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ABSTRACT

Using hydrogen and oxygen gas, the fuel cell is a device that converts chemical
energy into electrical energy. Particularly, the proton exchange membrane fuel cell, has
multiple components, all that are consistently being studied in order to further increase its
practicality. One particular limitation of the fuel cell is the use of the precious metal Pt
within the catalyst layer. Efforts in decreasing the amount of Pt has provided information
on improved utilization of the catalytic metal. Another limitation can be attributed to the
perfluorosulfonated ionomer Nafion®, that is commercially available and used as a binder
within the catalyst layer. The high cost and poor durability of current fuel cell catalyst

layers has been linked to the use of Nafion® and the amount of carbon in the catalyst.

In this work, 40 wt% Pt/C catalyst is used to obtain total electrode loadings as low
as 0.2 mgPt cm, with the hypothesis of increased energy density while reducing catalyst
layer thickness. This catalyst is used in conjunction with a Nafion®-replacement ionomer
that contains sulfonated silica, and provides comparable performance while increasing
durability. This work also includes the substitution of the typical carbon support, Vulcan,
with ordered mesoporous carbon. In order to grasp a better understanding of the catalyst as
a whole, mesoporous carbon will be used in efforts of obtaining more uniform Pt dispersion
and greater catalytic activity. With a successful synthetic route of the mesoporous carbon,
further studies are required for enhanced Pt deposition techniques on the two-dimensional

support.

Keywords: Proton exchange membrane fuel cell; sulfonated silica ceramic carbon

electrodes; catalyst layer; ordered mesoporous carbon; clean energy device.
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Chapter 1. Introduction

1.1 Background

Less than 40 years after the battery was invented by Alessandro Volto, the first fuel
cell was developed by a Welsh scientist, Sir William Robert Grove.! In 1842, Grove
discovered the constituent of current fuel cell electrodes, the use of platinum. After many
decades of study, the fuel cell started making progress in the 1960’s, where phenomena,
including difficulty with high temperature operations and cathode reaction limitations,
were becoming understood and further studied. To date, the same limitations are the

primary focus of research, along with the continuous attempt to reduce overall cost.

Throughout the past few decades, there has been a considerable amount of research
towards clean energy production, with one being hydrogen power.>* Hydrogen is one of
the main fuel sources used in the proton exchange membrane fuel cell (PEMFC). Creating
sustainable, clean electricity is a major benefit of the fuel cell allowing it to be implemented
in products such as automobiles, public transit vehicles and industrial equipment.*® The
fuel cell shows great promise in being a low-greenhouse gas (GHG) emitting energy
source, that cooperates within the terms of the 2016 Paris Agreement. This agreement was
written to act as a global response towards climate change. The three main points of interest

that this agreement includes:’

1. Holding the average global temperature increase well below that of 2 °C;

2. Placing adaptation programs for the future climate, as well as implementing further
development to reduce production of greenhouse gases; and

3. Ensuring consistent financial flow towards the path of climate-resilient and low

GHG development.



Although this agreement does not ensure global cooperation, it does bring awareness
to the fact that succumbing to the threat of climate change has become a global realization.
With that, we must be willing to work together in order to reduce the amount of GHG
produced, as well as bring innovative ideas to surface, such as climate engineering, to fight
this challenge.”” Roughly one third of the GHG emissions can be attributed to the
transportation sector, with the largest emitter being the automobile.!” Around the world,
goals have been set in order to reduce GHG emissions, which includes increased use of
renewable resources and improved energy efficiencies, where possible. In order to comply
to these efforts, the PEMFC is a promising replacement of current internal combustion
engines used in automobiles. With more than two-times greater efficiency, fuel cells have
potential for an increase of more than 80% efficiency for the heat and power systems,

combined.!!

Despite continuous efforts over the years, the first PEMFC automobile wasn’t
produced until 1993, and commercialization did not occur until 2008, with the Hyundai
Tucson/iX35 fuel cell electric vehicle (FCEV).!? From there, the FCEV has been put into
production at numerous automobile companies, all using unique technology, in search of a
more efficient and less expensive option. Although there is promise for improved catalysts
and ionomers, state-of-the-art assemblies continue to use high-cost materials, including Pt
and perfluorosulfonated ionomers, such as Nafion®.!” The United States Department of
Energy declared a target for FCEVs to have a durability of up to 5000 hours by 2025, which
is equivalent to a lifetime of ca. 240,000 km.'® Therefore, efforts must continue to seek for

more efficient and less expensive materials in the PEMFC.



1.2 The Proton Exchange Membrane Fuel Cell (PEMFC)

The fuel cell is a device used to convert chemical energy into electrical energy where
Equations 1.1 and 1.2 describe the use of hydrogen and oxygen gasses in the device. The
proton exchange membrane fuel cell (PEMFC) is a clean energy device because there are

zero carbon emissions and, as seen in Equation 1.3, the only by-product is water.

Anode: H, (g) » 2H" + 2e~ E°=0V [1.1]
Cathode: 2H* + 2e~ + 20, (g) > H,0 () E°=123V [1.2]
Overall: Hy (g) + 50, (9) — H,0 (1) E°=123V [13]

The fuel cell is a device that converts chemical potential energy into electrical
energy through use of hydrogen and oxygen redox reactions. Though there is a wide variety
of fuel cell devices, the PEMFC has received the greatest attention. This configuration uses
hydrogen and oxygen gases to produce electricity, with water, and some heat, as waste by-
products. In this research, there are three main components of the PEMFC that are of
interest; the anode, the cathode and the proton exchange membrane, also known as the

membrane electrode assembly (MEA).

As seen in Figure 1.1, Ha(g) is oxidized into protons and electrons at the anode, and
O2(g) 1s reduced to produce water, at the cathode. The oxygen reduction reaction (ORR) is
known as the “sluggish” reaction of the PEMFC due to poor reaction kinetics that lead to

high overpotentials'*!>. Overpotential is the difference between theoretical and actual



potentials for an oxidation or reduction reaction, of which with lower overpotential comes

more favourable redox reactions.

2H,

4H*
—_ 4e
Excess . 2H,0+
fuel 4e Heat

T PEM T
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Figure 1.1. Schematic diagram of the proton exchange membrane fuel cell device.

1.3 The Membrane Electrode Assembly (MEA)
As seen in Figure 1.2, the membrane electrode assembly (MEA) is comprised of two
electrodes and a membrane, typically a perfluorsulfonic acid membrane. The two

electrodes, an anode and cathode, are layered on either side of the membrane.
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Figure 1.2. Schematic diagram of the membrane electrode assembly (MEA) in a PEMFC.'®

1.3.1 The Proton Exchange Membrane (PEM)

The most common material used as a proton exchange membrane (PEM) is
perfluorosulfonic acid (PFSA), with Nafion® being the most common. Also known as a
polymer electrolyte membrane, Nafion® is widely used due to its durability and high proton
conductivity.!” Seen in Figure 1.6 a), Nafion® has three main components: a Teflon™
backbone, a perfluoro-ether sidechain and a sulfonic acid head group. Although variations
of the Nafion® membrane have been studied, there remains set-backs including high cost
and reactant gas crossover. The expense is primarily due to the use of fluorine, a very
dangerous material, and reactant gas crossover is linked to membrane decomposition.
Studies have shown that Nafion® membranes decrease in thickness, after testing, due to

loss of fluoride ions and small organic compounds.'®



In the past decade, several Nafion® alternatives have been studied, with a large
amount of interest being put into a hydrocarbon membrane. Nafion®-polyvinyl alcohol
complexes have shown promise towards the direct methanol fuel cell (DMFC)". Nafion®
tends to have a high permeability of methanol, but studies of these Nafion®-hydrocarbon
hybrids have displayed methanol resistance and increased proton conductivity.!”
Sulfonated hydrocarbon membranes generally have poor stability, but, after modification,
they have been able to show high durability throughout accelerated stress testing, while
maintaining high proton conductivity.!” Lastly, phosphorylated hydrocarbon membranes
using lignin, one of the most abundant polymers in nature, have shown promise in high

temperature fuel cells.?’

Although alternative materials have shown increased stability, while maintaining
conductivity, the leading PEM remains to be Nafion®. Being that it can be produced at
different thicknesses for use in specific fuel cell configurations, Nafion® has enough
versatility, with its high durability and great proton conductivity, to remain at the top for

PEMs in a range of fuel cell devices.

1.3.2 Electrode Materials

The PEMFC electrode consists of three components: the gas diffusion layer (GDL),
a microporous layer (MPL), and the catalyst layer (CL), seen in Figure 1.3. Improvement
in fuel cell electrode materials has been of interest in order to, both, increase performance,
and decrease overall cost of fuel cell devices. One particular limitation is the use of

expensive, and precious, platinum within the CL.



Figure 1.3. Representation of a typical PEMFC electrode (not to scale).

Each layer of the PEMFC electrode contains pertinent elements for overall
functionality. The GDL is ca. 300 pm thick and made from carbon fiber (e.g. carbon cloth
or carbon paper) and the MPL. This layer allows for efficient diffusion of reactant gasses,
and has some permeability of water to reduce chances of flooding. Flooding occurs at the
cathode, where water is a by-product. Materials with high water retention are able to
support the water uptake and reduce chances of flooding complications. The MPL contains
a blend of Teflon™ and carbon black, creating a porous hydrophobic layer between the
GDL and CL, which assists with water management. The final component of a PEMFC
electrode is the CL, which is typically ca. 10 um thick. Both gasses and ions must be
permeable through the CL and so large pores, between the catalyst agglomerates, as well
as small pores, and an ionomer binder, are crucial for mass and ion transport. Once
reactants reach the catalyst layer, the electrochemical reactions, and the basis of the device,

begin to take place.



