides. Particularly, titanium nitride (TiN) has recently been investigated as

194

electrocatalyst support materials for both the cathodic ORR ™ and anodic methanol

oxidation reaction (MOR),">"’

owing to its exemplary chemical and thermal resistance
combined with high electronic conductivity. These investigations are generally limited to

pure TiN in nanoparticle or thin film morphologies.

The present chapter highlights the development of novel coaxial TiN coated (CNTs)

formed by a simplistic two step approach. In the first step, CNTs are utilized as a substrate
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for the deposition of a layer of titanium dioxide (TiO;) by refluxing the appropriate
precursors. After annealing in argon, the second step involved heat treatment of the TiO,
coated CNTs under flowing ammonia, resulting in TiN coated CNTs (TiN-CNTs)
composites. These newly developed materials were used as electrocatalyst supports for
PEFC applications by depositing platinum nanoparticles on their surface (Pt/TiN-CNTs).
The advantages of using TiN-CNT nanocomposites as electrocatalyst supports for fuel cell
reactions are immense. The CNT core structure can effectively provide interconnected
electronically conductive pathways'*® ' during fuel cell operation. They also possess a
one-dimensional anisotropic morphology that has been shown to result in enhanced
electron transport properties for electrocatalyst materials,”” can serve to enhance mass
transport properties’ and can easily be arranged into porous, interconnected electrode
structures.”’"-?%? The TiN coating can further provide a protective barrier in order to hinder
the rates of carbon corrosion during fuel cell operation and upon compositing with CNTs
has also been shown to result in dramatically enhanced electronic properties compared with

203, 204

pure TiN. Moreover, and most notably, TiN has been found to offer advantageous

catalyst-support interactions, including enhanced electrocatalytic activity,'**"'*’

along with
markedly improved CO tolerance.'”® "7 Therefore, in the present study, coaxial TIN-CNT
composites are developed in order to exploit the distinct advantages of utilizing this novel
nanocomposite arrangement as electrocatalyst supports. Using these Pt/TiN-CNT materials,

promising ORR performance and electrokinetics were observed, superior to state of the art

carbon supported platinum (Pt/C) catalyst.
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4.2 Specific materials and experimental methods

Carboxylic acid (0.5 %) functionalized CNTs were purchased from a commercial
supplier for use in this study. The first step of TiN-CNT synthesis involved the deposition
of a TiO, layer onto CNT substrates by a simple chemical method modified from a
procedure reported previously.”” Briefly, the commercial CNTs were refluxed in 6M
HNOj solution for 5 hours to further oxidize the surface of the CNTs in order to provide
facile precursor adsorption, remove any amorphous impurities and allow for easier
dispersion in solution during processing. Following filtration and washing, 50 mg of the
acid treated CNTs were ultrasonically dispersed in 60 mL of ethanol for several hours. The
mixture was then transferred to a stir plate and 500 uL of titanium butoxide was added and
allowed to mix constantly for approximately 30 minutes, upon which 500 uL of DDI water
was added and allowed to mix for another 30 minutes. The entire mixture was then refluxed
for 6 hours where deposition of the TiO, precursors occurred on the surface of the CNTs.
After cooling, the products were filtered, washed and annealed under nitrogen protection at
400°C for 4 hours. Heat treatment in ammonia gas was then carried out in order to allow the

195,205,204 The temperature was ramped up to 800°C over 45

conversion of TiO, to TiN.
minutes under nitrogen protection. After reaching the desired reaction temperature,
ammonia was emitted to the system (100 sccm) where the reaction was carried out for 4

hours. After completion, the system was purged with nitrogen and allowed to cool and the

TiN-CNT composites could be collected.

Pt nanoparticle deposition onto the surface of TiN-CNTs was carried out by the

well-established EG reduction method.”® '™ '8 192 gpecifically, TiN-CNTs were
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ultrasonically dispersed in EG solvent, followed by the addition of the required amount of
Pt (20 wt. %) in the form of a HyPtCl¢/EG mixture (5 mg Pt/mL). Under constant stirring, a
2.5 M NaOH/EG solution was added to increase the pH of the solution to ca. 13 and then
reduction was carried out by refluxing the solution at 140 °C for 3 hours. After cooling the
mixture, 1M aqueous HCI solution was added to reduce the pH to ca. 5, followed by

filtration and washing of the resulting products.

For testing, thermogravimetric analysis (TGA) was carried out under a steady flow
of Ny/air (50/50), where the temperature was maintained at 60°C for thirty minutes in order
to remove any water products followed by increasing the temperature from 60 to 900°C at a
steady rate of 20 °C/min. All electrochemical characterization was carried out using a three
neck glass cell using a CHI electrochemical workstation potentiostat and a Pine electrode
rotator. A glassy carbon disk working electrode, platinum wire counter electrode and dual
chamber Ag/AgCl reference electrode were utilized for all testing. Where appropriate,
electrode potentials were converted to RHE for ease of comparison. Catalyst ink was
prepared by mixing 4 mg of catalyst sample into 2 mL of an ethanol/water solution. The
sample was ultrasonicated for one hour in order to ensure good dispersion, upon which a 20
uL aliquot was deposited onto the glassy carbon working electrode. After drying, 10 uL of
a 0.05 wt. % Nafion solution was coated onto the electrode in order to ensure adequate
adhesion of catalyst sample. CV and ORR testing were carried out in 0.1 M HCIO4. CV
was carried out under nitrogen saturation between 0.05 and 1.25 V vs RHE at a scan rate of
50 mV/s and no electrode rotation. ORR linear potential sweeps were carried out under

oxygen saturated electrolyte conditions at a scan rate of 10 mV/s at various electrode
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rotation speeds (100, 400, 900 and 1600 rpm) in order to provide insight regarding the
electrokinetics of the ORR occurring on the catalyst samples. Background currents obtained
under nitrogen saturation were removed in order to eliminate capacitance and redox

contributions.

4.3 Results and discussion

The structural evolutions occurring during synthesis of the TiN-CNT composite
materials is summarized by the TEM images displayed in Figure 4-1. Figure 4-la
demonstrates the standard one-dimensional morphology of the acid treated CNTs utilized
as substrates for TiN coating. The deposition of TiO, on the surface of the CNTs was found
to be very uniform as displayed in Figure 4-1b, with some small portions of the CNT
surface exposed. The polycrystalline TiO, shell structure was observed to have a thickness
of ca. 15-30 nm. Following heat treatment in ammonia, Figure 4-1c¢ displays the one-
dimensional TiN-CNT coaxial core shell structure arrangement that is pertinent to this work.
A distinct structural transformation was observed for the TiN-CNT composite materials
resulting from the conversion of TiO; to TiN. The coating layer maintained its thickness
and uniformity; however, it exhibited a polycrystalline morphology with larger crystallite

sizes compared with the TiO, coating layer.
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Figure 4-1: TEM images of (a) acid treated CNTs, (b) TiO,-CNT and (c) TiN-CNT composite materials.

Reproduced in adapted form from '®, with permission from the Royal Society of Chemistry.

XRD patterns were obtained to provide further insight regarding the structural
transformations occurring during the material synthesis and are displayed in Figure 4-2a.

Ti0,-CNT displayed characteristic TiO, peaks containing primarily the anatase phase, with
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a diffraction pattern almost identical to that reported previously for similar materials.””’
After heat treatment in ammonia, conversion of TiO, to TiN is exclusively confirmed by
the distinct shift observed in the diffraction patterns. The peaks are characteristic for TiN
materials located at 20 values of ca. 36.7, 42.7, 62.0, 74.8 and 78.0° and can be attributed to
the (111), (200), (220), (311) and (222) hexagonal TiN crystal phases, respectively. XRD
also indicated preservation of the CNT core structure, where the sharp graphitic peak

observed at 26° is maintained, corresponding to the (002) plane structure.
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Figure 4-2: (a) XRD patterns and (b) TGA profile obtained for TiO,-CNT and TiN-CNT composite
materials. Reproduced in adapted form from ', with permission from the Royal Society of Chemistry.
TGA profiles obtained for TiO,-CNTs and TiN-CNTs and are displayed in Figure
4-2b. For the TiO,-CNT materials, the TiO; shell was determined to comprise ca. 70 wt. %
of the overall composite materials based on the residual mass from TGA testing. Assuming
stoichiometric Ti0O;, this represents a very high (> 90 %) product yield of titanium from the

precursor solution, most likely attributed to the high concentration of CNTs present in the
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reflux mixture and the high degree of functional groups on their surface to readily facilitate
precursor adsorption. Mass loss was observed to occur beginning at ca. 350 °C, attributed at
first to combustion of any amorphous carbon species followed by the CNT core structures.
The TGA profile of TiN-CNTs displayed a weight increase initiating at ca. 350 °C and
reaching a maximum of 114.6 wt. % at 525 °C. This increase in weight can be directly
attributed to the oxidation of TiN and is in direct agreement with previous reports.’’® The
weight gain resulting from TiN oxidation is well below the theoretical value of 29.1 wt. %
assuming complete conversion of stoichiometric TiN to TiO,. Non-stoichiometric TiN and
TiO, offers reasonable explanation for this observation along with the onset of CNT
oxidation occurring at these excessive temperatures. The residual mass remaining after
completion of the temperature ramping was higher for TiN-CNTs compared with TiO;-
CNTs, with 83.6 and 70.4 wt. % remaining, respectively. Non-stoichiometric TiN and TiO,
will most likely contribute to this observation; however, it is most likely that the increased
residual weight remaining for TiN-CNTs is due to the etching of carbon from the CNTs

occurring during ammonia treatment.>> 2’

Following Pt deposition by a modified ethylene glycol reduction method, TEM
imaging (Figure 4-3) confirmed the successful deposition of well dispersed Pt
nanoparticles with an average diameter of ca. 2.9 nm and the majority of nanoparticles
possessing diameters between 1 and 4 nm. This positively indicates that the ethylene glycol
method is effective for deposition onto TiN based supports; however, some larger Pt
nanoparticle agglomerates were observed, possibly due to the lack of surface functional

groups such as the ones on carbon based supports in order to facilitate Pt ion nucleation and
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subsequent particle growth.”” ?* The structural morphology of the TiN-CNTs is
maintained, with Pt nanoparticles observed on the surface, along with Pt deposition onto

the exposed CNT surfaces adjacent to the termination sites of the TiN coating.

A

Figure 4-3: TEM images of Pt/TiN-CNT composite materials. Reproduced in adapted form from '°,

with permission from the Royal Society of Chemistry.