1.3.3 PEMFC Catalyst Layer

The catalyst layer is the porous 3-dimensional layer where the electrochemical
reactions take place. As seen in Figure 1.4, it consists of a catalytically active metal, usually
platinum, deposited onto a conductive support, typically carbon. The wt % of Pt deposited
on the support ranges from 10 - 60%, with the most typical being 20% Pt/C, all of which
can be purchased commercially or generated in-house. The catalyst is thoroughly mixed
with an ionomer, in a water-alcohol dispersion media, to produce a catalyst ink. The ink
can then be deposited onto the desired substrate. For MEA fabrication, this is done by spray
coating, or casting, onto either the GDL, to create a gas diffusion electrode (GDE) or the

membrane, making what is known as a catalyst-coated membrane.

® Platinum

|@® carbon

o Silica network

e Platinum
@ cCarbon
Nafion®

Figure 1.4. Diagram comparing a Nafion®-based and a sulfonated-silica ceramic carbon

electrode CL, adapted from Alipour et al.”'



1.4 PEMFC Catalyst Support

Carbon is the most common catalyst support due to its suitable conductivity and
porosity. Carbon supports can be found in many different morphologies, including
graphene, carbon nanotube (CNT) and carbon black. Most commonly, carbon black
materials are used as catalyst supports which include Vulcan and Ketjen, each with unique
physical and electrochemical properties. Carbon blacks are generally spherical

nanoparticles, ranging in size from 30 to 1000 nm, and may have micro and mesoporosity.

Alternatives to carbon black supports have become of great interest in recent years due
to limitations on carbon blacks, including corrosion mechanisms and poor utilization of the

Pt catalyst.?

Graphene, for example, has proven to have high surface area and promising
thermal stability and electrical conductivity.”>** These characteristics are important for
good catalyst dispersion and high durability, which when functionalized with heteroatoms
can be even more beneficial to allow for uniform catalyst dispersion and greater catalyst
utilization. Graphene is a single layer sheet of sp’>-hybridized carbon atoms, which can be
altered in small ways to change the morphology and produce materials with intrinsic
differences. When layered, graphene can be converted into graphite, if rolled into a cylinder

it can be made into CNTs and when wrapped up in a sphere it is a fullerene, i.e. a spherical

Buckyball.*

Aside from novel carbon structures, recent studies have been geared towards removing
carbon from the catalyst layer altogether. Novel metal oxide supports with enhanced
electronic conductivity have shown great promise as a PEMFC catalyst support, showing

high performance and high durability.?



1.4.1 Ordered Mesoporous Carbon (OMC)

Typical fuel cell catalysts are comprised of Pt deposited onto a carbon black material,
such as Vulcan or Ketjenblack. Carbon is among the more common supportive materials
due to its suitable physical and electrochemical properties. These properties can be finely
tuned depending on the type of carbon material used.?®*® Ordered mesoporous carbon
(OMC) is a material that obtains large specific surface area (SSA) and tunable pore sizes.
Using a fairly straight-forward “nanocasting” approach, i.e. the hard-templating method
shown in Figure 1.5,%° they obtain mesopores which range from 2 - 50 nm in diameter and
SSAs of 1000 m? g'! and higher.>® The tunable properties along with high conductivity
makes these materials suitable for numerous applications, including adsorption, gas

storage, biosensing, selective sensing, batteries, supercapacitors, and fuel cells.?%3!-33

ﬂ Impregnation

(Sucrose carbon source)

Pyrolysis 7 Silica etching

SBA-15
Ordered mesoporous silica

OMC,,

Templating carbon
P & Ordered mesoporous carbon

Figure 1.5. Display of steps for hard-templating method for synthesis of OMC;s.

The hard-templating method starts with the synthesis of a mesoporous silica, in this
research SBA-15. This occurs through reactions between a nonionic surfactant, Pluronic®

P123, a cationic co-surfactant, cetyl trimethylammonium bromide, and a silica precursor,
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tetra ethyl orthosilicate (TEOS). To synthesize the two-dimensional OMCis, a sucrose
solution, mixed with H2SOa (aq) as the carbonization agent, is put through a series of

heating steps before obtaining the final product.?’

One focus of this project includes the
incorporation of OMCis as a catalyst support. Due to large pores within OMCis, it is
envisioned that there will be better gas transport, as well as water retention, at the cathode,
where flooding prominently occurs.>* The larger pores will, presumably, allow for

increased interaction between Pt and the ionomer which would increase oxygen reduction

reaction (ORR) kinetics.

OMCis has been shown to exhibit greater catalytic activity when compared to other
carbon blacks.?’*473¢ This is likely due to the materials high surface area and large number
of mesopores, which allow for a more uniform Pt dispersion. Two-dimensional OMCis is
the morphology of most interest for this work, and has shown promising ORR performance

seen in previous studies.>*

1.5 Ceramic Carbon Electrodes

A limitation of typical PEMFC CLs also includes the use of an expensive PFSA
ionomer, Nafion®. Not only does Nafion® increase costs, but it is permeable to methanol,
which reduces DMFC performance, and has a glass transition temperature at 90 — 110 °C,
making it unusable at the preferred temperatures within automotive applications.'>!?
Similar to alternative PEM materials, hydrocarbon-based (HC) ionomers, have been
studied as a Nafion® replacement in the CL. Although HC ionomers show promise at
moderate temperature, and relative humidity (RH), there remains challenges where they

appear to be much more sensitive to RH change.?”-*8
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A growing interest has been placed upon a different type of electrode structure, the
ceramic carbon electrode (CCE). Typically, a CCE is made by mixing a silicon alkoxide
precursor (e.g. TEOS) with water. A hydrolysis reaction occurs when the reactants are in a
mutual solvent media, generally methanol or isopropanol. When hydrolysis occurs, the
silica precursor is converted into orthosilicic acid, Si(OH)4. Two silicic acid monomers can
undergo a condensation reaction, with each other, forming a siloxane group, Si-O-Si.3**!
This ethoxy bond is the basis of cross-linked polymeric growth that creates the silicate
structure . The reaction can take place in either acid or based-catalyzed conditions. When
this reaction occurs in the presence of carbon black (or Pt/C), the carbon is encapsulated
into silicate matrix, creating a composite material which is referred to as a CCE. This type
of electrode is shown to be rigid with high porosity and can be easily modified, depending

on specific electrochemical demands.®

For fuel cell applications, the CCE effectively replaces the CL Nafion® ionomer with
a silica-based polymer mixture. CCEs have displayed increased durability and high surface
area, due to the ceramic binder that is formed through a sol-gel process.****** The term
sol-gel describes the specific process used to create a broad range of gels that are produced
from colloidal suspensions, i.e. sols.** Sol-gel production has been widely studied, with
tunable factors such as pH, temperature and reaction time, being a few examples, that allow
for synthesis of very specific products.*>*! With the ability to fine-tune reaction parameters,

to yield any given product, this process is widely used for application in numerous fields.

The CCE has demonstrated activity in biosensors, ion-selective electrodes, pH
sensors and fuel cells.* Anderson et al. continued the CCE synthetic process by adding the

silica sol-gel to the catalyst material, typically Pt/C, to form a composite aerogel.*> The
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composite gel underwent ageing, heating and annealing before being dried into powder
form. The powder was mixed with acetone and deposited onto a carbon-film support, to
undergo fuel cell tests.*? Tests concluded that CCEs had potential to become a strong
contender as a fuel cell ionomer, and the ability to be chemically modified only amplified
that possibility. In a novel approach, Eastcott et al. synthesized the CCE in a one-pot
method in order to enhance distribution of the ionomer on the catalyst support.** The TEOS
precursor was added in monomer form to the solvent mixture containing Pt/C.***7 After
mixing for the prescribed time, the material was tested and showed promise for the high

temperature fuel cell due to its great water retention capabilities.**

1.5.1 Sulfonated-Silica Ceramic Carbon Electrode (SS-CCE)

After much research, the CCE underwent a rather spectacular transformation in the
Easton group, creating the sulfonated-silica ceramic carbon electrode (SS-CCE). The
monomer, TEOS, that underwent the polymerization reaction, for the CCE, was no longer
the only silica precursor. A combination of TEOS and 3-trihydroxysilyl-1-propanesulfonic
acid (TPS) monomers were used to form the SS-CCE polymer network. As seen in Figure
1.6, the SS-CCE materials obtain similar features to the commercial standard, Nafion®,
including the ether and the sulfonic acid groups. The TEOS to TPS mole ratio had
previously been optimized to be 95:5, with a total silane loading of 35 wt%, when

employed with a 20% Pt/C commercial catalyst.*
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Figure 1.6. Chemical structures of a) Nafion®, b) TPS, and ¢) TEOS.

Typical PEMFC catalysts, comprised of Pt/C mixed with Nafion®, have poor
durability; this is an area that SS-CCEs have shown to be better, for the PEMFC.2"*® This
increase in durability can be attributed to mixing the ionomer in monomer form. This
allows an ionomer network to grow around the Pt/C particles, and works as the ionomer,
binder, and catalyst stabilizer. High water retention has been noted when testing the SS-
CCE, which allows for greater stability when running at high operating temperatures and

low relative humidity.*’

1.6 Objectives
Improving fuel cell electrode materials is required to increase performance and
decrease cost of fuel cell devices. One particular limitation is the use of precious platinum

within the catalyst layer. In this work, one focus is to work with 40 wt% Pt/C, at loadings

14



of 0.2 mgp: cm™, with the hypothesis of a thinner catalyst layer that will increase reactant
transport while reducing cost by lowering Pt mass required. In the past, only 20% Pt/Vulcan
catalysts have been studied in the SS-CCE and have shown great durability with similar
activity to commercial standards. A limitation of commercial standards includes the use of
an expensive PFSA ionomer, Nafion®. SS-CCEs have demonstrated their ability to
eliminate the use of Nafion® within the catalyst layer.** Previous work within this group,
using 20 wt% Pt/C, has shown that a stoichiometric ratio of a silicate with a sulfonated
organosilane can act as the ionomer/ binder, at a fraction of the cost of Nafion®.*¢ Due to
the lower carbon content in 40 wt% Pt/C catalysts, the silane ratio must be optimized for

enhanced fuel cell performance.

This work includes the synthesis, preparation, and PEMFC testing of 40% Pt/C SS-
CCEs. Fuel cell performance and electroactivity will be tested against comparators, 40%
Pt/C Nafion®-bound electrode (NBE) and 20% Pt/C SS-CCE. Using a 40 wt% Pt/C
catalyst, it is predicted to have increased fuel cell performance due to thinner catalyst layers
and the higher Pt-to-C ratio. This reduces the amount of carbon that could corrode
throughout the duration of testing, as well as increases water retention, even further, and

mass and ion transport.

The use of OMC5 as a support should increase the ORR kinetics and reduce chances
of flooding at the cathode. It also exhibits greater catalytic activity when compared to other
carbon black materials, which is likely due to its high surface area and mesoporosity,
allowing for a more uniform Pt dispersion.® Two-dimensional and three-dimensional
OMC (OMCi5 and OMCis, respectively) have shown promising ORR performance, which

can be implemented in the PEMFC. This work displays activity of only Pt/OMC;s catalysts.
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Chapter 2. Experimental Synthesis and Characterization Techniques

2.1 Synthesis and Preparation of SS-CCE

The sulfonated silica ceramic carbon electrode (SS-CCE) was fabricated by first
making a sol-gel mixture that was then deposited onto the gas diffusion layer (GDL). In a
150 mL beaker, 0.26 g of tetracthyl orthosilicate (98% TEOS, Sigma Aldrich), 0.03 g of 3-
(trihydroxysilyl)-1-propanesulfonic acid (35% TPS, Gelest Inc.) and 4.3 pL of 6 M
ammonium hydroxide (30%, Sigma Aldrich) were added together and rapidly stirred on a
stir plate for 10 minutes. This mixture was added dropwise to 166.7 mg of 40 wt % Pt/C
(40 wt% Pt on Vulcan XC-72, Premetek Co.), 6.2 g of deionized (D.I.) water and 0.6 g of
methanol (99%, ACP Chemicals). The catalyst mixture was partially covered with

Parafilm® M, sonicated for 10 minutes, then left to stir for 72 hours.

While the sol-gel mixture was stirring, the gas diffusion layer (GDL) was prepared
for spray deposition of the catalyst layer (CL). A piece of commercial carbon paper
(Sigracet 29 BC, Fuel Cell Store) that obtained a microporous layer (MPL) was cut to a
specific measured area. Before deposition of the SS-CCE sol-gel, 29 BC was dusted with
a very low loading of Nafion® (5 wt%, Ion Power), at ca. 0.018 mg/cm?, to increase
hydrophilicity of the surface. Once the GDL was dry, the SS-CCE sol-gel ink was air
brushed onto the surface until a total Pt loading of 0.2 mg cm™ was achieved. To drive the
SS-CCE polymerization reaction to completion, the sprayed electrode was dried in the oven
at 120 °C for 1 hour. Excess catalyst ink was also left to dry in the oven to be used for

compositional analyses of the catalyst layer.
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2.2 Fabrication of Nafion®-Bound Electrodes

For comparison, a mixture containing Nafion® as the ionomer and binder was also
prepared. First, 670.2 mg of 5 wt% Nafion®, 10 g of D.I. water and 2.5 g of isopropyl
alcohol (IPA > 99.5%, Fisher Scientific) were added to a 150 mL beaker and stirred. In a
separate 250 mL beaker, 142.9 mg of 40 wt % Pt/C (40 wt% Pt on Vulcan XC-72, Premetek
Co.) and 3.0 g of D.I. water was stirred while slowly adding the Nafion®, D.I. water, and
IPA mixture. This mixture was vigorously stirred for 2 hours, sonicated for 1 hour, then
left to stir for 24 hours, after covering the beaker with Parafilm® M to avoid loss of

volatiles.

A similar procedure was carried out for fabrication of the Nafion®-bound electrode
(NBE), as to the SS-CCE, except there was no dusting of Nafion® before spray deposition,
and the sprayed electrode was cured at 90 °C, which is low enough to avoid decomposition,

for 1 hour.

2.3 Synthesis of Pt/ OMCis

2.3.1 Synthesis of OMC;s using the Silica Template

In a 50 mL beaker, 1.25 g of sucrose (= 99.5%, Sigma Aldrich) was dissolved in
0.14 g of sulfuric acid (98%, ACP Chemicals) and 5.0 g of D.I. water and mixed with 18.1
mg of boric acid (H3BO3 > 99.5%, Sigma Aldrich). In a separate 150 mL beaker, the
sucrose solution was added dropwise to 1.0 g of SBA-15, stirred until uniform and heated
to 100 °C for 2 hr. The mesoporous silica template, SBA-15, was supplied by Dr. A.-H.A.
Monteverde Videla of Politecnico di Torino and was synthesized using a method adapted

from Zhao et al.’!
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The sample was left to dry over night before adding another dose of sucrose
solution, at 70 wt% concentration, to ensure all pores were filled. The heating procedure
was repeated before pyrolyzing the product at 900 °C for 3 hr in a tube furnace. The silica
template was etched away using 30 mL of hydrofluoric acid (= 48 wt%, Sigma Aldrich).
The left over OMCis was washed, until neutral pH, and dried at ~110 °C for 3 hr. Synthesis

of OMC1s adapted from Zeng et al.>

2.3.2 Platinum Deposition onto OMC;s

To deposit a target of 20 wt% Pt onto OMCis, the microwave-assisted polyol
method®? was performed by adding 42.0 mg of chloroplatinic salt (H2ClsPt H2O > 99.9%,
Sigma Aldrich) and ca. 75 mL of ethylene glycol (EG, Sigma Aldrich) to a 250 mL beaker.
To that beaker, 82.2 mg of OMCis was added then stirred for 10 minutes. With 0.1 M
sodium hydroxide (NaOH > 95%, Fisher Scientific), the pH was adjusted to 9.5 followed
by sonication of the mixture for 30 minutes. The pH was again adjusted to 9.5 with 0.1 M
NaOH before microwaving the reaction mixture on high power for 2 minutes. The beaker
was covered with Parafilm® M and left to cool over night, while stirring. The EG was
gravity filtered off of the Pt/ OMCis, which was then washed three times each with D.I.

water and acetone. The final Pt/ OMCis catalyst was dried at 80 °C over night.

2.3.3 Preparation of Pt/ OMC;s Ink and Electrode
To be able to test the catalyst electrochemically, 8.0 mg of the catalyst powder was

added to a mixture of 30 pL Nafion® (5 wt%, Ion Power), 400 uL of D.I. water and 200
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pL of IPA. The mixture was sonicated for 45 minutes until uniform, then 4 pL of the ink
was drop-coat deposited onto a 5 mm glassy carbon rotating disk electrode (RDE, Pine

instruments) for three-electrode testing.

For comparison, commercial catalyst 20 wt % Pt/C (20 wt% Pt on Vulcan XC-72,

Premetek Co.) was used to make an ink of similar Pt loading to be tested electrochemically.

2.4 Materials Characterization Techniques
Each catalyst was physically characterized to obtain compositional and

morphological analyses.

2.4.1 Thermogravimetric Analyses (TGA)

Thermogravimetric analyses (TGA) were performed on a TA Instruments SDT
Q600 to determine composition through analysis of mass loss at specific temperatures.
Samples that were comprised of Vulcan carbon were tested under 50 mL/min of extra dry
air at a ramp rate of 20 °C/min, to a temperature of 1000 °C. Samples made with OMCis
were tested under 50 mL/min of extra dry air at a ramp rate of 2 °C/min, to reduce sample
loss, to a temperature of 1000 °C. All data was analyzed using TA Thermal Advantage
software, including derivative thermograms (DTG) which displays the derivative of wt %

loss, relative to temperature.
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2.4.2 Brunauer-Emmett-Teller (BET) Surface Area and Pore Size Analyses

The Brunauer-Emmett-Teller (BET) surface areas and Barrett-Joyner-Halenda
(BJH) pore sizes of each sample were measured using Quantachrome Instruments NOVA
1200e Surface Area & Pore Size Analyzer. All samples were measured under N2
atmosphere at 77 K, after being degassed at 200 °C for 6 hours. Approximately 160 data
points were collected for adsorption/ desorption isotherms. The relative pressure in the
system was allowed to equilibrate for at least 70 seconds before a data point was recorded.
All data, including BET surface area and BJH pore size distributions, was analyzed using

NovaWin software.

2.4.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray

Spectroscopy (EDX)

All samples were imaged using a Hitachi FlexSEM 1000 system with an energy
dispersive X-ray (EDX) analyzer. Powder samples were coated onto aluminum sample
holders using graphite ink, whereas GDE’s were placed on top of double-sided carbon
paper to be attached to the sample holder. Each sample was electron imaged at a working

distance of 5 mm, whereas EDX spectra were measured at 10 mm.

2.4.4 X-Ray Diffraction (XRD)
For compositional determination, an X-ray diffractometer (Rigaku Ultima IV) was
used with a Cu Kq radiation source (A = 0.15418 nm). Samples were tested at operating

conditions of 10 kV and 44 mA from 20 = 10° through to 100°. Powder samples were
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prepared by evenly filling and pressing them into XRD zero-background sample holders
and placing in an automated ten sample attachment. All data was analyzed using
PANalytical X Pert HighScore software. Average Pt crystallite sizes were estimated using

the Scherrer equation (Equation 2.1).

D K2
~ Bcosb

[2.1]

Where D is the true crystallite size, K is the Scherrer constant (for full width half max
(FWHM) measurements, K = 0.94), A is the X-ray wavelength, B is FWHM in radians and

0 is Bragg’s diffraction angle in degrees.

2.5 Electrochemical Measurements

All catalyst samples were electrochemically tested using a Pine Instruments
WaveDriver 20 coupled with the MSR electrode rotator and/ or a Solartron 1470
mulitchannel potentiostat coupled with a Solartron 1260 frequency response analyzer

(FRA).