CV curves are presented for Pt/TiN-CNTs along with state of the art commercial
Pt/C for comparison in Figure 4-4a. As expected, both samples display the characteristic
platinum oxidation/reduction peaks at higher electrode potentials and the hydrogen

adsorption/desorption peaks at lower potentials. The charge transfer for hydrogen
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desorption was used to calculate the ECSA of each material. Based on these calculations,
the ECSA of Pt/TiN-CNT was found to be 109.75 m?/gp, comparable to 104.37 m?/gp,

determined for commercial Pt/C.
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Figure 4-4: (a) CV curves for Pt/TiN-CNT and Pt/C obtained in 0.1 M HCIO, at a scan rate of 50 mV/s
under nitrogen saturation and (b) ORR polarization curves obtained at a scan rate of 10 mV/s and
electrode rotation rate of 900rpm under oxygen saturation, with background currents obtained under
nitrogen saturation removed. Polarization curves at various rotation rates for (¢) Pt/TiN-CNT and (d)
Pt/C. (e) Tafel plots for Pt/TiN-CNT and Pt/C (900rpm) and (f) Koutecky-Levich plots for Pt/TiN-
CNTs at various potentials. Reproduced in adapted form from ', with permission from the Royal

Society of Chemistry.
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ORR polarization curves obtained in oxygen saturated 0.1M HCIO4 are provided in
Figure 4-4b comparing Pt/TiN-CNTs and commercial Pt/C, along with full polarization
curves provided in Figure 4-4c¢ and 4-4d, respectively. It is apparent that utilizing TiN-
CNTs as a catalyst support material enhances the ORR electrokinetics compared with the
benchmark state of the art Pt/C electrocatalyst. Improved onset potential and current
densities were obtained over the potential range investigated, with a slightly higher mass
transport limited current observed. The latter can most likely be attributed to reduced
peroxide byproducts released from the carbon support materials due to the TiN shell
coating. This higher diffusion limited current density is in contrast to results reported
previously indicating a lower diffusion limited current reported for Pt supported on TiN
particles compared with Pt/C,"* indicating a potential influence induced by the 1D
anisotropic morphology of the TiN-CNTs, or a potential composite interaction with the
highly graphitic CNT core supports. Regardless, the improved on-set potential obtained
with TiN based catalyst supports is consistent with this previous report, rendering these
materials as promising electrocatalyst support materials. Kinetic controlled current densities
were determined and Tafel plots of Pt/TiN-CNTs and Pt/C are provided in Figure 4-4e. In
the low current density region, Tafel slopes of -59 mV/dec and -65 mV/dec were observed
for Pt/TIN-CNT and Pt/C respectively. This analysis indicates the enhanced ORR
electrokinetics occurring on the surface of Pt/TiN-CNTs and the values obtained are very
similar to the theoretical low current density Tafel slope of -60 mV/dec commonly reported
for platinum materials.'® 2'' At higher current density values, a shift in the slope is
observed to more negative values commonly attributed to altered adsorption isotherms and

reaction mechanisms.*'% " Figure 4-4f exhibits Koutecky-Levich plots for Pt/TiN-CNTs
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at various potentials in the mixed mass transport-kinetic current density regime. Parallel,
linear behaviour is observed which confirms first order reaction kinetics with respect to
oxygen concentration occurring on the Pt/TiN-CNT electrode.”* It has however recently
been demonstrated that upon immersion in acidic solutions and exposure to potential
cycling over long periods of time the surface of TiN will be passivated, ultimately resulting
in drastic performance loss.”"” It is unknown how this reported phenomena will behave
under actual fuel cell conditions and remains to be investigated; however, this surface
passivation is an implicit drawback of TiN based support materials that must be overcome
in order to exploit their significant electrokinetic enhancements as ORR electrocatalyst

supports.

The performance enhancement observed for Pt/TiN-CNTs can most likely be
attributed to the specific properties of the TiN-CNT composites and the catalyst-support
interactions present in these materials. The possible interactions occurring between TiN-
CNTs and the active Pt nanoparticles remain elusive and further investigations are required;
however, it has been proposed that there may exist a synergistic mechanism that occurs. In
one instance, a shift in the electron binding energy of Pt supported on TiN species has been
demonstrated by x-ray photoelectron spectroscopy.'®> These modified electron properties
could potentially account for improvements in the electrokinetics observed on Pt/TiN-
CNTs in comparison to commercial carbon supported Pt. It is also likely that the improved
electronic properties obtained upon compositing TiN materials with CNTs, along with the
distinct advantages of using electrocatalysts possessing unique, one dimensional

morphologies will provide electrocatalytic improvements. While the exact nature of the
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enhancements reported herein requires stringent investigations, the promise of utilizing

TiN-CNTs as electrocatalyst support materials is apparent.

4.4 Conclusions

Unique TiN-CNT core-shell nanocomposites were developed by a simplistic
fabrication procedure and were characterized by XRD, TGA and TEM techniques. These
materials were then utilized at platinum nanoparticle supports for the ORR fuel cell
reaction. Improved ORR activity was obtained for Pt/TiN-CNTs compared with
commercial state of the art Pt/C electrocatalysts. These performance enhancements were
attributed to the specific properties of the TIN-CNT nanocomposites, particularly their one-
dimensional anisotropic morphology and improved electronic properties. In terms of
activity, TiN-CNTs are presented as promising electrocatalyst support materials for low
temperature fuel cell applications. A challenge however remains due to passivation of a thin
surface layer of the titanium nitride. This thin layer of oxide species with poor intrinsic

conductivity may serve to limit the electrochemical stability of these catalyst materials.
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5. Microwave assisted solvothermal preparation of platinum cobalt
nanowires
This chapter is reprinted in adapted form from *', with permission of The Electrochemical

Society.

D. C. Higgins, S. Ye, S. Knights and Z. Chen, "Highly Durable Platinum-Cobalt Nanowires
by Microwave Irradiation as Oxygen Reduction Catalyst for PEM Fuel Cell"

Electrochemical and Solid-State Letters, 2012, 15, B83-B8S5.

Parts of the introduction for this chapter is printed in adapted form from *, with permission

of Elsevier.

D. Higgins, R. Wang, A. Hoque, P. Zamani, S. Abureden, Z. Chen, “Morphology and
composition controlled platinum-cobalt alloy nanowires prepared by electrospinning as

oxygen reduction catalyst”, Nano Energy, 10 (2014) 135-143.

5.1 Introduction

The occurrence of support corrosion for nanoparticle catalysts is well
acknowledged,”’ and its implications such as those discussed in the previous chapter are
detrimental to the practical application of these catalyst systems in PEFCs. To this end,
one-dimensional (1D) Pt and Pt-alloy catalysts are considered promising cathode catalysts
for PEFC technologies.”” *** 212! Increased activity is commonly observed on this new

paradigm of nanostructured catalysts,”® *** **!

owing to the relatively smooth surfaces on
the atomic scale that consist of Pt atoms with high coordination numbers. This effectively

weakens the adsorption strengths of oxygen species on Pt, thereby reducing overpotentials
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for the ORR. These smooth Pt surfaces also have reduced surface energies, rendering them
less prone to activity loss by dissolution and agglomeration during PEFC operation; and
their self-supported nature can eliminate the detrimental impact of carbon corrosion. Even
further activity enhancements can be realized by effectively coupling 1D nanostructure
control strategies with Pt-alloying using relatively inexpensive transition metals such as Fe,
Co and Ni.*"» 222233 Cobalt was used in the present work as the transition metal of choice.
This is because polycrystalline platinum-cobalt alloys commonly outperform other
platinum-transition metal combinations.”** Traditionally however, Pt nanowires and
nanotubes are synthesized by expensive and complex template-based procedures,””** or
require long processing times due to conventional heating methods.”*>***® Furthermore, the

activity and long-term stability of 1D Pt based materials has still not met the requirements

for fuel cell application.

In the present work, we report a unique microwave assisted synthesis of 1D Pt-Co
alloy nanowires (Pt-Co-NWs) for use as highly active, durable ORR electrocatalyst
materials. This distinct approach allows for exploitation of the specific ORR activity and

227-231 generally attributed

stability enhancements consistently demonstrated on Pt-Co alloys,
to the modified structural and electronic properties arising due to the binary alloy nature of
these materials. Furthermore, microwave-irradiation through dielectric heating provides a

d % #2233 The facile temperature

simple, rapid and energy efficient synthesis metho
controlled microwave heating method utilized herein provides a hard-template free

synthesis procedure that is timely, inexpensive and provides uniform volumetric heating ***

33 ideal for up-scalability to meet the demands of a potential fuel cell market. Notably, we

69



demonstrate that Pt-Co-NWs possess substantial ORR activity and exemplary stability

through ADT in 0.1 M HCIO,.

5.2 Specific materials and experimental methods

Platinum acetylacetonate (0.001 mol) and cobalt carbonyl (0.001 mol) were
completely dissolved in ethylenediamine solvent under nitrogen protection and transferred
to an autoclave reactor where the reaction was carried out at 160°C for 1 hour with a
maximum power setting of 600W. After completion, the Pt-Co-NWs were collected by
filtration and washed thoroughly with DI water and ethanol, followed by annealing at

600°C in Ar for 1 hour.

Electrochemical testing was done by depositing Pt-Co-NW catalyst ink onto a
glassy carbon rotating disk electrode. Testing and ADT was carried out in 0.1 M HCIO4,
maintained at 50 °C. Commercial 20 wt. % platinum on Vulcan-XC (BASF, 0.1 mgem™)
and platinum black (Pt-B, Sigma-Aldrich, 0.2 mgem™) were tested for comparison. ADT
consisted of 1000 CV cycles (0 to 1.5 V vs RHE, 50 mVs™) in order to simulate the broad
range of potentials that can be encountered at the cathode during transient PEFC operation.
ORR and CV polarization curves were measured to determine catalytic activity and provide
ECSA estimates based on hydrogen desorption charge transfer >°° before and after ADT,

respectively.

5.3 Results and discussion

Formation of high purity 1D Pt-Co-NWs was confirmed by SEM) imaging (Figure

5-1a, b) and TEM imaging (Figure 5-1c). XRD patterns are presented in Figure 5-1d,
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along with commercial Pt/C for comparison. As expected, commonly reported diffraction

peaks for Pt-Co alloy materials were observed for Pt-Co-NWs, with a shift to higher

reflection angles due to alloy formation and lattice contraction.”’
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Figure 5-1: (a, b) Low resolution SEM and (c¢) TEM image for Pt-Co-NWs and (d) XRD pattern for Pt-
Co-NWs and commercial Pt/C. Reprinted in adapted form from *', with permission from the

Electrochemical Society.

ORR polarization curves are provided in Figure 5-2. For Pt-Co-NWs, 200 CV
cycles (0 to 1.2 V vs RHE) were applied prior to ECSA and ORR testing for catalyst

conditioning, where a distinct increase in ORR performance occurred. This activity
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increase was attributed to Pt-Co-NW activation, in which surface Co species were
preferentially leached out, resulting in a Pt-rich surface phase.”” ** %% %% pt-Co-NWs
displayed high ORR activity and exemplary stability, where almost identical polarization
curves were observed before and after ADT (Figure 5-2a). Conversely, Pt/C (Figure 5-2b)
and Pt-B (Figure 5-2c¢), which was tested in addition to Pt-Co-NWs in order to eliminate
the effects of carbon support corrosion, displayed significant ORR activity loss after ADT.
Half-wave potentials and overall current density losses were observed at all electrode
potentials investigated. It should be noted that diffusion limited current densities for Pt/C
were lower than those of Pt-Co-NWs and Pt-B, most likely due to the existence of a 2
electron ORR occurring on carbon supported Pt catalysts®*® resulting in the formation of
some hydrogen peroxide by-products. Pt-mass based kinetic current densities were
calculated at an electrode potential of 0.85 V vs RHE (Figure 5-2d) in order to provide a
gauge of the ORR activity of these materials. Pt/C initially demonstrated higher Pt mass
based activity compared with Pt-Co-NWs and Pt-B due to the uniform size and high
dispersion of Pt nanoparticles facilitated by the carbonaceous support. However, following
ADT Pt-Co-NWs maintained their ORR activity, with a Pt mass based kinetic current
density four times higher than that of Pt/C and over twenty times higher than Pt-B.
Moreover, ECSA retention of the Pt-Co-NWs (59.5%) was superior to that of Pt/C and Pt-
B, which retained 4.9% and 48.9% of their original ECSA, respectively. These results
indicate that despite ECSA loss, Pt-Co-NWs maintained their ORR activity, indicative of
an increase in their specific activity which could be attributed to the specific physical
properties of the materials after ADT including surface chemistry, electronic properties,

exposed crystal facets, etc.
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Figure 5-2: ORR current-potential curves prior to and after ADT obtained at a scan rate of 10 mVs™
and an electrode rotation of 900 rpm in oxygen saturated 0.1M HCIO, for (a) Pt-Co-NW, (b) Pt/C and

(c¢) Pt-B, (d) kinetic platinum mass-based current densities calculated at an electrode potential of 0.85 V
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vs RHE. Reprinted in adapted form from *', with permission from the Electrochemical Society.

In order to provide insight regarding the exact nature of catalyst degradation, TEM
images were obtained prior to and after ADT. Initially, Pt-Co-NWs (Figure 5-3a) displayed
diameters in the range of 40-70 nm, with varying lengths. After ADT, Pt-Co-NWs (Figure
5-3b) displayed reduced nanowire diameters (25-45 nm). This could result from Co
dissolution and moderate Pt loss, providing explanation for the ECSA decrease observed.

By electron dispersive x-ray spectroscopy, the Pt:Co atomic ratio was found to change from
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48:52 to 81:19 through catalyst conditioning and ADT. Thus, the increase in the specific
activity of the Pt-Co-NWs is attributed to modification of the alloy’s electronic structure,
resulting in enhanced adsorption and catalytic properties induced by Co depletion.”** High
resolution TEM imaging and the corresponding electron diffraction pattern indicated that
the crystallinity of the Pt-Co-NWs was preserved through ADT (not shown). Prior to ADT,
Pt/C (Figure 5-3c¢) displayed relatively uniform Pt nanoparticles (ca. 2-3 nm), evenly
dispersed on the carbon black support. After ADT, Pt nanoparticle agglomeration is
apparent, with large, non-uniform Pt particles (ca. 9 nm) unevenly dispersed on the carbon
support material. This is a commonly reported degradation mechanism for Pt/C.° attributed
to Ostwald ripening and agglomeration due to surface-energy minimization. This
phenomenon, coupled with carbon corrosion which is likely perpetuated at the high
potentials encountered during ADT can contribute to the performance loss observed. Prior
to ADT, relatively small (ca. 6 nm) uniform nanoparticles were observed for Pt-B (Figure
5-3e). After ADT, similar particle growth and agglomeration to Pt/C was observed (Figure

5-3f), providing reasonable explanation for the loss in ORR activity and ECSA displayed.
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Figure 5-3: TEM images obtained (a, c, e) prior to and (b, d, f) after ADT for Pt-Co-NWs, Pt/C and Pt-

B, respectively. Reprinted in adapted form from *', with permission from the Electrochemical Society.

5.4 Conclusions

In summary, a simple, unique microwave based solvothermal procedure was

employed for the inexpensive, timely synthesis of Pt-Co-NWs. These 1D Pt-Co-NW
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demonstrated activity towards ORR through half-cell testing. Moreover, exemplary
stability was demonstrated through ADT, where Pt-Co-NWs exhibited negligible ORR
performance loss, rendering the stability of these materials superior to that of Pt/C and Pt-B.
Thus, Pt-Co-NWs are presented as active, highly stable electrocatalyst nanostructures for
potential replacement of Pt/C as cathode catalyst materials for fuel cell applications. Future
investigations will focus on increasing the mass activity of Pt-Co-NWs to reduce cost, as
the nanowires are relatively thick (40-70 nm) resulting in inaccessible platinum atoms

within the bulk.
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6. Morphology and composition controlled platinum cobalt nanowires by
electrospinning

Please note, to differentiate these materials from the Pt-Co-NWs reported in the previous

chapter, the platinum cobalt nanowires prepared by electrospinning are referred to as

PtCoNWs.
This chapter is reprinted in adapted form from **, with permission from Elsevier.

D. Higgins, R. Wang, A. Hoque, P. Zamani, S. Abureden, Z. Chen, “Morphology and
composition controlled platinum-cobalt alloy nanowires prepared by electrospinning as

oxygen reduction catalyst”, Nano Energy, 10 (2014) 135-143.

6.1 Introduction

A fundamental shift from conventional zero-dimensional Pt nanoparticle based
systems to new catalyst designs and architectures has been a focus of recent research

™79 n the previous chapter, platinum cobalt nanowires were developed using a

endeavours.
microwave assisted solvothermal process. Despite promising activity and excellent
electrochemical stability, this technique unfortunately provided very little versatility during
synthesis, and resulted in relatively thick (ca. 40-70 nm) nanowires. Therefore,
understanding, controlling and optimizing the exact structural and compositional factors
underlying the performance of 1D Pt-alloy catalysts still remains a challenge,”*' yet holds
promise to generate improved catalysts that can perpetuate the technological advancement

of PEFC systems. Establishing reliable techniques in order to prepare Pt and Pt-alloy

nanowires with readily controllable diameters and atomic compositions is desirable, and

77



would provide a versatile platform for both fundamental and practical investigations in
order to develop unique catalyst systems with excellent activity and stability towards the

ORR.

Electrospinning has been used as an effective technique to prepare a wide array of

nanowire and nanofiber structures including metal oxides,*** non-precious metal ORR

243, 244 70, 243

catalysts and Pt-based materials. In the present study, using Co as the choice

alloying element owing to the high activity of Pt;Co surfaces towards the ORR,** we
report the first development of PtCo nanowires (PtCoNW) by the electrospinning technique.
PtCoNWs with near unity stoichiometric ratios were investigated for ORR activity by half-
cell electrochemical evaluation, and were found to provide significantly improved Pt-mass
and surface area specific activities in comparison to commercial Pt/C and pure PtNWs.
Catalyst surface area retention of PtCoNWs during electrochemical cycling was also
improved in comparison to commercial Pt/C, highlighting their promise as ORR
electrocatalysts for PEFC applications. We furthermore demonstrate the versatility of the
electrospinning process in order to prepare PtCoNWs with varying Pt:Co stoichiometric
ratios and nanowire diameters, providing a valuable platform for future studies in order to

elucidate and optimize the effects of 1D nanostructure, chemical composition and atomic

distributions on ORR activity.

6.2 Specific materials and experimental methods

Platinum-cobalt nanowires (PtCoNW) were prepared by electrospinning a
methanol/water  solution of polyvinylpyrrolidone (PVP, MW = 1,300,000),

hexachloroplatinic acid hexahydrate and cobalt acetate tetrahydrate. The use of cobalt
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acetate tetrahydrate could also be substituted for cobalt nitrate with no changes observed to
the nanofiber morphology. In a typical process, 34.9 mg of PVP was dissolved in 0.9 mL of
methanol, and 18.75 mg of hexachloroplatinic acid hexahydrate and 8.15 mg of cobalt
acetate tetrahydrate were dissolved in 0.1 mL of DDI water. These values correspond to a
precursor solution containing 4 wt. % PVP, 3 wt. % metal salts, and a Pt to Co molar ratio
of 53:47 that were used as the standard in the present study. It was necessary to use water
as a co-solvent to eliminate precipitation of PVP in methanol solution upon addition of the
metal precursor salts. The prepared DDI water solution was then added to the
methanol/PVP solution, and the entire mixture was stirred magnetically for 1 hour. This
solution was then loaded into a syringe with a stainless steel tip for subsequent

electrospinning.

The electrospinning process was carried out inside an acrylic chamber, and in order
to ensure successful nanofiber formation, it was necessary to decrease the relative humidity
to below ca. 40% by introducing dry nitrogen gas. The syringe tip was stationed 6 cm from
the aluminum foil collection substrate and the power source was set to 6 kV. The solution
flow rate was set to 0. 25 mLh™, during which time a beige film formed on the aluminum
foil surface. After completion, the electrospun film was peeled off the aluminum foil and
loaded into a 0.5 inch diameter quartz tube. This tube was then loaded into a large tube
furnace and the temperature was increased to 480 °C at a heating rate of 0.5 °Cmin™'. After
removal of PVP, the resultant black materials were collected, and subjected to hydrogen
treatment in a tube furnace at 150 °C for 2 hours, and the resultant PtCoNWs were collected

for subsequent characterization. Inductively coupled plasma (ICP) spectroscopy was
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conducted using a Teledyne Leeman Labs Prodigy High Dispersion ICP system. Atomic
concentrations were evaluated by digesting PtCoNW powder in an aqua regia solution.
Measurements were done in triplicates, and the obtained spectra were calibrated with

respect to two separate commercial standard solutions to ensure accuracy.

PtCoNW catalyst ink was prepared by mixing 3 mg of PtCoNWs and 3 mg of
Vulcan XC-72 carbon black in 2 mL of ethanol containing 4 uL of 15 wt. % Nafion
solution. 10 uL of the prepared catalyst ink solution was then deposited onto a polished
glassy carbon disc electrode (geometric surface area of 0.19635 cm™) leading to a loading
of 59.9 ugpem™, and allowed to completed dry under ambient conditions. The electrode
was them immersed into 0.1 M HCIO4 maintained at 30 °C by a circulating water bath, and
all electrochemical testing was carried out using a RHE. In order to evaluate ORR activity,
the potential of the electrode was scanned at 10 mVs™ in the positive direction under
oxygen saturated electrolyte conditions and at electrode rotation rates varying from 100 to
1600 rpm. In order to remove capacitative contributions, background currents obtained
under the same conditions except for with nitrogen saturation were removed, and the
resultant ORR current densities were corrected for uncompensated electrolyte resistances
using a technique reported previously >**. ADT was conducted by repeatedly cycling the
electrode potential from 0.05 to 1.3 V vs RHE at a scan rate of 50 mVs™. Commercial
carbon supported platinum (Pt/C, TKK) was tested for comparison using an electrode
loading of 20 ugptcm'z, a commonly utilized value for high surface area commercial Pt

catalysts.'™!
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6.3 Results and discussion

PtCoNWs were prepared by electrospinning a solution containing PVP as the carrier
polymer, owing to its ability to complex with metal salt precursors. Several parameters can
have an effect on the properties of the prepared nanowires. This includes properties of the
precursor solution, including polymer concentration, metal species concentration, solution
viscosity, and electronic conductivity; or preparation parameters, including electrospinning
distance, applied voltage, humidity, needle tip gauge size and the solution flow rate. Some
of these parameters were investigated through this study, whereas others (such as solution
flow rate or needle gauge size) were found to not have a significant effect. To produce long,
uniform nanofibers, the metal salt concentration was maintained at 3 wt. % and an optimal
PVP concentration of 4 wt. % was determined systematically through SEM imaging of the

prepared materials (Figure 6-1).
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Figure 6-1: Effect of PVP concentration in the electrospinning solution. SEM images of PtCo-PVP

nanofibers prepared with (a) 2, (b) 4, (¢) 6 and (d) 10 wt. % PVP precursor solution. Reproduced in

adapted form from *, with permission from Elsevier.

We found that by varying the concentration of metal salts added into the solution
between 1 and 5 wt. %, no changes to the as prepared PtCo-PVP nanofibers were observed
(Figure 6-2); however after PVP removal, significant variations in the average PtCoNW
diameters occurred (Figure 6-3). At 1 wt. % metal salt, no nanowires were obtained (not
shown), indicating that the concentration of Pt and Co in the PtCo-PVP nanofibers was too
low to achieve good interconnectivity during heat treatment. Increasing the metal salt
concentration from 2 to 5 wt. % resulted in an increase in the average nanowire diameters
from 24 to 41 nm, in a near linear fashion (Figure 6-3c, inset). Unless specified otherwise,

as the standard for subsequent investigations, PtCoNWs were prepared with a metal salt
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concentration of 3 wt. %, PVP concentration of 4 wt. % and a Pt:Co atomic ratio of 53:47.
Additionally, a sufficiently slow rate of temperature increase (0.5 °C/min) for PVP removal
was necessary, as higher rates of temperature increase would result in the nanowires

melting together into 3-dimensional agglomerate structures (Figure 6-4).

b)

Figure 6-2: SEM images of PtCo-PVP nanofibers prepared with (a) 1, (b) 2, (c) 4 and (d) 5 wt. % metal
salts in the precursor solution. For PtCo-PVP nanofibers electrospun with 3 wt. % metal salt precursor

solution please refer to Figure 4b. Reproduced in adapted form from *, with permission from Elsevier.
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Figure 6-3: SEM images of PtCoNWs prepared using metal salt concentrations in the precursor
solution of (a) 2, (b) 3, (c) 4 and (d) 5 wt. %. (c-inset) Plot of average nanowire diameter versus metal

content of precursor solution. Reproduced in adapted form from *, with permission from Elsevier.
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Figure 6-4: SEM image of PtCoNWs displaying a 3-dimensional agglomerated nanostructure resulting
from using a heating rate of 5 °Cmin™' in air during PVP removal. Reproduced in adapted form from *,

with permission from Elsevier.