2.5.1 Three- Electrode Testing for OMCis Catalysts

A rotating disk electrode (RDE) was used with the Pine potentiostat to measure
cyclic voltammetry (CV) and linear sweep voltammetry (LSV), which was used to measure
oxygen reduction reaction (ORR) activity. The Solartron instrument was used for
accelerated stress testing (AST) measurements, which included CV and electrochemical

impedance spectroscopy (EIS).
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2.5.1.1 Cyclic Voltammetry (CV)
Three-electrode tests were studied at room temperature in N2-purged 0.5 M H2SO4
(aq) (98%, Fisher Scientific) electrolyte. Seen in Figure 2.1, a glassy carbon electrode (area
=0.196 cm?) with catalyst ink deposited acted as the working electrode, a Pt wire was the
counter electrode and a mercury/ mercury sulfate reference electrode (Bioanalytical
Systems, Inc.) was used to measure catalytic activity. The reference electrode was
calibrated to be ca. 701 mV vs reversible hydrogen electrode (RHE) by measuring the

electrode’s potential in H>—purged 0.5 M H2SOa.

RE

Figure 2.1. Three-electrode set up on the Pine Instruments potentiostat showing the reference
electrode (RE), the counter electrode (CE), and the working electrode (WE) in contact with the
MSR rotator.
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Cyclic voltammograms were collected at 100 mV/s to obtain the electrochemically
active surface area (ECSA) of Pt within the tested catalyst layers. The area under the Hz-
desorption region (Figure 2.2) was integrated using AfterMath software to find charge,
which was then translated into surface area of Pt using the previously determined constant

0f 210 uC cm?p.

Current Density/ A g'Pt
1

I
0 0.4 0.8 1.2
Evs.RHE/V

Figure 2.2. Example cyclic voltammogram of 20 wt% Pt/C (Johnson Matthey) in 0.5 M H,SO4
at 20 mV/s displaying characteristic features of a Pt cyclic voltammogram.

The regions labelled Hp and Ha, in Figure 2.2, are characteristic of hydrogen
desorbing and adsorbing on the Pt surface, respectively. The region labelled DL shows the
electrical double layer of the system, and Qig&2 show the redox reactions of the
hydroquinone/ quinone within the carbon support. Finally, the regions labelled Ptox and
Ptred are characteristic of Pt oxide formation and removal on the surface of the catalyst

layer.
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2.5.1.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was measured using the Solartron
potentiostat/ FRA system, with the electrolyte being Na2-purged 0.5 M H2S04 (aq), in the
configuration seen in Figure 2.1. EIS data was collected between the frequency of 100 kHz
and 0.1 Hz at a direct current (DC) bias potential of 0.425 V vs. RHE, which is within the
double layer region. Data was analyzed through use of ZView software (Scribner
Associates, Inc.). As seen in Figure 2.3, through plotting the real impedance (Z’) versus the
imaginary impedance (Z") a Nyquist plot is produced. This allows for extraction of the
Warburg impedance (Zw) to be translated into total resistance of the electrochemical

system (Rs, where Rs = Rionic + Relectronic) using Equation 2.2.33%

Z" (Q cm?)

Z' (Q cm?)

Figure 2.3. Typical EIS measurement for fuel cell catalysts.
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2.5.1.3 Accelerated Stress Testing (AST) with Oxygen Reduction Reaction
(ORR) Activity
Oxygen reduction reaction (ORR) activity was measured in Oz-saturated 0.5 M
H2SO4 using the Pine Instruments potentiostat by running linear sweep voltammetry
(LSV). The LSV was ran at a rotation rate of 900 rpm from 0 V to 1.2 V at a sweep rate of

5 mV/s. Before each measurement, the electrolyte was purged with Oz (g) for 10 minutes.

Accelerated stress testing (AST) was performed on the catalysts using the Solartron
potentiostat, where the system ran the catalyst through 5000 CVs at 200 mV/s with 3 CV
at 100 mV/s initially and after every 1000 cycles. EIS measurements were also taken
initially and after every 1000 cycles at a DC bias potential of 0.425 V. ORR activity was
measured before and after AST under the same conditions as above. Capacitive current for

each run was subtracted to correct the initial current density to zero.

2.5.2 Hydrogen Fuel Cell Testing for SS-CCE Catalysts

The prepared GDE was punched into 5 cm? pieces to be used as the anode and the
cathode in the membrane electrode assembly (MEA). The MEA was made by first drying
a piece of cleaned Nafion® 212 membrane (Ion Power) in the oven at 90 °C. The MEA was
then assembled in a Fuel Cell Technologies, Inc. (FCT) single fuel cell with the use of
Teflon gaskets. The cell was closed and tightened to a torque of 45 inch-pounds (5.08 N-m)
before being connected to the FCT testing station, seen in Figure 2.4. The components of
the FCT station include stainless steel humidification bottles with temperature that is

computer controlled to adjust relative humidity of inlet gases. There is a DC electronic load
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as well as mass flow controllers for either gas, and manual controls for adjustment of back

pressure.

Back pressure

Humidifiers gauges
& heated. gas Temperature
transfer lines
control
Thermocouple Load input
leads

PEMFC

Output leads

Figure 2.4. The Fuel Cell Technologies, Inc. testing station at Ontario Tech University.

Before performance testing, the MEA had to go through a break-in protocol until
electrochemical results were stable and reproducible.’® The basis of the break-in protocol
included flowing Hz (g) at the anode and O2 (g) at the cathode with no back pressure while
holding the cell at an operating temperature of 80 °C. Once the cell reached the desired
temperature, the potential would be altered between 0.4 V and 0.6 V for a minimum of 3

hours until reproducibility of the polarization curve was observed.

Once the break-in was complete, the cell temperature remained at 80 °C, or 30 °C,
and both the anode and cathode temperatures were increased to reach 100% relative
humidity (RH). For each electrochemical test the following RH were used at both the anode
and the cathode simultaneously: 100%, 80%, 60%, 40% and 20%. Back pressure of 10 psi

(6.9 x 10* N/m?) was implemented at both the anode and the cathode during all tests.
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2.5.2.1 Cyclic Voltammetry and Electrochemical Impedance Spectroscopy
The fuel cell was connected to Solartron potentiostat leads to measure CV and EIS
of the MEA, with H2 (g) at the anode and N2 (g) at the cathode. Tests were performed at
varying RH and an operating temperature of 80 °C, as well as initial measurements at room
temperature. Similar to the three-electrode configuration, the Pt ECSA and Rxz was obtained

from data analyses using CView and ZView software by Scribner.

2.5.2.2 Fuel Cell Performance Testing
The fuel cell was connected to the FCT testing station leads to obtain performance
polarization curves under conditions of Hz (g) at the anode and O2 (g), or air, at the cathode.
The typical polarization curve (Figure 2.5) describes the reactions that occur during the life
of a fuel cell run. The power density of the curve can also be determined through

manipulation of the current density and cell voltage for any given point.

| Theoretical Cell Voltagil—;
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1.0~ Activation
— Loss
2 Total Loss
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0.0 -
Current Density (A/lcm?)

Figure 2.5. Typical fuel cell operation polarization curve comparing to the theoretical
performance.
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Chapter 3. Investigating the Ionomer in Vulcan-based Catalysts

3.1 Compositional Analyses of Fuel Cell Catalyst Materials

Once the fuel cell catalyst materials were prepared, and before performance testing,
the catalysts and preparatory materials were analyzed to determine composition, in
particular the desired ionomer loading of ca. 20 wt%. Thermogravimetric analysis (TGA)
curves were obtained for the 40% Pt/C (Premetek) SS-CCE and NBE catalysts from oven-
dried catalyst mixtures. As seen in Figure 3.1, derivative thermograms (DTG) were created
to allow for a clear representation of each mass loss. A control sample of 40% Pt/C

(Premetek) catalyst was analyzed which shows a carbon combustion temperature of ca. 340

°C and a Pt loading of 39.65%.

As seen in the DTG curve, the NBE catalyst had an initial mass loss at ca. 320 °C,
which is the total decomposition of Nafion®, in particular the sulfonic acid groups.’’ The
second mass loss, observed at ca. 380 °C, is due to the combustion of the carbon support,
which left Pt remaining as the final weight percent of 32.31%. With this information and
the total mass of catalyst tested, the amount of Nafion® within the catalyst layer was

calculated to be 19.23%, which is within the desired range.

The TGA of 40% Pt/C SS-CCE has an initial mass loss beginning at ca. 400 °C and
ranging to 600 °C, which is slightly higher than the comparators. This is attributed to the
combustion of the carbon within the catalyst layer, where the stabilizing silica network is
a factor of the temperature increase. Overall, the remaining mass of this catalyst was
52.40%, which is the fraction of Pt and silica network (SiO2 + SiO1.5) within the catalyst.

Through use of total catalyst mass and the final weight percent, approximate silica and Pt
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loadings were calculated to be 20.65% and 31.75%, respectively, which proves that the

final product has an ionomer loading within the desired range.
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Figure 3.1. 40% Pt/C SS-CCE, commercial 40% Pt/C (Premetek), and NBE material made with
40% Pt/C a) thermograms and b) derivative thermograms to determine Pt catalyst and ionomer
loading.
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Brunauer-Emmett-Teller (BET) analyses were performed to determine the specific
surface area (SSA) of the SS-CCE catalyst materials. The N2 adsorption-desorption curves
are shown in Figure 3.2 and the data is summarized in Table 3.1. Vulcan XC-72 displays
the highest SSA at 219 m%/g due to its microporous structure, which is comparable to
literature.”® With a 40 wt% loading of Pt on the Vulcan XC-72 support, the 40% Pt/C
(Premetek) material exhibited a lower SSA of 102 m?%g due in part to the mass of Pt
particles that occupy space on the carbon support. The curing process contributed by
reducing the amount of pores and ultimately reducing the SSA.5® After introducing the
silica network to the 40% Pt/C material, SS-CCE was analyzed to have a SSA of 209 m*/g.
The difference in SSA between the commercial catalyst and the SS-CCE material is due in
part to the silica network that forms a porous structure throughout the catalyst, which in
turn would increase SSA of the material. Along with the extracted SSA values, the BET
curves exhibit no hysteresis loop along with, according to [UPAC classifications, a type II
isotherm. This is typical for materials having primarily micropores and very minimal or

non-existent mesopores.>’
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Table 3.1. Summary of physical properties of the studied fuel cell catalyst materials.