TEM images of PtCoNWs after PVP removal and hydrogen reduction are displayed
in Figure 6-5a and b. Nanowires with micrometer scale length and an average diameter of
ca. 28 nm are clearly observed, and a polycrystalline structure was indicated by the select
area electron diffraction (SAED) patterns (Figure 6-5b, inset) and high resolution TEM
(Figure 6-5c¢). After PVP removal, both Pt (fcc) and Co3;04 (cubic) crystalline phases were
observed by XRD (Figure 6-5d). After hydrogen treatment at 150 °C, disappearance of the
Co304 peaks was observed and the Pt(fcc) peak locations were shifted to higher diffraction
angles indicating the successful incorporation of Co into the Pt-alloy phase structure.**”**

Both Pt and Co were well distributed throughout the entirety of the PtCoNWs evidenced by

electrode dispersive x-ray (EDX) colour mapping (Figure 6-Se).
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Figure 6-5: (a,b) TEM, (c) high resolution TEM images and (b-inset) SAED patterns of PtCoNWs. (d)
XRD diffraction pattern of (black) PtCoNWs before and (red) after reduction in hydrogen at 150 °C. (e)

EDX colour map of PtCoNWs. Reproduced in adapted form from ¥, with permission from Elsevier.

The overall EDX spectra is displayed in Figure 6-6, indicating a Pt:Co ratio of

approximately 54:46, in close agreement with the 53:47 ratio used in the electrospinning
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solution. ICP analysis on a bulk sample of nanowires confirmed these results, showing that

the PtCoNWs are composed of 52.96 at. % Pt and 47.04 at. % Co.

1 1 54.1 at. % Pt
45.9 at. % Co

O
-

N
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Figure 6-6: Energy dispersive x-ray spectra and associated atomic contents of PtCoN'Ws. Reproduced

in adapted form from *, with permission from Elsevier.

It was also possible to prepare PtCo-PVP nanofibers with readily tunable Pt:Co
atomic contents, along with pure Pt-PVP nanofibers. SEM images of Pt-PVP, Pts3Co47-PVP,
Pt36Coss-PVP and Pt;;Co73-PVP nanofibers are displayed in Figure 6-7a, b, ¢ and d,
respectively. Consistent nanofiber morphology, diameters and uniformity are observed,
highlighting once again the versatility of the PtCoNW electrospinning process. Drawing on
this, the Pt-PVP nanofibers were heat treated in air to produce pure PtNWs for comparative
purposes, with TEM and high resolution TEM images provided in Figure 6-7e and f,
respectively. Like PtCoNWs, PtNWs displayed a polycrystalline structure as highlighted by

the SAED pattern provided in Figure 6-7e (inset).
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Figure 6-7: SEM images of (a) Pt-PVP, (b) Pt;;Co4-PVP, (c) Pt;sCog-PVP and (d) Pt,;Co;;-PVP
nanowires. (¢) TEM and (f) high resolution TEM images of PtNWs, with (e-inset) SAED pattern.

Reproduced in adapted form from 8 with permission from Elsevier.

The EDX spectra (Figure 6-8) indicated the atomic purity of the PtNWs. It should
also be noted that for pure PtNWs, a relatively lower heat treatment temperature of 450 °C
was used to remove PVP. In the case of PtCoNWs however, at this slightly lower

temperature, residual PVP remained on the surface of the nanowires as evidenced by TEM
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imaging (Figure 6-9) and large oxidative currents observed during electrochemical testing
at potentials above ca. 0.6 V vs RHE. This indicates some sort of interaction occurring
between PVP and the cobalt precursors, and is also evidenced by the thermogravimentric
analysis (TGA) where a very minor weight loss is observed for the Co containing samples
in this 400-480 °C temperature range (Figure 6-10). To overcome this challenge, a slightly

increased PVP removal temperature of 480 °C was utilized for PtCoNW preparation.

Cu

Cu Cu Pt

p
-

Figure 6-8: Energy dispersive x-ray spectra of PtNWs indicating atomic purity. Reproduced in adapted

form from *, with permission from Elsevier.
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Figure 6-9: Residual PVP observed by TEM on PtCoNWs when only heat treating in air at a

temperature of 450 °C. Reproduced in adapted form from *, with permission from Elsevier.
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Figure 6-10: TGA curves of Pt-PVP and PtCo-PVP nanofibers prepared using either cobalt nitrate or
cobalt acetate tetrahydrate. TGA was conducted in air, and began with maintaining the sample
temperature at 100 °C for one hour in order to remove residual moisture. The temperature was

increased at 5 °Cmin™ up to 1000 °C. Reproduced in adapted form from *, with permission from

Elsevier.
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ORR activities of the nanowire samples were investigated by electrochemical half-
cell testing in 0.1 M HCIO4 at 30 °C. The PtCoNW electrode preparation process was
investigated and optimized, whereby Figure 6-11 provides insight into the various

parameters (electrode loading, carbon incorporation) that must be considered when dealing

with extended surface Pt nanostructures.*’
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Figure 6-11: Optimization of the electrode fabrication process for PtCoNWs. Polarization curves
obtained at 900 rpm in 0.1 M HCIO, for (a) different electrode loadings of PtCoNWs, (b) different
electrode loadings of PtCoNWs with carbon black in a 1:1 wt. ratio, (c) different electrode loadings of
PtCoNWs with carbon black in a 1:2 wt. ratio, and (d) the impact of PtCoNW:carbon weight ratios on

polarization curves. Reproduced in adapted form from *, with permission from Elsevier.
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Following background current and uncompensated electrolyte resistance correction
% Figure 6-12a provides performance evaluation of PtNW and PtCoNW at electrode
metal loadings of 76.4 ugem™ and catalyst to carbon black weight ratios of 1:1
(morphology depicted in Figure 6-13). Notably, PtCoNWs demonstrate an on-set potential
and half-wave potential of 1.01 and 0.92 V vs RHE, respectively, representing 40 mV
increases over that of PtNW. These activity enhancements are observed despite a lower
overall Pt electrode loading for PtCONW (59.9 ugpem™), highlighting the dramatic activity
gains realized by alloying Pt with Co atoms. The increase in ORR activity of the PtCoNWs
can most likely be attributed to the modified electronic and structural properties of alloy
surfaces in comparison to pure Pt.”>° These modulated features in turn tune the adsorptive
properties of the catalytically active surface structure, weakening the binding with spectator
oxygen containing species (i.e., OH,q), thereby freeing up more active sites for the ORR
and enhancing the reaction kinetics.”*® Additional ORR activity improvements for
PtCoNWs are realized by the partial replacement of expensive Pt atoms in the nanowire
core, reducing the catalytically active Pt content that is not accessible to reactant oxygen
species. ORR polarization plots for PtCoNWs and PtNWs at electrode rotation rates

varying from 100 to 1600 rpm are also provided in Figure 6-14.
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Figure 6-12: RDE polarization curves for (a) PtCoNW and PtNW and (b) PtCoNW and commercial
Pt/C in 0.1 M HCIO,. (c) Mass-transport corrected Tafel plots for all materials on a Pt-mass basis and
(d) determined Pt-based mass and specific based activities at 0.9 V vs. RHE for PtCoNW and Pt/C. (e)
CYV polarization data collected intermittently during ADT for PtCoNWs. (f) Normalized ECSA values

remaining for PtCoNW during ADT with commercial Pt/C provided for comparison. Reproduced in

adapted form from ¥, with permission from Elsevier.
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Figure 6-13: TEM image of the PtCoNW and carbon black mixture prepared for electrochemical

activity evaluation. Reproduced in adapted form from *, with permission from Elsevier.
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Figure 6-14: ORR polarization curves for (a) PtCoNW and (b) PtNW obtained at varying electrode
rotation rates in 0.1 M HCIOj at a scan rate of 10 mV s™' and temperature of 30 °C. Electrode loadings
were 59.9 ugp, cm™” and 76.4 ugp, cm™ for PtCoNW and PtNW, respectively. Reproduced in adapted
form from *, with permission from Elsevier.

Figure 6-12b provides the ORR performance of PtCoNWs in comparison to

commercial Pt/C with a lower electrode loading of 20 ugpem™, a value typically used for
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commercial catalyst testing.'®' To account for different mass loadings of Pt on the electrode
and provide quantitative evaluation, Tafel plots displaying mass-transport corrected kinetic
current densities (ix)*>' on a Pt mass basis are provided in Figure 6-12c. Figure 6-12d also
provides the calculated Pt-based mass and specific activities of PtCoNWs and Pt/C
evaluated at 0.9 V vs. RHE. Notably, PtCoNWs demonstrate a specific activity of 1.6
mAcmp{z, an almost 7-fold improvement in comparison to commercial Pt/C (0.23 mAcmp;
). In addition to these significant specific activity improvements arising from the
previously discussed alloy configuration, it is highly likely that the anisotropic
nanostructure of the PtCoNWs provides distinct performance advantages as well. Extended
surface structures such as nanowires have a larger portion of high coordination number
surface atoms in comparison to zero-dimensional nanoparticles with numerous low
coordinated surface atoms and defects. The elongated nanowire structure therefore provides
a relatively smooth surface that can mimic the extended surface structure of bulk
polycrystalline films, enhancing the ORR kinetics of the catalyst by supressing the
adsorption of active site blocking spectator species.””**! At all current densities evaluated,
PtCoNWs also provide higher Pt mass based activities than commercial Pt/C, including a
65% improvement at 0.9 V vs. RHE (200 mAmgp, ' versus 121 mAmgp ', respectively). It
should also be noted that using lower electrode loadings of PtCoNW could result in higher
Pt-mass based activities. Performance as high as 260 mAmgp{1 was obtained at an electrode
loading of 29.9 ugpem™ (900 rpm, Figure 6-11a), most likely due to increased catalyst
utilization under these conditions. Achieving the theoretical mass-transport limited current
densities predicted by the Levich equation (ca. 4.3 at 900rpm, 5.7 at 1600rpm) were

however not possible at lower catalyst loadings owing to incomplete electrode coverage, an
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observation consistent with previous findings®” and inherent with relatively low surface

area catalysts.

The stability of PtCoNW was investigated by electrochemical accelerated
degradation testing (ADT). The potential of the electrode was swept 1,000 times between
0.05 and 1.3 V vs RHE at 50 mVs™" with the electrolyte temperature maintained at 30 °C
(Figure 6-12¢). ECSAs were determined by measuring the charge transfer for hydrogen
adsorption/desorption.'” Figure 6-12f provides the normalized ECSA remaining as a
function of cycle number. After 1,000 cycles, PtCoNWs retained 75 % of the initial ECSA,
compared to 59% for commercial Pt/C. This indicates that the extended surface mimetic
structure of PtCoNWs can potentially mitigate Pt dissolution and agglomeration in addition
to overcoming the detrimental impact of carbon corrosion owing to the their self-supported

nature.

6.4 Conclusions

In summary, PtCoNWs were prepared by electrospinning and found to provide
excellent activity and stability towards the ORR in acidic electrolytes. The benefits of
alloying were demonstrated by comparing the activity of PtCoNWs with that of pure
PtNWs, whereby over a 4x improvement in Pt mass-based activities at 0.9 V vs. RHE was
achieved with the incorporation of Co into the 1D Pt nanostructure. An almost 7-fold
improvement in specific activity was observed for PtCoNWs in comparison to commercial
Pt/C, along with improved ECSA retention (75% versus 59%, respectively) measured
through ADT cycling. A 65 % increase in Pt mass based activity was also obtained for

PtCoNWs in comparison to Pt/C, despite the relatively low surface area arising from the
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thick diameter of these nanowire catalysts. It is expected that further mass activity
improvements can be achieved by careful control of the morphology (i.e. diameter) and
atomic compositions of the PtCoNWs, capabilities that have been demonstrated herein by
the versatile electrospinning technique. This provides a valuable platform for systematic
structure-property investigations and optimization in order to combine the specific activity
enhancements observed for extended Pt-alloy surfaces with increased Pt utilization by
nanostructure control strategies, with the ultimate goal of preparing highly active,
operationally stable 1D Pt-alloy nanowires to potentially replace conventional nanoparticle

catalysts.
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7. Heteroatom doped graphene-carbon nanotube composite supported
cobalt disulfide octahedral nanoparticles
This chapter is reprinted in adapted form from **°, with permission of the Royal Society of

Chemistry.

D. Higgins, F. Hassan, M. Seo, J. Choi, A. Hoque, D. Lee, Z. Chen, “Shape-controlled
octahedral cobalt disulfide nanoparticles supported on nitrogen and sulfur-doped

graphene/carbon nanotube composites for oxygen reduction in acidic electrolyte”, Journal

of Materials Chemistry A, 3 (2015) 6340-6350.
The computational simulations reported in this chapter were done by Dr. Min Ho Seo.

7.1 Introduction

The development of suitable non-PGM catalysts to composite with high activity
platinum in a hybrid electrode configuration is the objective of this chapter. There have
been significant non-PGM ORR catalyst research efforts in recent years, with several
promising replacements including transition metal chalcogenides and oxides, or high
temperature heat treated transition metal-nitrogen-carbon complexes (dubbed “M-N-C”,
where M is generally Co, or Fe) demonstrated.”® """ ** The M-N-C systems remain the
most extensively investigated class of non-PGM catalyst to date, with significant

improvements to ORR activity and operational durability realized in recent years.''> 725>

238,239 By extension,

37 Despite this, very rarely are they prepared without a heat treatment.
the multi-step fabrication process, including high temperature (i.e. > 800 °C) heat

treatment(s) invariably results in highly heterogeneous, multi-component structures. This
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leads to extensive debate over the identity and nature of the ORR active site structures
present in these catalysts, even after over two decades of research activities, rendering the
rational design of improved performance M-N-C catalysts a very challenging endeavour. It
is therefore of interest to develop and investigate alternative non-precious ORR catalyst
technologies, prepared by simplistic, energy efficient and scalable techniques that can
provide highly homogeneous active phase structures. This will provide opportunity for
researchers and scientists to understand and improve the ORR kinetic processes occurring
on these well-defined nanostructured surfaces, in an attempt to ultimately eliminate the

dependence on Pt-based catalysts.

One interesting type of non-PGM material is nanostructured metal chalcogenides
that have emerged on the forefront of materials science and technology research as
promising functional materials for application in a variety of energy technologies.”®® Cobalt
sulfide, exhibiting interesting phase-dependent electronic, magnetic and catalytic

properties,”®" 2** boasts great potential for application in energy conversion and storage

263-268 272-274

technologies, including fuel cells, supercapacitors,”®?"" lithium ion batteries
and photoelectrochemical dye-sensitized solar cells.*”>*’" The controllable synthesis of
highly crystalline and mono-phase nanostructures of cobalt sulfide is however very
challenging, yet desirable from an application standpoint. This is owing to the highly
oxophilic nature of cobalt and the complicated stoichiometry of cobalt sulfide that consists
of various phases, all with different physicochemical properties.”®> Using cobalt sulfide

nanoparticles in conjunction with high surface area nanostructured carbon supports, such as

graphene or CNTs, can also be highly advantageous. These supports in particular provide
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interconnecting mesostructured scaffolds that can facilitate good nanoparticle dispersion
and electron transport. The structural, surface and electron properties of graphene or CNTs
can furthermore be modulated through doping with various heteroatoms, such as nitrogen
or sulfur.”’®?*? In addition to inducing unique functionality, these dopant species can also

provide beneficial carbon support-nanoparticle interactions.?” 2*3-2%>

In this work, the unique solvothermal preparation of shape controlled, single crystal
cobalt disulfide (CoS,) octahedron particles supported on nitrogen and sulfur doped
CNT/graphene composites (CoS,-CG) is reported. This single step, relatively low
temperature (220 °C) approach offers several notable advantages, including an inexpensive,
low-energy consuming and one-pot scalable synthesis, along with excellent CoS, shape
control and facet exposure achieved without the addition of any template or surfactant
species. With excellent phase purity, the prepared CoS,-CG nanostructures are
demonstrated to provide the highest performance towards the ORR in acidic electrolyte (0.1
M HCIOy) reported to date for non-precious metal chalcogenide materials. Through careful
investigation, the CoS, octahedron formation process is elucidated and a growth
mechanism proposed. Additionally, the performance advantages of using CNT/graphene
composites as supports for the octahedron nanoparticles is demonstrated, and the nature of
nitrogen and sulfur doping into the graphitic lattice of the nanostructured carbon materials
rigorously probed. Nitrogen and sulfur co-doped graphene materials are generally prepared
by high temperature heat treatment approaches, and this work highlights successful double-
doping by a solvothermal process, providing practical implications for various applications

such as ORR catalysis in alkaline conditions.?*" 28 2%
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7.2 Specific materials and experimental methods

Graphene oxide (GO) was used as the starting material and was prepared by a
modified Hummer’s method as reported previously.” Commercial CNTs were
functionalized by refluxing in 6M HNOj; for 6h (HNO3-CNT)'® to improve the dispersion
in EG solvent and interactions with ionic precursor species. In a typical synthesis, 15 mg of
GO and 15 mg of HNO;-CNTs were well-dispersed in 11 mL of EG by ultrasonication for
4 h. Meanwhile, two separate aqueous solutions containing 150 mg/mL of thiourea and 10
mg/mL of cobalt acetate tetrahydrate were prepared and mixed thoroughly by magnetic
stirring. Using a pipette, 2 mL of each aqueous precursor solution was then added to the
GO/HNO;s-CNT/EG solution, and the total volume of the mixture was increased to 20 mL
by the addition of EG. This solution was then ultrasonicated for an additional 30 min to
ensure adequate precursor mixing, and was then transferred to a 25 mL Teflon-lined
autoclave and tightly sealed. The solvothermal synthesis was carried out by heating the
mixture to 120 °C and holding it for 10 h, and then further increasing the temperature to
220 °C, where it remained for an additional 10 h. After cooling, the product was separated
by centrifugation, washed thoroughly with DDI water and acetone, and collected by
lyophilization. CoS; octahedrons supported on just CNTs (CoS,-C) or graphene (CoS;-G)
were prepared by the same procedure, however using 30 mg of HNO;-CNT or 30 mg of
GO as the nanostructured carbon precursor, respectively. Pure CoS, was also prepared in

the absence of any nanostructured carbon supports.

In these experiments, all XRD patterns were obtained using cobalt radiation

(wavelength = 1.789 Angstroms). Raman spectra was carried out on a Bruker Senterra
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Raman Microscope operating with a wavelength of 532 nm. The BET surface areas were
determined by N, adsorption at 77 K (Micromeritics ASAP 2020). Prior to the BET
analysis, catalyst samples were degassed by helium for at least 2 h at 473 K to remove any

impurities.

All electrochemical testing was carried out in a conventional three-electrode glass
cell in 0.1 M HCIO,. Catalyst ink was prepared by ultrasonically dispersing 4 mg of
catalyst in 1 mL of isopropanol containing 0.05 wt. % Nafion ionomer. 30 uL of catalyst
ink was then micro-pipetted onto the surface of the glassy carbon working electrode by
sequential 10 uL depositions, leading to an overall electrode loading of ca. 0.6 mgem™.
ORR activity was measured under oxygen saturated electrolyte conditions by sweeping the
electrode potential from 1.05 to 0.05 V vs. RHE, at a scan rate of 10 mVs™'. Capacitative
contributions were eliminated by subtracting background currents obtained under the same
testing conditions, although under nitrogen saturated electrolyte. All ORR polarization

curves were corrected for uncompensated electrolyte resistance.>*

For computational simulations, the total energies of CoS, were calculated using the
Vienna ab initio simulation package (VASP) program™® with the implemented DFT
method.”®” ?*° The electron exchange-correlation energy was described by the Perdew,
Burke and Ernzerhof (PBE) functional,””' which employs the spin-polarized generalized
gradient approximation (GGA).****”* The core electrons were replaced by projector
augmented wave (PAW) pseudo-potentials.”* ?*> The valence electrons were described by
Kohn-Sham wave functions, which were expanded with a plane-wave basis set. A cutoff

energy of 520 eV was used. All ions were fully relaxed during the structural optimization
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until the total energy was converged within 10* eV. A gamma point mesh with (15 x 15 x
15) k points was used for the CoS; (1 x 1) unit cell to sample the Brillouin zone for bulk
calculation. Periodic boundary conditions were imposed on the CoS; unit cell in terms of
each surface direction of (111), (110) and (001), and a vacuum space of 20 A was
employed to avoid interactions between top and bottom surface. To calculate the total
energies of CoS, on different surface directions, we only used a gamma point mesh of (5 x

5 x 1), and utilized the Methfessel-Paxton smearing method.**®

7.3 Results and discussion

Three primary materials were developed in this work by a single-step solvothermal
approach using different nanostructured carbon supports, including CoS, supported on
graphene (CoS,-G), CNTs (CoS,-C) and a CNT/graphene composite (CoS,-CG). TEM
images of each of these materials are provided in Figures 7-1a, b and ¢, respectively.
Consistent with results from SEM imaging that show the overall homogeneous morphology
(Figure 7-2), it was observed that regardless of the nanostructured carbon support type,
shape controlled octahedral CoS, particles were grown on the carbon surface, with no
unsupported particles formed in solution. For CoS,-CG (Figure 7-1c¢, Figure 7-2c),
octahedral nanoparticles were clearly intermixed with CNTs that had assembled on the
sheet-like surface of graphene. This CNT assembly likely arises from the amphiphilic
surfactant-like nature of GO, consisting of hydrophilic oxygen-containing surface species
that render it highly dispersible in aqueous solutions, along with basal plane aromatic

297

regions” . When dispersed in solution with CNTs, the aromatic groups present in each

298, 299

component can provide a strong attachment through n-m interactions, resulting in the

103



observed assembly of CNTs on the surface of graphene sheets, and no free CNTs observed
on the TEM grid. A high resolution TEM image of a shape controlled nanoparticle from the
CoS,-CG sample is provided in Figure 7-1d, consisting of a single crystal with an
octahedral morphology. The lattice space measurement of 0.318 nm is in close agreement
with the theoretical {111} spacing of CoS, (0.319 nm), indicating that the crystalline
octahedral particle is encased by the {111} facets. This observation is consistent with the
results of Bao et al.,’” who demonstrated the biomolecule-assisted hydrothermal

preparation of free-standing microscale CosS4 octahedrons enclosed by the {111} surfaces.
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Figure 7-1: TEM images of (a) CoS,-G, (b) CoS,-C and (c) CoS,-CG. (d) High resolution TEM image of
a single crystal CoS, octahedron particle along with (inset) SAED pattern. Reproduced in adapted form

from ¥, with permission of the Royal Society of Chemistry.
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Figure 7-2: SEM images of (a) CoS,-G, (b) CoS,-C, (¢) CoS,-CG and (d) as-prepared, unsupported

CoS;. Reproduced in adapted form from **, with permission of the Royal Society of Chemistry.

Interestingly, when only CNTs were used as the nanostructured carbon support, the
distribution of CoS, particles on CoS,-C was reduced, with larger average crystallite sizes
observed. This indicates that the high concentration of surface functional species on the GO
starting materials provides a beneficial impact in terms of providing nucleation and
anchoring sites for well distributed nanoparticles.”®® The impact of support selection was

also indicated by the results of carrying out the solvothermal process in the absence of any
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nanostructured carbon support. Only large particle agglomerate structures were obtained

(Figure 7-2d), with no evidence of octahedron nanostructure formation.

Operating in scanning transmission electron microscopy (STEM) mode, EDX
atomic mapping was carried out on a bundle of octahedral particles of varying size in order
to determine the atomic content and distributions of the CoS,-CG materials. With colour
mapping images provided in Figure 7-3a, the octahedron particles consist of concentrated
regions of both cobalt and sulfur, with some sulfur species observed throughout the
CNT/graphene supports, indicative of sulfur doping into the graphitic structures during
solvothermal processing. The atomic composition of a single octahedral particle was
investigated by carrying out EDX analysis, with the obtained spectra (Figure 7-4)
indicating a Co:S ratio of 36.3 to 63.4 at. %, in close agreement with the expected atomic

content of the CoS; phase.
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Figure 7-3: (a) EDX colour mapping of CoS,-CG, (b) XRD patterns of prepared samples and
theoretical CoS, pattern, and (c) Raman spectra for CoS,-G, CoS,-C and CoS,-CG. Reproduced in

adapted form from ***, with permission of the Royal Society of Chemistry.
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Figure 7-4: Energy dispersive x-ray spectrum of a single CoS, octahedral nanoparticle from the CoS,-

CG sample. Reproduced in adapted form from **?, with permission of the Royal Society of Chemistry.