Ionomer SSA Average Pt Catalyst Layer

Material

Loading (%) (m?*/g)  Crystallite Size (nm) Thickness (um)
Vulcan XC-72 N/A 219 N/A N/A
40% Pt/C (Comm.) N/A 102 2.86+0.11 N/A
40% Pt/C NBE 19.23 N/A 3.97+0.28 8.35+0.88
40% Pt/C SS-CCE 20.65 209 442 +0.52 439 +0.88
20% Pt/C SS-CCE” 32% 227 2-3 12.66 £2.20

“ Jonomer loading, BET SSA and average Pt crystallite size for 20% Pt/C SS-CCE obtained
from R. Acheampong dissertation.*

180 <
©- 40% Pt/C SS-CCE

160_- ¥~ 40% Pt/C (Commercial)
-l Vulcan XC-72

—_

N

o
]

Volume at STP/ mL g-*

Relati\.le Pressuré, P/ P

Figure 3.2. Brunauer-Emmett-Teller analyses of three fuel cell catalyst materials 40% Pt/C SS-
CCE, commercial 40% Pt/C (Premetek), and commercial Vulcan XC-72 showing both
adsorption (filled symbols) and desorption (open symbols) curves for measuring specific surface
area.
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Although the SS-CCE and NBE materials use the same 40% Pt/C (Premetek)
catalyst, the synthetic processes of both have potential to alter Pt crystallite size. Figure 3.3
displays XRD patterns of the catalyst materials, all of which have the characteristic peaks
for the five facets of face-centered cubic (FCC) Pt particles and the {002} facet in carbon.!
The Pt {220} and {111} peaks were analyzed using the Scherrer equation to calculate the
average Pt crystallite size, listed in Table 3.1. The Pt crystallite size for each material ranges
from 2.86 nm to 4.42 nm, where the slight differences can be attributed to the processes

required to prepare the catalyst materials.
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Figure 3.3. Overlaid X-ray diffraction patterns of three fuel cell catalyst materials commercial
40% Pt/C (Premetek), 40% Pt/C NBE material, and 40% Pt/C SS-CCE, including Miller Indices
of Pt and C facets.
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The cured electrodes were studied under scanning electron microscopy (SEM)
combined with energy dispersive X-ray (EDX) spectroscopy analyses. The cross-sections
of the electrodes were imaged to view the layers including the CL, MPL, and GDL,
depicted in Figure 3.4. The EDX-mapping images (Figure 3.5) allow for a more accurate
determination of the catalyst layer thickness due to the visibility of the highly concentrated
area of Pt in the CL. The thickness of the catalyst layer for three comparable electrodes is
displayed in Table 3.1: 40% Pt/C SS-CCE, 20% Pt/C SS-CCE, and 40% Pt/C NBE. The
40% Pt/C SS-CCE has the thinnest catalyst layer at 4.39 um, with the next being the 40%
Pt/C NBE at 8.35 um, each having relatively uniform surfaces as seen in the measurement
deviations. Both catalyst layers obtaining 40% Pt/C were thinner than the 20% Pt/C SS-
CCE (12.66 pm) due to the decreased amount of ionomer and catalyst used in the
preparatory steps. The 20% Pt/C SS-CCE appears to have sharp fractures along the cross-

section of Figure 3.6 c), which is due to increased silica content creating a brittle CL.

Microporous Layer (MPL)

Gas Diffusion Layer (GDL)

o 50 um

Figure 3.4. Definitive EDX sample image of a SS-CCE fuel cell electrode for determination of
catalyst layer thickness.
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b) SS-CCE
(40% Pt/C)

c) SS-CCE
(20% Pt/C)

Figure 3.5. Energy dispersive X-ray spectroscopy mapping of three fuel cell electrodes a) 40%
Pt/C Nafion®-bound electrode, b) 40% Pt/C SS-CCE, and c) 20% Pt/C SS-CCE.
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Figure 3.6. Scanning electron microscopy images of three fuel cell electrodes a) 40% Pt/C
Nafion®-bound electrode, b) 40% Pt/C SS-CCE, and c¢) 20% Pt/C SS-CCE.
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3.2 Comparison of SS-CCEs Fabricated from 20% Pt/C versus 40% Pt/C

In order to investigate if a thinner catalyst layer will enhance fuel cell performance,
electrochemical properties of materials with differing C-to-Pt ratio have been compared.
When reducing the amount of carbon black support within the catalyst material, a relative
reduction in ionomer loading occurs. The catalyst material of interest is composed of 60%
carbon whereas standard materials are comprised of 80% carbon. A comparison is shown

in Figure 3.7 displaying fuel cell performance of each material.

The polarization and power density output curves for each MEA display that 40%
Pt/C SS-CCE has a maximum power density of ca. 475 mW/cm?, whereas 20% Pt/C SS-
CCE only reaches 400 mW/cm?. This means that less carbon black within the catalyst layer
produces higher power output in the H2/O2 fuel cell configuration. The activation, ohmic,
and mass transport regions on the polarization curves show that the 40% Pt/C SS-CCE is
the superior catalyst by maintaining voltage as each region is crossed. Overall, this
comparison provides evidence that, with less carbon in the catalyst layer, the fuel cell

performance is enhanced.
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Figure 3.7. H,/O; fuel cell polarization curves comparing current density against a) cell potential
and b) power density, operating at 80°C for the symmetric MEA comprised of 40% Pt/C SS-
CCE versus 20% Pt/C SS-CCE, both with loadings of 0.2 mgp/cm?.
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Electrochemical diagnostic tests were performed, in the H2/N2 configuration, on
both 40% and 20% Pt/C SS-CCE materials starting with cyclic voltammetry (CV). Data
was interpreted and summarized into Table 3.2. 40% Pt/C SS-CCE had an
electrochemically active surface area (ECSA) of 40.81 m?/g whereas the 20% catalyst has
an ECSA of 34.62 m?/g. The pattern in the data is that as temperature increases, and relative
humidity decreases, the ECSA decreases due to poor membrane hydration and proton

conductivity.®?

Table 3.2. ECSA values from integrated hydrogen desorption region of CV’s for 40% Pt/C SS-
CCE and 20% Pt/C SS-CCE, at operating cell temperatures of 30°C and 80°C.

Cell Temperature (°C)  SS-CCE Pt Content (%) ECSA (m?%/g)
40 40.81
30
20 34.62
40 18.37
80
20 25.76

Electrochemical impedance spectroscopy (EIS) was performed, where both
Nyquist and capacitance plots are shown in Figure 3.8. Data was analyzed and Rs, at both
cell temperatures, was calculated. With knowledge that electron transport is rapid, the
resistance in the system, due to electron transport, is negligible and so from here on in it
can be assumed that Rz = Rionic.®> Analyses provided values of Rz and limiting capacitance

for each electrode material which was summarized in Figure 3.9.
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Figure 3.8. EIS data interpreted to display a) Nyquist, b) capacitance and c) normalized
capacitance plots for symmetric MEA comprised of 40% Pt/C SS-CCE versus 20% Pt/C SS-
CCE, at operating cell temperatures of 30°C and 80°C and a DC bias of 0.425 V.
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It is evident that when performing under less humid conditions, 40% Pt/C SS-CCE
has greater ability to maintain performance levels. Whereas, 20% Pt/C SS-CCE material
shows an increase in resistance when tested at lower RH and higher temperature, 80°C.
This is due to the phenomenon that a thicker catalyst layer with 20% Pt/C cannot stay as
well hydrated as a thinner one, leading to higher resistance within the material. A similar
trend was observed for the limiting capacitance data, where the 20% Pt/C material reached
much higher capacitances than 40% Pt/C SS-CCE, at low cell temperature/ high RH. The
lower capacitance in 40% Pt/C SS-CCE can be attributed to the reduction in ionomer, as
well as the material containing less carbon, both of which are highly capacitive materials.
Overall, 40% Pt/C SS-CCE displays higher stability at the two operating temperatures and
increased performance. This conclusion supports the hypothesis that using a catalyst with
a higher Pt loading/ lower C content allows for thinner catalyst layers and enhances

performance capabilities.
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Figure 3.9. Comparison of EIS-derived data showing a) total resistance and b) limiting
capacitance for the symmetric MEA comprised of 40% Pt/C SS-CCE versus 20% Pt/C SS-CCE
at cell operating temperatures of 30 °C and 80 °C.
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3.3 Electrochemical Comparison of Ionomers in 40% Pt/C Catalyst Layers

3.3.1 Studying Temperature Dependence on Different lonomers

As previously shown, a thinner catalyst layer increases fuel cell performance of the
SS-CCE. To gain a better understanding of the 40% Pt/C SS-CCE material it will be
compared to a standard Nafion® containing electrode, 40% Pt/C NBE. Both materials of
interest were analyzed through CV and EIS at room temperature (ca. 30 °C) to observe
performance at low temperature and high RH. The cyclic voltammograms for both
materials are displayed in Figure 3.10 and were analyzed to find the ECSA of SS-CCE and

NBE to be 40.81 m?/g and 43.93 m?/g, respectively, as seen in Table 3.3.
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Figure 3.10. Cyclic voltammetry of symmetric MEAs with 40% Pt/C SS-CCE and NBE tested
at room temperature under conditions of Hx(g) at the anode and N»(g) at the cathode.

41



EIS data at room temperature is shown in Figure 3.11 which displays that NBE and
SS-CCE materials obtain similar capacitance and resistance. This is due to both ionomer
materials obtaining similar functionalities, such as the sulfonate groups. Normalized
capacitance plots displayed in Figure 3.11 ¢) provide a visual representation of the different
Warburg regions for each material which proves that each MEA obtains slightly different
diffusion reaction relations due to the different microstructure of the materials, in particular

the ionomer.
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Figure 3.11. EIS of symmetric MEAs with 40% Pt/C SS-CCE and NBE tested at room
temperature under conditions of N»(g) at the cathode and H»(g) at the anode at a DC bias of 0.425
V.
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Cyclic voltammograms of each MEA, at 30 °C and 80 °C, are displayed in Figure
3.12. In general, at 30 °C the ECSA is larger than when tested at 80 °C. A contributing
factor to this would be flooding that occurs at 80 °C cell temperature. This would inhibit
mass and electronic transport within the MEA.® Table 3.3 displays the ECSA’s of each
MEA at both cell temperatures. The difference in ECSA of 55.0% for SS-CCE and 37.8%
for NBE from 30 to 80 °C can be attributed to the increased water content. SS-CCE is more
hydrophilic, which explains the loss in ECSA due to flooding occurring, and causing

degradation of the Pt catalyst.

Table 3.3. Electrochemically active surface area calculated from CV data for the symmetric
MEA comprised of 40% Pt/C SS-CCE versus 40% Pt/C NBE at operating temperatures of
30°C and 80°C.

Cell Temperature (°C) Catalyst ECSA (m?%/g)
SS-CCE 40.81
30
NBE 43.93
SS-CCE 18.37
80
NBE 27.27
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Figure 3.12. Cyclic voltammetry of symmetric MEAs with 40% Pt/C SS-CCE and NBE tested
at room temperature and 80 °C under conditions of N»(g) at the cathode and Ha(g) at the anode
at a sweep rate of 50 mV/s.
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Figure 3.13 shows that there are fewer differences in the EIS response of the SS-
CCE when measured at 30 and 80 °C, which indicates its hydration state has not changed
significantly. As seen in the Nyquist plot Figure 3.13 a), the SS-CCE data nearly overlaps
at high and low operating temperatures. The similarity in SS-CCE at both temperatures is
also seen in the Warburg region, being most visible in the normalized capacitance plot
Figure 3.13 c), whereas the NBE material shows clear differences in this region. The
shorter Warburg length at higher temperature indicates that the NBE has improved catalyst
layer proton conductivity at elevated temperatures.>* From the high and low cell
temperature comparison, the SS-CCE catalyst layer shows far less variability and is more

reliable when expected to perform at varying temperatures.

Both Rs and limiting capacitance were extracted from the EIS data and displayed
in Figure 3.14. The resistance of the SS-CCE MEA remains much more stable than that of
the NBE material when comparing the data at high and low temperatures. At 80 °C, the
NBE material obtains the lowest resistance of the comparators. NBE displays slightly
larger capacitive abilities than SS-CCE at 0.425 V at both operating temperatures. Since
both electrodes contain similar amounts of capacitive materials, carbon support and
ionomer, it is understandable that the capacitive abilities are near to each other. At both

cell temperatures, water content remains to be a barrier for the SS-CCE catalyst layer.
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Figure 3.13. EIS of symmetric MEAs with 40% Pt/C SS-CCE and NBE tested at room
temperature and 80°C under conditions of N»(g) at the cathode and H»(g) at the anode at a DC
bias of 0.425 V.
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Figure 3.14. Comparison of EIS-derived data showing a) total resistance and b) limiting
capacitance for the symmetric MEA comprised of 40% Pt/C SS-CCE versus NBE at cell
operating temperatures of 30 °C and 80 °C.

As predicted, both materials perform similarly in the fuel cell at low operating
temperature. Although NBE has a larger ECSA and lower resistance at 80 °C, the SS-CCE
is more stable when cell temperature is altered. Due to the Pt/C catalyst being surrounded
with an integrated sulfonated — silica network, there is greater durability than NBE.
Nafion® is not able to form a network, like that of SS-CCE, being that the ionomer is

commercially prepared prior to mixing with the Pt/C catalyst.

3.3.2 Studying Relative Humidity Dependence on Electrochemical Characteristics

In the full cell, symmetric configuration, both materials were tested through CV to
determine the ECSA. Figures 3.15 a) and b) display cyclic voltammograms at varying
relative humidity (RH) of the input gases, for SS-CCE and NBE materials. Although there
was not a vast range in variation, both materials at low RH display a plateau in ECSA

values. This pattern can be seen in Figure 3.15 ¢) which compares ECSA versus RH for
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both SS-CCE and NBE materials. The ECSA decreases as the RH decreases due to low
proton conductivity. Also visible in the comparison is that the NBE generally maintains
higher ECSA than the SS-CCE system at all RH. Since the Pt loadings were verified to be
nearly equivalent through TGA, the difference in ECSA can be attributed to SS-CCE

having poorer proton conductivity than the NBE.

In Figure 3.13, the EIS data for NBE at varying RH showed data at 20% RH to be
incomprehensible, since it exceeded the limits for the rest of the data. A similar occurrence
was seen for SS-CCE at both 20% and 40% RH, where EIS data was outside reasonable

limits, leading to the inability to accurately calculate Rs.
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Figure 3.15. Cyclic voltammograms at 50mV/s for symmetric MEA tested at 80 °C made with
40% Pt/C a) NBE and b) SS-CCE tested at varying relative humidity with N (g) at the cathode
and H» (g) at the anode, with ¢) summarized ECSA data versus RH for each MEA.
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EIS data, for NBE materials at RH 40% to 100% and for SS-CCE at RH 60% to
100%, is displayed in Figures 3.16 and 3.17, respectively. The NBE material reacts
similarly at 80% and 100% RH which is apparent when looking at the Warburg region, but
reactions differentiate at RH 60% and 80%, as visible in the Nyquist plots. The capacitance
decreases as the RH decreases, due in part to the decreased water content. This is similar
to the lower capacitance seen at lower temperature in the previous temperature dependence
study. The NBE material conducts ions and fuel gasses with fewer barriers than SS-CCE

at a cell temperature of 80 °C.%

In comparing the SS-CCE data, the Warburg region appears similar to the NBE
material, but does not show much variation when the RH increases from 60% to 100%.
This coincides with previous data showing that the silica network is less sensitive to

variation in the testing conditions, i.e. RH.
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Figure 3.16. EIS comparison for NBE tested at varying relative humidity in Nx(g) / Ha(g)
configuration displaying only high RH a) Nyquist, b) capacitance and ¢) normalized capacitance
plots measured at a DC bias of 0.425 V.

52



-20

a)
-15 &
T |
O .10
)
N
5+
0 —
12
I b)
T o
2 -
£ °
S st
c
§
£ 4
©
g |
0— : { : | :
10 | <)
o 0.8 . -
ge | Relative Humidity
= Sost at Anode & Cathode
Es T —o— 100%
O ©04f J —— 80%
Z 0 é
B 000 4 60%
02 T ¢
| &
0'0 l 1 l 1 l 1
0 1 2 3
Z' (Q cm?)
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The data interpreted from the EIS plots is summarized in Figure 3.20 and compared
at each RH, where Rx could not be accurately determined at low RH. Within the NBE, Rs
decreases as RH increases, whereas Rx for the SS-CCE appears to remain stable at varying
RH. This further proves that the SS-CCE material can provide more reliable performance
when altering the RH of the inlet gas, at a cell temperature of 80 °C. The limiting
capacitance values display that SS-CCE has similar but low capacitance compared to the
NBE at all RH. Through this comparison, it is clear that NBE shows a steady incline of
capacitance at 0.425 V as RH increases. It is also observable that the SS-CCE displays
stability in capacitance capabilities at higher RH values. Therefore, SS-CCE is able to
provide steady results at varying RH meaning it obtains materials of greater stability with

similar performance capabilities as NBE.
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Figure 3.18. Comparison of EIS - derived data at a DC bias of 0.425 V and a cell temperature
of 80 °C displaying the a) total resistance and b) limiting capacitance of symmetric MEAs with
40% Pt/C SS-CCE and NBE.
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3.3.2.1 Studying the Effects of Cathodic Inlet Gas on Fuel Cell Performance
Fuel cell performance was assessed by feeding Hz (g) at the anode and Oz (g), or
air, at the cathode, while scanning from 1.0 V to 0.2 V and measuring current output.
Figures 3.19 and 3.20 display the current density versus cell potential, and power density,
polarization curves for the NBE material with Oz (g), and air at the cathode, respectively.
For both cathodic gasses, it is apparent that decreasing RH also decreases the peak power
density. This trend shows that, with less humidity, there is less water content to aid in mass

and ion transport.

The primary difference in the collected data is that the peak power density decreases
ca. 45%, at 100% RH, when flowing air at the cathode, versus Oz (g). The decrease in
output when testing under air is due to the decrease in Oz (g) that is available to react at the
Pt active sites. Although the air flow input is five times greater than that of oxygen, there
remains inefficiencies which mimic complications seen when implemented in real-world

applications, such as fuel cell electric vehicles.
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Identical to the NBE fuel cell testing protocol, the SS-CCE material was tested with
O2 (g) and air at the cathode, as seen in Figures 3.21 and 3.22. The polarization curves for
both cathodic gases display that activity is poor at low RH and it remains stable at high
RH. This trend is seen in the electrochemical studies in the H2/N2 configuration, where at
higher RH the material was able to put out comparable performance without much decline
in activity. Once tested at lower RH, 40% and 20%, a decrease in activity was present due

to reduced water content.

The decline in peak power density between cathodic gases is slightly lower than
that of the NBE with a ca. 38% decrease when changing the cathode gas from O: (g) to air.
This decline in activity can be explained by the lower Oz (g) percentage present for the

ORR to occur, at the cathode.
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The peak power density for each material under both cathode gas conditions are
compared in Figure 3.23. The NBE observed a ca. 47% decline from pure Oz (g) flowing
at the cathode to air. For SS-CCE materials, the decline in maximum power density from
O2 (g) to air was ca. 32%. Although NBE materials out-perform SS-CCE, under both
cathodic gas conditions, there is a major difference in the performance of the NBE when
provided different amounts of Oz (g). This provides an example of the enhanced versatility
of the SS-CCE material, when compared to conventional Nafion®-bound materials. SS-
CCE is capable of maintaining activity when tested with pure Oz (g) as well as when

reducing the amount of Oz (g) available to the cathode (i.e. flowing air).
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Figure 3.23. Maximum power densities of symmetric MEAs with 40% Pt/C SS-CCE and NBE
tested at an operating temperature of 80°C with 100% relative humidity comparing O, (g) versus
air at the cathode.
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Peak power density for both electrode materials, displayed in Figure 3.24, and
ECSA normalized peak power density is compared at every RH of interest. When
comparing raw power density in both Oz (g) and air, it is evident that the SS-CCE material
obtains a higher tolerance to RH variation. At lower RH there is a decline in activity seen
for both electrode materials, where NBE has a steady decline through all RH, at both

cathodic gases.