XRD was used to confirm the phase structure of the prepared materials, with
diffraction patterns of the prepared samples provided in Figure 7-3b. The diffraction peaks
observed for CoS,-G, CoS,-C and CoS,-CG were in direct agreement with the standard
pattern of cubic CoS, with a lattice parameter of 0.554 nm (86351-ICSD). When prepared
in the absence of any nanostructured carbon support, the diffraction pattern of the as-
prepared CoS, materials demonstrated the CoS, phase, however minor CoS diffraction
peaks were also observed. This reiterates the important role of the nanostructured carbon
supports in preparing well-dispersed, homogeneous CoS, nanoparticles. The CoS phase
could potentially be present as an intermediate species for CoS, formation that became

entrapped within the large agglomerates during particle growth, or could arise due to the
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effect (or lack thereof) that the nanostructured carbon species with electrostatically charged

surface functional species has on the synthesis process.

Provided in Figure 7-3c¢ are the Raman spectra for CoS,-G, CoS,-C and CoS,-CG.
Each sample clearly shows a “D-band” peak located at ca. 1339 cm™, attributed to defect
induced structural vibrations and a “G-band” peak located at ca. 1580 cm™ and attributed to
the E,, vibration spectra of sp® bonded carbon. These peaks, in addition to the 2D-band
peak demonstrated at ca. 2683 cm™ are characteristic of graphitic materials and arise from
the nanostructured carbon materials used to support CoS; particles. Commonly the D-band
to G-band peak ration (Ip:Ig) is used to gauge the degree of structural disorder present in
CNT or graphene based materials.?'* CoS,-G demonstrates an Ip:Ig ratio of 1.01, which is

179, 301 and

in agreement with the values obtained previously for graphene-based materials
indicating that the solvothermal process was successful in reducing the surface oxygen
species of GO. The Ip:Ig ratios of CoS,-C and CoS,-CG were similar at 0.54 and 0.52,
respectively. This value is consistent with results reported for CNT-based materials
reported recently301 and also provides indication that the CNT component of the composite

supported CoS,-CG contributes primarily to the observed Raman spectra, most likely due

to the fact that CNTs are observed to be assembled on the surface of the graphene sheets.

Using CoS,-CG as a representative sample, the Co2p and S2p spectra obtained by
XPS are provided in Figure 7-5a and b, respectively. The Co2p spectra displays three spin-
orbit couples, with the lower binding energy peaks displayed in the figure and located at ca.
778.9, 781.0 and 782.95 eV, respectively. The first peak comprises the majority of Co

atoms scanned and can be attributed to the Co*" species of CoS,, an observation consistent
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with results of previous spectroscopic investigations on cobalt sulfide materials.?%% 2% 3%

The two minor peaks located at higher binding energies could be due to the presence of Co-
NH bonds formed between residual ammonia species from the decomposition of thiourea®”
or satellite shake up peaks.’® More rigorous investigations are required to elucidate the
exact source of these observed peaks, although they comprise only a small amount of the
surface cobalt ions scanned and therefore are not of significant concern. The S2p peak in
Figure 7-5b demonstrates a main peak comprised or two Sp;,, and Sps» doublets. The first
doublet, with peaks located at 162.4 and 163.6 eV are attributed to the CoS, phase.*****
The second pair, with peaks located at 164.5 and 165.6 eV are attributed to thiophenic
sulfur species incorporated into the CNT/graphene support matrix.*” > While these results,
in accordance with the previously discussed EDX colour mapping indicate successful
doping of the nanostructured carbon supports through the solvothermal process, this
phenomenon, including nitrogen doping, will be investigated and discussed in more detail
later on. There is an additional pair of peaks in the S2p spectra observed at ca. 169.0 eV,
which can be attributed to oxidized sulfur species, potentially sulfates,’* that are present in

small quantities on the surface of the developed materials.
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Figure 7-5: High resolution XPS (a) Co2p and (b) S2p spectra of CoS,-CG. Reproduced in adapted

form from >*, with permission of the Royal Society of Chemistry.

To understand the mechanistic process of CoS, octahedron particle formation and
growth, a time dependent synthesis investigation was carried out using graphene as the

representative support material. After initially heating the solvothermal reaction
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temperature up to 120 °C and maintaining it for 10 hours, the temperature was further
increased to 220 °C, after which the reaction was interrupted at various time intervals by
removing the solvothermal reactor from the oven. After 0.5 h (Figure 7-6a, Figure 7-7a),
only small, irregularly shaped nanoparticles were observed on the surface of the graphene
sheets. This structure is consistent with the materials that resulted when a reaction
temperature of only 120 °C was used for the entire solvothermal reaction (CoSG-120), and
the nanoparticles were determined to be amorphous based on XRD, high resolution TEM
imaging and SAED patterns provided in Figure 7-8. As the reaction time at 220 °C is
lengthened to 2.5 h, the formation of larger, crystalline nanoparticles is observed (Figure 7-
6b, Figure 7-7b). Further increasing the reaction time to 5 h, disappearance of the majority
of amorphous nanoparticles occurs, and there is an abundance of larger particle structures
starting to exhibit the single crystal octahedron morphology (Figure 7-6¢, Figure 7-7¢).
Finally after a reaction time of 10 h, only octahedron nanoparticles, comprised of single
crystals with varying sizes well-distributed across the surface of graphene remain (Figure
7-6d, Figure 7-7d), with minimal changes to morphology observed with a further increase

in the reaction time to 20 h.
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Figure 7-6: TEM images of the time dependent growth of CoS, supported on graphene held at 220 °C
for (a) 0.5 h, (b) 2.5 h, (¢) S h and (d) 10 h. Reproduced in adapted form from 23 with permission of the

Royal Society of Chemistry.
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Figure 7-7: SEM images of the time dependent growth of CoS, supported on graphene held at 220 °C

for (a) 0.5 h, (b) 2.5 h, (c) 5 h and (d) 10 h. Reproduced in adapted form from ***, with permission of the

Royal Society of Chemistry.

115



Intensity (a.u.)

0 20 40 60 80 100 120
20 (deg)

Figure 7-8: (a,b) TEM images, (c) high resolution TEM image, (d) XRD pattern and (b-inset) SAED
pattern of CoSG-120. Reproduced in adapted form from 33 with permission of the Royal Society of
Chemistry.

Drawing on these observations, a schematic outlining the crystal phase
transformations and growth occurring on the surface of graphene during the solvothermal
reaction is provided in Figure 7-9. It can also be seen that at increasing reaction times, the
structure of the graphene substrates gradually evolve. Initially this material shows a

relatively smooth, sheet-like structure (Figure 7-6a, 7-7a). Throughout the reaction process
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and associated to the reduction of GO, the substrate takes on a wrinkled configuration with

increasing amounts of edge plane exposure (Figures 7-6b, ¢ and d; 7-7b, ¢ and d).

Graphene oxide
Thlourea [ Cobalt acetate ﬁ

@ Amorphous nanoparticles

) cos, agglomerates
. CoS, octahedrons

"

Figure 7-9: Proposed growth schematic of CoS, octahedron nanoparticles supported on nitrogen and

sulfur doped graphene. Reproduced in adapted form from 253 with permission of the Royal Society of

Chemistry.

With the formation and growth process of octahedral CoS, nanoparticles elucidated,
of particular importance in the present work is also the reduction and simultaneous doping
(i.e., nitrogen and sulfur) processes occurring in the nanostructured carbon supports.
Because the presence of CoS; nanoparticles on the surface of the nanostructured carbon
supports will confound the results of these spectroscopic investigations, graphene, CNT and
CNT/graphene composite samples were prepared under the same reaction conditions, albeit
in the absence of a cobalt precursor. These samples were found to be doped with both

nitrogen and sulfur, and are therefore referred to as NS-G, NS-C and NS-CG, respectively.
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The absence of cobalt precursor had a negligible impact on the microstructure of the
obtained materials, with SEM images of NS-G, NS-C and NS-CG provided in Figure 7-
10a, b and c, respectively. These materials demonstrated a very similar structure to those
prepared with cobalt precursor, although as expected, without CoS, octahedron
nanoparticles decorated on the surface. XPS was used to confirm the successful reduction
of GO during the solvothermal process, with the oxygen surface content of NS-G quantified

to be 7.21 at. %, significantly lower than the ca. 35 at. % commonly reported for GO'”.
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Figure 7-10: SEM images of (a) NS-G, (b) NS-C and (c¢) NS-CG. Reproduced in adapted form from >,

with permission of the Royal Society of Chemistry.

High resolution S2p and N1s spectra for the nitrogen/sulfur-doped nanostructured
carbon supports are provided in Figure 7-11. The obtained signals indicate that the
solvothermal procedure used in the present work were capable of incorporating both sulfur

and nitrogen heteroatom dopants into the CNT/graphene materials. Double doping of
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nanostructured carbons with more than one element has been reported before, commonly
accomplished by high temperature heat treatment processes in the presence of heteroatom
containing precursors.’’" **> Reports on double doping by hydrothermal or solvothermal

306, 307

processes however are very rare, and to the best of our knowledge, only one report

exists for the double doping of graphene or CNT structures with nitrogen and sulfur by

hydro/solvothermal procedures.**®

NS-G was found to have the highest concentration of
sulfur and nitrogen dopants within the structure, with a surface concentration of 2.98 and
2.75 at. %, respectively. This likely arises due to the highly tunable surface structures of
GO, containing an abundance of oxygen-containing functional species that can serve as
reactive sites for heteroatom incorporation®’. For NS-C, the sulfur and nitrogen contents
were lower at 0.71 and 0.95 at. %, respectively, indicating the incorporation of heteroatom
species into functionalized CNTs by “post-treatment” methods is relatively more difficult,
an observation consistent with previous investigations®®" **. The sulfur and nitrogen
contents of NS-CG (0.68 and 1.09 at. %, respectively) were similar to that of NS-C,

suggesting that the majority of XPS signal arises from the CNT constituent assembled on

the surface of graphene sheets in the composite arrangement.
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Figure 7-11: High resolution XPS (a-c) S2p and (d-f) N1s spectra for NS-G, NS-C and NS-CG.

Reproduced in adapted form from 2>, with permission of the Royal Society of Chemistry.

The S2p spectra of all three materials (Figure 7-11a, b and c¢) could be
deconvoluted into the S2p,,, and S2ps,, doublet peaks of thiophenic sulfur, located at 164.1

and 165.3 eV, respectively.” *'° Thiophenic sulfur species reside on the edge plane of
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graphene/CNT in a 5-membered heterocyclic ring arrangement. The N1s spectra of each
sample was deconvoluted intro three individual contributions arising from pyridinic (ca.
398.6 eV), pyrrolic (400.1 eV) and graphitic (401.2 V) nitrogen species >'* *''. NS-G
(Figure 7-11d) was comprised of mainly pyrrolic nitrogen species, however both pyridinic
and graphitic nitrogen was observed in sufficient quantities. On the other hand, almost all
of the nitrogen atoms scanned in NS-C (Figure 7-11e) were of pyrollic form, residing on
edge plane of the CNTs and bonded to carbon in a 5-membered ring arrangement. It
appears that the incorporation of pyridinic or graphitic nitrogen species into the 6-
membered ring structures of CNTs is difficult at the relatively low (220 °C) temperature
used during the solvothermal synthesis. At higher temperatures (i.e. > 800 °C) it has been
well established that the pyridinic species are not as stable, at which conditions increased
relative graphitic nitrogen contents are commonly observed.'®"*'* The N1s spectra of NS-
CG (Figure 7-11f) indicates that pyrrolic nitrogen species are still dominant in the
composite arrangement, although small peaks arising from graphitic and pyridinic nitrogen
species are observed, most likely arising from the underlying doped graphene sheet

structures.