When comparing, ECSA normalized, peak power density, the SS-CCE material
acquired similar peak power density as the NBE, at most cell RH. This pattern is seen for
both O2 (g) and air at the cathode. It obtains minimal variation, throughout each RH, in
peak power density output, per mass of Pt. These data prove that the SS-CCE material
provides comparable activity per ECSA of the material and is on par with activity of
conventionally-used NBE materials. Therefore, the SS-CCE is a suitable replacement for

Nafion® within the catalyst layer, at both the anode and the cathode of a PEMFC.
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3.4 Summary

The ionomer loading for 40% Pt/C SS-CCE was determined to be ca. 20 wt%. BET
analyses showed that the SS-CCE material had a higher SSA than that of the commercial
catalyst, proving that it had a highly open structure which should provide good access to
catalyst sites. SEM measurements showed that the CL thickness for 40% Pt/C SS-CCE was
considerably thinner than the 20% Pt/C SS-CCE. Because of this, the 40% Pt/C SS-CCE
had higher PEMFC performance and showed less variation. The ionomer and carbon
network in 40% Pt/C SS-CCE display great stability in EIS data at both cell temperatures.
Less resistance is seen in the 40% Pt/C SS-CCE, as well as low capacitance. Since 40%
Pt/C contains less carbon than 20% Pt/C, less carbon support and ionomer are present,

leading to lower capacitance at the double layer region.

At 100% RH, both 40% Pt/C SS-CCE and NBE materials have a lower ECSA,
when tested at 80 °C compared to room temperature. This is due to higher water content
within the system, which affects transport efficiency, that is not seen as readily when tested
at room temperature. At both temperatures, SS-CCE shows to have low variation in catalyst

layer resistance, while the NBE showed more significant variation.

The SS-CCE was also more stable than the NBE when the RH was varied (at
constant cell temperature). Although ECSA was generally lower than that of NBE, SS-
CCE proved to have less variability in results when tested using varied RH of inlet fuel and
oxygen. When varying the percent of oxygen present at the cathode, the SS-CCE showed
greater stability, again, throughout fuel cell performance testing. While the 40% Pt/C NBE
displayed higher maximum performance than the SS-CCE, the SS-CCE material showed

greater durability and its performance was far less sensitive to variation in operating
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conditions. This could be an important benefit in real-world operation of PEMFCs, where

the temperatures and operating conditions are less controlled.

Overall, 40% Pt/C SS-CCE is superior to the predecessor 20% Pt/C SS-CCE, and
has similar capabilities to 40% Pt/C NBE MEA. Due to the thinner catalyst layer, that
utilizes a uniform, and stable ionomer, 40% Pt/C SS-CCE is able to transport mass and
ions more efficiently. Although hydrophilicity remains the barrier of the SS-CCE, the MEA
is able to perform with stable power output throughout a range of testing conditions. This
includes cell temperature, RH and Oz (g) content at the cathode. The material of interest,
SS-CCE, is the more reliable choice when looking at the fraction of carbon support, as well

as the ionomer network, within the CL.
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Chapter 4. Studying Non-Vulcan Based Catalyst Support

The other component of interest, in this work, is the carbon support and
understanding how its morphology and surface area influence catalyst activity. To examine
this, an ordered mesoporous carbon (OMCis) was synthesized and compared with the
conventional Vulcan XC-72 carbon support. For these experiments, Nafion® was used as

the ionomer, after which we can ascertain if OMCis has potential for use in a SS-CCE.

4.1 Morphology and Composition of Carbon Materials
BET analyses were performed to determine SSA and average pore size of the OMCis
materials. Figure 4.1 displays the N2 adsorption-desorption isotherms for OMCis and Pt

deposited onto OMCis.

When analyzing the BET isotherms, the first indication of a high surface area
material is volume of N2 (g) that has been adsorbed per mass of material, at standard
temperature and pressure. The isotherms provided BET SSA’s, tabulated in Table 4.1,
being 1129 and 778 m*/g for OMCis and Pt/OMCis. In comparison, SSA values for
commercial carbon materials were 219 and 210 m?g for Vulcan XC-72 and 20%
Pt/Vulcan, respectively.®® The major contributor to such a large SSA for the OMCis s its
high porosity. This affirms synthesis of the desired material. With Pt deposited onto
OMCis, the SSA is reduced due to synthesis methods and Pt particles blocking available
pores. Barrett-Joyner-Halenda (BJH) analysis was used to estimate average pore size of
OMCis to be 3.6 nm, whereas literature states that Vulcan XC-72 has a mean pore diameter

of 10.4 nm.% This is due to OMCi1s having primarily mesopores, and Vulcan a combination
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of micro- and mesopores.®’ The isotherm for OMC1s has a Type II IUPAC classification
and shows to have a type Ha hysteresis loop. The hysteresis indicates the presence of

mesopores that obtain a narrow-slit shape.>
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Figure 4.1. Brunauer-Emmett-Teller analyses of OMC,s and Pt/OMC;s showing both adsorption
(filled symbols) and desorption (open symbols) curves for measuring SSA.
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Table 4.1. Summary of physical properties of the studied catalyst materials.

SSA Weight Percent Pt on Average Pt
Catalyst
(m?/g) Carbon Support (%)  Crystallite Size (nm)
Vulcan XC-72 (Comm.) 219 N/A N/A
20% Pt/Vulcan (Comm.) 210¢ 2290 +2.37 2.37+0.43
OMC;s 1129 N/A N/A
Pt/OMCi;s 778 31.65+2.62 325+0.13

“BET SSA for 20% Pt/Vulcan obtained from J. Kaiser et al.%

Figure 4.2 displays thermograms, and their derivatives, for OMCis materials and
the commercial Pt/Vulcan comparator. After combustion at 1000 °C, OMCishad a residual
mass of 0.02 wt% =+ 6.25, which was attributed to the non-combustible SBA-15 template,
that was utilized in the OMCis synthesis. Pt/OMCis was determined to have 31.65 wt% =+
2.62 of Pt deposited, which is higher than the desired 20 wt%. Pt/Vulcan (commercial) was
determined to have 22.90 wt% + 2.37 deposition, which is near the provided value of 20

wt%.

The carbon combustion temperatures for each material varies due to the amount of
Pt deposited on the support. With Pt deposited onto carbon, the carbon combustion
temperature decreases. The onset of combustion for OMCis occurred at ca. 450 °C, whereas
the onset of combustion within Pt/OMCis occurred at ca. 300 °C. Similarly, 20% Pt/Vulcan
has a carbon combustion temperature at ca. 300 °C. The derivative thermograms display
that OMCis and 20% Pt/Vulcan have similar rates of carbon combustion, which are quite
rapid. On the contrary, 32% Pt/OMCis has a carbon combustion rate much slower and more

gradual over the temperature increase.
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Figure 4.2. OMC;s, Pt/OMC;s, and 20% Pt/Vulcan (commercial) a) thermograms and b)
derivative thermograms to determine Pt loading and residual silica template.

A comparison of SEM imaging for the different carbon supports, OMCis and
Vulcan XC-72, is seen in Figure 4.3. The OMCis morphology appears to have more rod-
like agglomerates that have visibly larger pores between them. These agglomerates have a

wide variation in size and shape, with evidence of wide-mouthed surface pores. Vulcan
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carbon appears to have a uniform surface with spherical shaped particles, which is similarly

seen in literature.®®

Figure 4.3. Scanning electron microscopy images of Pt/OMC;s and 20% Pt/Vulcan
(commercial).

XRD patterns, in Figure 4.4, show that Pt face centered cubic (FCC) peaks are

sharper and larger for Pt/OMCis than that of Pt/Vulcan. This indicates the Pt crystallite
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sizes are larger.%’ Also present in the XRD patterns is the peak shift seen both in the OMCis
{002} carbon facet and the Pt/OMCis {111} and {220} platinum facets. A shift in the XRD
peak means that there is lattice strain. A peak shift towards a higher angle means there is
compressive lattice strain, whereas a shift towards lower angles is indicative of expanded
lattice strain.”® OMCis is a less graphitic carbon than Vulcan XC-72, indicated by the peak
sharpness at the C {002} peak.”’ It also appears to have a lattice strain of expansion,
whereas Pt/OMCis has a compressive lattice strain, compared to commercial material.
Platinum crystallite size was estimated using the Scherrer equation for both Pt {111} and
{220} peaks. The average crystallite size of Pt, seen in Table 4.1, was calculated to be 2.37

nm + 0.43 and 3.25 nm + 0.13 for 20% Pt/Vulcan and 32% Pt/OMCis, respectively.
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Figure 4.4. Overlaid X-ray diffraction patterns of Vulcan (commercial), OMC;s, 20% Pt/Vulcan
(commercial) and Pt/OMC;s, including Miller Indices of FCC Pt and graphitic C facets.
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4.2 Electrochemical Studies on OMC;s Materials

Both platinized carbon materials were characterized through electrochemical testing.
CVs of each are plotted in Figure 4.5, where each electrode employed the same mass of Pt,
which led to a lower carbon content in the Pt/OMCis deposition. This is evident when
looking at the double-layer region of the CV, with only half the amount of OMCis than
Vulcan, in each deposition, the double-layer capacitance (i.e. 0.425 V vs RHE) is equal.

This indicates a very large capacitance present within the Pt/OMCis catalyst.