The complex reaction mixture consisting of multiple organic and inorganic species,
in combination with the “black box™ nature of solvothermal syntheses renders in situ
monitoring and speciation to elucidate the exact mechanistic process of material
preparation very difficult. Notwithstanding these challenges, based on fundamental
information available in the literature and results of our ex sifu experimental results, we

propose a mechanism for the fabrication of nitrogen and sulfur-doped graphene supported
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CoS; octahedrons. After reacting solvothermally for 10h at 120 °C, amorphous particles
were observed decorated on the surface of GO sheets (Figure 7-8). This most likely
consists of Co-based intermediates (i.e. oxides, carbonates or hydroxides) formed through

the decomposition of cobalt acetate,’"

and nucleated on the oxygen containing functional
sites of GO owing to the favourable interactions of these species with inorganic

nanoparticles.”*’

When the solvothermal reaction temperature is increased to 220 °C, this exceeds the
decomposition temperature of thiourea (ca. 187 °C), a process that generates primarily
ammonia, carbon disulfide and thiocyanic acid as the byproducts.*'* Owing to the isomeric
complexity of thiourea with numerous potential decomposition intermediates and reaction
pathways,"” it is also likely that under the solvothermal reaction conditions the formation
of other sulfur-containing species can occur. One such species is hydrogen sulfide, which
has interestingly been attributed as a sulfur source for cobalt sulfide formation,*'® however
is not a commonly observed species during the thermal decomposition of thiourea.*'* !
Regardless, when the reaction temperature is increased to 220 °C, the decomposition of
thiourea is evidenced by transformation of the solution colour to yellow, which becomes
more pronounced at increasing reaction times (Figure 7-12). After 30 min at 220 °C, only
slight discolouration of the solvothermal solution is observed (Figure 7-12b) and
amorphous Co-based nanoparticles comprise the majority of species in existence on the

surface of the graphene sheets (Figure 7-6a). This provides indication that the entire

reaction mixture has not reached a uniform temperature of 220 °C, and/or the
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decomposition of thiourea and the CoS, formation reactions did not have enough time to

proceed.

a) CoSG-120  b) 0.5h ¢) 2.5h

Figure 7-12: Solution obtained after solvothermal synthesis for (a) CoSG-120 and CoS, supported on
graphene reaction mixture materials held at 220 °C for (b) 0.5 h, (¢) 2.5 h, (d) 5 h and (e) 10 h.

Reproduced in adapted form from **°, with permission of the Royal Society of Chemistry.

Once the thiourea species have a sufficient reaction temperature and time to
decompose, the high concentration of available sulfur-containing intermediates will attach
the amorphous nanoparticles decorating the graphene surface. This results in the formation
or irregularly shaped CoS; particles that are observed after holding the reaction temperature
at 220 °C for 2.5 h (Figure 7-6b). At increased reaction times, more CoS, species continue
to form and Ostwald ripening processes comprise the subsequent structural transformations
observed. During this time period, inhomogeneous CoS, species migrate and rearrange to
form single crystal octahedral structures encased by the {111} crystal facets. This

morphology likely forms as it the most thermodynamically stable structure due to the
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relatively low surface energy of the (111) surface in comparison to other CoS, surface

structures as predicted by theoretical simulations (vide infra).

In terms of the graphene based supports, it is not only expected that the covalently
bonded oxygen functional species in GO play a crucial role in Co-based nanoparticle
nucleation and growth,283 but also serve as anchoring sites for the incorporation of
heteroatom dopant species.297 As a primary product of thiourea decomposition, ammonia
(NHs3) species will be formed within the solvothermal reaction vessel. NH; is commonly

used as a precursor for the simultaneous nitrogen doping and reduction of GO materials by

179, 180, 301, 312 318,319

annealing treatments, and more recently by hydro/solvothermal methods.
Additionally, EG is a well-known reducing agent for GO during solvothermal synthesis,**’
and in tandem with NH; results in the effective reduction and nitrogen doping of the
graphene supports. On the other hand, identification of the exact sulfur containing

intermediate(s) formed during thiourea decomposition that are responsible for sulfur doping

of graphene requires further, more stringent fundamental investigations.

ORR polarization plots for all of the prepared samples in 0.1 M HCIO4 and at an
electrode rotation speed of 1600 rpm are provided in Figure 7-13a, with onset potential and
half-wave potential (£;,,) values summarized in Table 7-1 versus the RHE. Linear potential
sweeps at electrode rotation speeds varying from 100 to 2500 rpm are provided for CoS;-
CG in Figure 7-13b, and for CoS,-G in Figure 7-14a, CoS,-C in Figure 7-14b and as-
prepared CoS, in Figure 7-14c. All of the nanostructured carbon supported CoS,
octahedron catalysts displayed similar ORR onset potentials, suggesting that the active site

structures present in these catalysts are the same. The unsupported, as-prepared CoS,
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materials demonstrated an on-set potential that was ca. 40-60 mV lower, along with
reduced ORR current densities throughout almost the entire potential range investigated.
The reduced performance of as-prepared CoS; can likely be linked to the large agglomerate
structure of the catalyst, with ORR activity resembling that reported previously for a CoS,
thin film structure.”® The increased onset potential of the carbon supported CoS,
octahedrons could also arise due to the more favourable adosprtion energy of oxygen on the
(111) surface of CoS, in comparison to the (001) and (110) surfaces, as determined from
our theoretical simulations vide infra. The supported octahedrons consist of only {111}
surface facets, which could therefore be advantageous for ORR kinetics in comparison to
the unsupported CoS, agglomerates consisting of a mix of various surface structures.
Additionally, the minor presence of the CoS phase as illustrated by XRD within the
unsupported CoS; could provide an impact on ORR performance, albeit to an unknown

extent.
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Figure 7-13: ORR polarization curves (a) at 1600 rpm for all samples, and (b) at various electrode
rotation rates for CoS,-CG. Reproduced in adapted form from >*, with permission of the Royal Society

of Chemistry.
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Table 7-1: Electrochemical performance evaluation results. Reproduced in adapted form from ***, with

permission of the Royal Society of Chemistry.

Parameter (V vs. RHE) CoS,-CG CoS,-G CoS,-C CoS,
Onset potential® 0.78 0.76 0.76 0.72
E;p 0.66 0.64 0.61 0.51

“Taken as the potential that the current density reaches 0.1 mAcm™.
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Figure 7-14: ORR polarization curve for (a) CoS,-G, (b) CoS,-C and (c) CoS, at various electrode

rotation rates. Reproduced in adapted form from **, with permission of the Royal Society of Chemistry.
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It is clear that the incorporation of nanostructured carbon supports into the
solvothermal reaction mixture can facilitate the formation of single crystal, shape controlled
octahedral CoS, nanoparticles immobilized within a conductive network that can provide
significant ORR performance enhancements. Of the three materials investigated, CoS,-CG
provides the best ORR performance, with a polarization curve resemblant of high ORR
activity catalysts, demonstrating a current density that levels off at lower electrode
potentials owing to the onset of mass transport limitations. Comparing the performance of
CoS,-G and CoS;-C can provide some understanding regarding the impact of
nanostructured carbon support type on ORR activity. Interestingly, CoS,-G demonstrates
slightly higher current densities at high electrode potentials (> 0.63 V vs. RHE). In this
region, ORR kinetics play a dominant role in the observed catalyst performance, which can
likely be attributed to the increased dispersion of well-defined CoS, octahedral crystals
with smaller average sizes on CoS,-G. This in turn provides a larger number of ORR active
sites in order to facilitate the electrochemical reduction. Additionally, the increased
nitrogen and sulfur dopant concentrations in the nanostructured carbon support for CoS,-G
could provide favourable catalyst-support interactions that beneficially influence ORR
kinetics, similar to the effect commonly observed in Pt/doped-carbon catalyst systems.' ™"
27 At potentials below ca. 0.63 V vs. RHE, CoS,-C provides relatively higher current
densities that CoS,-G. This can most likely be attributed to the highly porous,
interconnected catalyst layer structures formed by one-dimensional CNTs. This provides
ample pathways for electronic conductivity and access for O, reactant molecules,

contributing to the increased current densities observed in the potential region that transport

(electronic/reactant) properties play a dominant role.
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The half-wave potential for CoS,-CG is 0.66 V vs. RHE, a ca. 20 and 50 mV
improvement over that of CoS,-G and CoS,-C, respectively. Additionally, Koutecky-
Levich analysis®'* > indicated excellent selectivity towards the overall four electron ORR
mechanism, with the number of electrons calculated to be greater than 3.7 over the entire
range of potentials investigated. All of these results indicate that the microstructure of
CoS,-CG provides an ideal balance of inherent ORR active site structure density and
turnover frequency, along with reactant access. This likely arises due to the complementary
contributions of each component, whereby the graphene provides excellent octahedral
nanoparticle dispersion owing to the high surface areas and ease of functionalization, and
CNTs provide highly interconnected, conductive and porous morphologies that can
facilitate the rapid access of electrons and oxygen throughout the entire catalyst layer. This
notion is supported by the results of Brunauer—Emmett—Teller (BET) analysis, indicating a
surface area of 123.9 m” g for CoS,-CG, which is higher than CoS,-C (96.1 m* g') yet
lower than C0S,-G (150.0 m? g'l). The advantages of this synergistic arrangement have

318, 321, 322

also been previously demonstrated for ORR activity in alkaline electroytes , solar

cell,*” lithium-ion battery®>* and supercapacitor’>>>*/

applications. Drawing on this, CoS,-
CG demonstrates a half-wave potential that is comparable to several precious metal (i.e. Ru)
based chalcogenide materials reported previously.**® Further comparison can be made to
the most active non-precious metal chacogenide reported previously,”® consisting of Co1.S
particles supported on reduced GO (Co;xS/RGO) and prepared by a two-step synthesis
method employing a heat treatment process. CoS,;-CG demonstrates a comparable onset

potential, although provides a current density of 1.3 mAcm™ at an electrode potential of 0.7

V vs. RHE, an over 15% improvement in comparison to Co;4S/RGO (1.1 mAcm’z).
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Combined with a simplistic preparation process, shape controlled CoS, octahedron
nanoparticles supported on nitrogen and sulfur doped CNT/graphene composites comprises

the best performance non-precious metal chalcogenide ORR catalyst reported to date.

Figure 7-15 shows the fully relaxed bulk CoS, structure. After stabilization, the
lattice parameters of CoS, were evaluated to be 5.505, 5.505 and 5.505 A, consistent with
previous experimental work®” and theoretical diffraction pattern data. From the bulk
structure of CoS,, slab models for the (111), (001) and (110) surfaces were designed as
shown in Figure 7-16a, b and c, respectively. During model relaxation, we allowed the
upper layers to relax, while maintaining the bottom five layers fixed in their bulk positions.

The surface energy per unit area (o) was calculated by Equation 7-1:

1
o= [Esiap — NEpuik] (1)

Here, Eq.p is the total energy of a slab with CoS, layers and Eyyx is the reference total
energy per unit area of the bulk system. For the (111), (001) and (110) surfaces, the surface
energies were evaluated to be 0.836, 1.497 and 1.328 J m ™, respectively. It is clearly seen
that the order of thermodynamic stability for the relaxed surfaces of CoS; are in the order of
(111) > (110) > (001). Therefore, the CoS; octahedron morphology, encapsulated by (111)
surfaces as confirmed by SAED and high resolution TEM imaging, is very likely a result of

surface energy minimization occurring through the solvothermal synthesis.
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Figure 7-15: Fully relaxed bulk CoS, structure. Reproduced in adapted form from 233 with permission

of the Royal Society of Chemistry.

We then wanted to investigate the chemical adsorption energies of atomic oxygen
on the various CoS, surface structures. It is well known that the binding strength of
adsorbates play an important role governing ORR activity. This is due to the Sabatier
principle that states that catalytic reaction rates are favourable when there exists an
appropriately moderate interaction between the adsorbate species and the catalytically

330-332

active surface. Figures 7-16d, e and f illustrate the oxygen adsorption sites on the

(111), (001) and (110) surface structures of CoS,, respectively. The adsorption energy

(Eadgs,0) was then calculated according to Equation 7-2:

AEads,o = EO—C052 —Ep — ECos2 (7-2)
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Here, Eo.cos2, Eo and Ecosy are energies of the CoS, surface with adsorbed oxygen, the
isolated oxygen atom and a clean CoS, surface, respectively. The adsorption energies of

oxygen ( A E,q) were evaluated to be -3.940, -3.928 and -5.297 eV for the (111), (001) and

(110) surfaces of CoS,, respectively. Taking into account the E.4s value of -4.36 eV for
oxygen on a bulk Pt(111) surface (calculated for a 1/4 monolayer of oxygen on a (2 x 2)

unit cell, and consistent with values previously reported in the literature™” ***)

, significantly
weaker oxygen adsorption in observed on the (111) and (001) surfaces of CoS,, whereas
significantly stronger oxygen adsorption is observed on the (110) surface. Regardless, the
(111) surface of CoS; has an oxygen adsorption energy that is closest to the optimal value
of ca. -4.08 eV, that can be achieved on Pt;Ni surfaces.”” This highlights that the (111)
surface of CoS, can provide the highest activity towards the ORR among others

investigated, and can serve to explain the relatively excellent performance of the {111}

facet encased octahedrons observed through RDE evaluation.
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on the (d) (111), () (001) and (f) (110) surfaces. Reproduced in adapted form from **, with permission

of the Royal Society of Chemistry.

7.4 Conclusions

Using a one-pot solvothermal technique, CoS; octahedra nanoparticles supported on
nitrogen and sulfur doped graphene, CNTs or a graphene/CNT composite were prepared.
The incorporation of these nanostructured carbon supports into the reaction mixture was
essential for achieving excellent CoS, phase purity and well-defined octahedra
nanoparticles encased by the {111} facets. The growth of the CoS, nanoparticles was

investigated by a time-dependent study, and was found to occur first by amorphous
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nanoparticle formation, followed by the continuous evolution into single crystal octahedral
achieved after 10 hours of reaction time at 220 °C. This evolution is very likely
thermodynamically driven, owing to computational simulations revealing that the (111)
surface of CoS; possesses a significantly lower surface energy than (001) and (110). The
simultaneous reduction and doping of the GO and HNO;-CNT precursors was probed by
conducting control experiments in the absence of the cobalt precursors. After the
solvothermal reaction, the nanostructured carbon supports were doped with nitrogen and
sulfur hetero-atoms, primarily in the pyrollic and thiophenic forms, respectively.
Electrochemical half-cell testing in 0.1 M HCIO4 revealed that CoS,-CG provided an ORR
on-set and half-wave potential of 0.78 and 0.66 V vs. RHE, respectively. The performance
was higher than that of CoS,-C and CoS,-G, highlighting the synergistic benefits of using
the graphene/CNT composite arrangements as a support material. Significantly improved
ORR activity of CoS,-CG was also observed in comparison to the CoS, nanoparticle
agglomerate structured formed when no nanostructured carbon supports were included in
the reaction mixture. These performance likely arise due to the theoretical calculations that
indicate a more favourable adsorption energy of oxygen on the (111) surface of CoS, that
the octahedral are composed of. By coupling the synergistic effects of the graphene/CNT
composite support with the well-dispersed {111} facet terminated single crystal octahedral
nanoparticles, CoS,-CG is presented as the most active transition metal-chalcogenide

towards the ORR reported to date.
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8. Conclusions and future work

8.1 Summary and conclusions

The objectives of the present thesis are to independently deliver both platinum
catalysts and non-PGM catalysts with high ORR that can be coupled together into reduced
platinum electrode configurations for PEFC cathodes. This approach is being taken in an
attempt to reduce the overall platinum requirement of PEFC systems and lower system
costs to levels that are economical for transportation applications. The hypothesis is that
combining high activity platinum (or platinum alloy) catalysts can reduce activation losses,
while the non-PGM catalyst can be used both as a scaffold to support the platinum, and to

provide high current and power densities in the intermediate voltage range.

In Chapter 4, platinum nanoparticles supported on newly developed core-shell TiN-
CNT composites were prepared. The materials were rigorously characterized both
physicochemically and electrochemically to determine their activity towards the ORR.
Improved performance in comparison to commercial Pt/C catalyst was observed, attributed
to the one-dimensional structure of the composites, and also speculated to arise due to
catalyst-support interactions between the titanium nitride and platinum nanoparticles. While
titanium nitride is commonly considered a very stable material, under electrochemical
conditions it has recently come to light that a thin, passivating layer of titanium oxide will
be formed on the surface. Therefore while the activity of these materials was good,

detrimental performance loss will occur under PEFC operative conditions.
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To overcome this issue of catalyst support corrosion, unsupported platinum cobalt
alloy nanowires were prepared by a microwave assisted solvothermal procedure as
described in Chapter 5. Cobalt was chosen as an alloying element owing to its ability to
fine tune the adsorptive properties of platinum and induce dramatic ORR activity
enhancements. The prepared Pt-Co-NWs demonstrated excellent activity towards ORR
through half-cell testing. Most notably, excellent electrochemical stability was found for
these materials by employing a half-cell electrochemical ADT experiments. A negligible
loss in ORR activity occurred after 1000 CV cycles from 0 to 1.5 V vs. RHE at 50 °C,
conditions that are very harsh. This activity retention was superior to that of commercial
Pt/C and Pt-B. The main challenge remaining with these materials was that the
solvothermal synthesis procedure offered very little flexibility in terms of nanowire
composition and size. The Pt-Co-NWs were relatively thick (40-70 nm) resulting in
inaccessible platinum atoms within the bulk that would effectively reduce ORR activity on

a precious metal basis.

Chapter 6 adopted the electrospinning technique to prepare PtCoNWs. An optimal
synthesis “recipe” was developed, with the ability to fine tune the nanowire diameters and
compositions achieved by varying the fabrication parameters. The developed PtCoNWs
were found to provide excellent activity and stability towards the ORR in acidic
electrolytes. The beneficial impact of alloying with cobalt was exclusively demonstrated by
comparing the activity of PtCoNWs with PtNWs. More than four-times higher Pt mass-
based activities at 0.9 V vs. RHE was achieved with the incorporation of Co. A dramatic

~7-fold improvement in specific activity (based on ECSA) over commercial Pt/C was
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achieved for PtCoNWs. Improved ECSA retention through ADT potential cycling was also
observed. While it is likely that further mass activity improvements can be achieved, these
PtCoNWs can be reliably and inexpensively prepared for MEA integration with non-PGM

catalysts.

The development of non-PGM catalysts is described in Chapter 7. Shape controlled
CoS; octahedra nanoparticles supported on nitrogen and sulfur doped carbon supports were
prepared by a one-pot solvothermal technique. The carbon supports investigated were
graphene, CNTs or a graphene/CNT composite. A time dependent study was employed to
investigated the growth process of the CoS, into octahedral nanoparticles with preferential
(111) surface exposure. Electrochemical half-cell testing showed that CoS,-CG could
achieve an ORR on-set and half-wave potential of 0.78 and 0.66 V vs. RHE, respectively.
The synergistic benefits of using the graphene/CNT composite arrangements as a support
material was clear, with inferior performance observed for CoS,-C and CoS,-G. These
materials, prepared using a very straightforward process are the most ORR active transition
metal-chalcogenides reported to date and can be composited with PtCoNWs for MEA

integration investigations.

8.2 Proposed future work

It is recommended that future projects are rationally designed to leverage the
progress and catalyst technologies realized throughout the present thesis. These projects
should focus on: (i) rigorously investigating and understanding the operational durability of
the PtCoNWs and CoS,-CG catalysts under PEFC conditions and elucidate mechanistic

pathway(s) of performance loss; (i1) further optimization of developed catalyst properties to
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improve activity and mitigate the occurrence of the aforementioned degradation
mechanisms; and most importantly (iii) integration of PtCoNWs and CoS,-CG catalysts

into hybrid electrode configurations for practical PEFC demonstration.

(i) Rigorous durability investigations

With the preparation process and physicochemical properties of the developed
catalyst technologies well established, it is highly desirable to rigorously evaluate the
durability capabilities. Initial studies should include half-cell ADT procedures (such as
those employed throughout this thesis), with the testing conditions systematically varied to
investigate their effect on the catalytic activity and structures. For example, CoS,-CG
should be subjected to ADT at varying conditions, such as from 0.2 to 1.0 V vs. RHE under
oxygen saturated electrolyte to investigate the dissolution of the CoS, octahedra
nanoparticles, and at potential values higher than 1.0 V vs. RHE to elucidate corrosion of

the graphene/CNT composite support materials.

The different ADT protocols should be coupled with post testing characterization of
the catalyst materials. Catalyst samples can be collected from the working electrodes and
analyzed using the array of physicochemical characterization techniques used throughout
this thesis, in addition to any further techniques deemed appropriate for elucidating
physical and chemical changes to the catalysts. For example, PtCoNWs subjected to
different ADT protocols designed to induce different degradation pathways can be
investigated by TEM to understand structural changes to the nanowires (i.e., diameter

reduction) and EDX colour mapping to elucidate dissolution of the cobalt and changes to

140



the atomic distribution of the nanowires (i.e., formation of a platinum shell). By rigorously
investigating catalyst stability and the mechanisms of performance loss, new strategies can

be designed to mitigate these occurrences and increase electrochemical stability.

(ii) Further electrocatalyst optimization

While the studies presented throughout this thesis were systematic in nature, there is
still opportunity for the different catalyst technologies developed to achieve further activity
and stability improvements. Looking at PtCoNWs, the electrospinning procedure is ideal
because it allows for deliberate tuning of nanowire properties. This paves the way for very
fundamental investigations directed at understanding the impact of diameter, composition
and atomic distribution on both electrochemical activity and stability. Particularly, it is
highly expected that further mass activity improvements can be achieved by careful control
of the morphology (i.e., diameter) and atomic compositions of the PtCoNWs. An
appropriate design of experiment can further our understanding of the preparation
parameters and allow for development of well controlled PtCoNWs that can be investigated
for activity and durability. The fundamental insight generated throughout these studies can
be used in tandem with insight obtained from the previously mentioned durability
investigations to apply rational design strategies to optimize the catalysts. For the CoS,-CG
catalysts, methods to improve activity and stability can include the development of
techniques to reduce the size of the CoS; octahedra, and by optimization of the graphene to

CNT ratios in the catalyst support composites.

(iii) Hydrid electrode and membrane electrode assembly integration
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From a practical standpoint, integration of the PtCoNWs and CoS,-CG catalysts
into operational hybrid electrode structures is the ultimate objective. This will allow
researchers to translate the success in this project towards real world applications, in
particular PEFCs for automotive applications. It is suggested that hybrid electrode
integration studies first involve optimization of the catalyst layer preparation by
systematically investigating the impact of catalyst ink solvent, concentrations and
deposition method (i.e., painting, spraying, decal) on MEA performance. Once established,
the foundation is set for an engineering approach to the design of hybrid electrodes. The
electrode thickness, catalyst loading and PtCoNW to non-PGM catalyst ratios can be varied
to determine the impact on resulting PEFC performance. An interesting strategy that may
be beneficial is to have a platinum loading in the catalyst layer that varies with electrode
thickness (Figure 8-1). With a gradient distribution of platinum, improved performance
may be realized by achieving almost complete platinum utilization. Understanding and
controlling the electrode structure and properties will also allow for performance
improvements. By correlating structural characterizations of the hybrid electrodes to MEA
performance data, the impact of porosity, ionomer distribution and electrode
interconnectivity can be elucidated. This knowledge will be the first of its type for
platinum/non-PGM hybrid electrodes, with the potential to change conventional approaches

for MEA fabrication.
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Figure 8-1: Method of integrating PtCoNWs and non-PGM catalysts into hybrid electrode structures

for MEA evaluation.
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