The ECSA of each catalyst was calculated, where Pt/OMCis has an ECSA of 12.3
m?/g and Pt/Vulcan 76.7 m?/g, seen in Table 4.2. The difference in the ECSA of these two
catalysts was quite surprising given that XRD analyses indicate the Pt crystallite sizes are
similar in size. This indicates that the utilization of the Pt surface area, in the Pt/OMCis, is

quite poor. The reason for this poor utilization is not apparent from the CV.
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Figure 4.5. Cyclic voltammograms at 100 mV/s in a three-electrode cell configuration with 20%
Pt/Vulcan and Pt/OMC;s deposited on a glassy carbon WE, a Pt wire CE and a Hg-HgSO4 RE
tested in N, (g) purged 0.5 M H,SOs.

RDE data for the ORR at the two catalysts is seen in Figure 4.6. This shows that
the large difference in ECSA entails lower Pt/OMCis ORR activity, compared to
commercial 20% Pt/Vulcan. Although ORR activity is low, it is better than expected given
low Pt utilization. The onset potential for the ORR is determined by finding the potential
at the current density of 0.1 mA/cm?. Summarized in Table 4.2, the onset potential for
Pt/Vulcan is 1.049 V, whereas that for Pt/OMCis is 0.991 V, with the theoretical oxygen
reduction potential being 1.23 V vs RHE.”>”* This ORR onset overpotential of ca. 0.2 V vs

RHE is commonly observed with Pt catalysts. This is thought to be due to the strong
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binding theory, where adsorbed *O and *OH species, from the reduction reactions, are

adsorbed on the Pt surface, rendering those active sites unattainable for the O2 (g).!>7?
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Figure 4.6. Linear sweep voltammograms at 5 mV/s and a rotation rate of 900 RPM in a three-
electrode cell configuration with 20% Pt/Vulcan and Pt/OMC,s deposited on a glassy carbon
WE, a Pt wire CE and a Hg-HgSO4 RE tested in N, (g) purged H,SO..

Table 4.2. Summary of electrochemical results from CV and ORR LSV.

Catalyst Material Eonset E1» ECSA 1900
(Vvs RHE) (V vs RHE) (m? g (mA/cm?)

Pt/OMC;s 0.991 0.852 12.3 -0.816

20% Pt/ Vulcan 1.049 0.880 76.7 -1.510
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With roughly 1/6™ ECSA on Pt/OMCis than Pt/Vulcan, it is expected to have a
lower activity towards ORR. Although Pt/OMCis does have lower activity, the current
density at 900 mV (iso0) is half of that for Pt/Vulcan. This indicates that the *O and *OH
species block more Pt active sites on Pt/Vulcan than on Pt/OMC;s. This could be due to
the carbon support, OMCis, allowing greater adherence of the reactant species. The half-
wave potential for Pt/Vulcan, 0.880 V vs RHE, and Pt/OMC;s, 0.852 V vs RHE, continue
to present a higher ORR activity with Vulcan as the catalyst support. Although ORR
activity is higher with Pt/Vulcan, Pt/OMCis displays a promising comparison having

similar activity even with a lower ECSA of Pt.

To test durability, each catalyst was subjected to an accelerated stress test (AST).
The AST used here involved cycling the potential 5000 times between 0.0 and 1.2 V vs
RHE, while periodically assessing electrode health by CV and EIS. Figure 4.7 displays
CV assessments for each catalyst. As seen in the initial CVs, the ECSA for Pt/OMCis is
considerably lower than Pt/Vulcan. A comparison of the ECSA values is displayed in
Figure 4.8. This shows that both catalysts observe a decline in ECSA throughout AST.
When compared at a percentage of initial ECSA over the cycle numbers, Pt/OMCis

displays a ca. 79% loss, whereas Pt/Vulcan has an ECSA loss of 48% from initial.
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Figure 4.7. Cyclic voltammograms at 100 mV/s in a three-electrode cell configuration with a)
20% Pt/Vulcan and b) Pt/OMC;s deposited on a glassy carbon WE, a Pt wire CE and a Hg-
HgSO4 RE tested throughout AST in N (g) purged H2SOs.
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EIS studies at the double layer region, seen in Figures 4.9 and 4.10, display Nyquist,
capacitance, and normalized capacitance plots for Pt/Vulcan and Pt/OMCis, respectively.
There is not much change seen in the Nyquist plot for Pt/Vulcan, other than an initial

decrease before hydration of the catalyst layer occurred.”* The Warburg length remains
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stable throughout AST. The capacitance plot displays a slight decrease in limiting
capacitance, which is attributed to change within the Vulcan carbon support. The resistance

within the carbon remains stable, as seen in the normalized capacitance plot.

Nyquist data from EIS testing of Pt/OMCis shows minimal change in resistance of
OMCis. Limiting capacitance remains stable throughout AST, which indicates high
stability of OMCis. Pt/OMCis acquires a much larger limiting capacitance, at ca. 12
mF/cm?, than that of Pt/Vulcan, at an average of ca. 8 mF/cm?. Normalized capacitance

data further indicates no change to resistance within the carbon support throughout testing.

Summarizations of the EIS data is seen in Figure 4.11 a) and b), where the
degradation patterns are displayed throughout each 1000 cycle step. Both carbon supports
appear to have a slight increase in Rs (i.e. ionic resistance), but remain fairly stable over
time. Limiting capacitance of each catalyst support also remain quite stable, with a slightly
larger decrease in Vulcan after 5000 cycles. This comparison demonstrates that, although
Vulcan is known to be a very stable material”®, the very high surface area OMCis has less

degradation over a period of 5000 cycles.
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decrease in ECSA must be attributed to Pt ripening, dissolution and agglomeration.

Since the EIS data indicates a stable carbon support found within both catalysts, the

75,76

This is explicitly apparent within the Pt/OMCis catalyst that shows a large decrease in

ECSA, throughout AST, but obtains an inherently stable carbon support. This is likely due

to the lack of defects on OMCis. Defects are generally oxygen containing functional groups

on the carbon surface. During deposition, Pt interacts with these sites, leading to stronger

attachment of Pt nanoparticles (NPs) to the carbon surface. Without good adsorption of Pt

onto OMCis, the Pt will readily dissociate and either agglomerate to form larger and less

active Pt NPs, or it will leach into the electrolyte solution.
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Figure 4.11. Comparison of EIS - derived data at a DC bias of 0.425 V displaying the a) total
resistance and b) limiting capacitance of both 20% Pt/Vulcan (commercial) and Pt/OMC;s.

ORR activity was recorded before and after 5000 cycles of CV, summarized in table

4.3. A change in activity is observed for both catalysts, where both the onset potential and
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half-wave potentials decrease. The half-wave potential for Pt/Vulcan declines by 0.035 V,
after 5000 cycles, whereas Pt/OMCis has a decrease of 0.116 V. The difference in onset
potential for Pt/Vulcan is 0.063 V, and that for Pt/OMCis is 0.045 V. Linear sweep

voltammograms were analyzed to obtain the summary, seen in Figure 4.12.

Table 4.3. Summary of electrochemical results for testing Pt/OMC;s and 20% Pt/Vulcan
before and after AST.

Pt/OMCis 20% Pt/ Vulcan

Before AST  After AST Before AST After AST

Eonset (V vs RHE) 0.991 0.945 1.049 0.986
A Eonses (V vs RHE) 0.045 0.063

Ei2 (V vs RHE) 0.852 0.736 0.880 0.845
A E12 (Vvs RHE) 0.116 0.035

iso0 (MA/cm?) -0.816 -0.253 -1.510 -0.814
A isgo (mA/cm?) -0.562 -0.696
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electrode cell configuration with 20% Pt/Vulcan and Pt/OMC;s deposited on a glassy carbon
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4.3 Summary

SEM images of OMCis show large vacancies and surface depth variations, making it
an uneven surface. With a rougher surface, it might be difficult to deposit Pt, being that
nucleation sites may be obstructed with other agglomerates, or hidden within the crevices.
ECSA values indicate that Pt utilization appears to be low for Pt/OMCis, due to either
proton or electron transport inefficiencies, at the few available Pt sites. The lattice strain,
seen in the XRD patterns, within OMCis may contribute to poor Pt anchoring to any
available nucleation sites. This means there may not be enough defects on the OMCis

surface, which ultimately would lead to the larger Pt particles forming.

Although synthesis is proprietary, the Vulcan surface appears to be highly uniform
with greater accessibility to nucleation sites. The uniform surface is visible on the SEM
image, showing few crevices and primarily micropores. This would benefit the Pt
adsorption process during deposition, leading to great ECSA values of Pt/Vulcan. This
provides grounds for a strong support-to-catalyst interaction, whereas OMCis displays low

ECSA due to poor Pt anchoring.

Overall, OMCis shows to be a characteristically highly capacitive material. Although
TGA concluded that the catalyst is 32% Pt/OMC;s, the Pt itself was not well anchored to
the support. This led to Pt dissolution and agglomeration which ultimately gave poor
ECSA. ORR activity was surprisingly unaffected by the low ECSA, which could be due to
the lattice strain in OMCis. The carbon support itself appeared to be stable when put under
the electrochemical stress test. The issue is that the OMCis lacks defects and good
nucleation sites, being heteroatoms, particularly O. Therefore, the OMCis may need to be

doped with oxygen in order to enhance Pt adsorption so that it can perform as a fuel cell
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catalyst. Along with this, the Pt NPs are very similar in size to the pore diameter. This
could lead to difficulty in accessing any Pt within the pores of OMCis. Whereas, Pt/Vulcan
has good Pt utilization because the average pore diameter is about four times larger than

the Pt NPs.

Given the lack of defect sites and the small pore sizes, OMCis appears to be a poor
choice for an electrocatalyst support, for the PEMFC. In future, OMC’s with larger
mesopores, on the order of 10+ nm, may be better suited for fuel cells. However, due to the
high surface area and large capacitance of OMCis, this material has potential in
supercapacitor applications. Being able to hold charge, while remaining stable, suggests

that this very interesting high SSA carbon may be useful in other fields.
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Chapter 5. Conclusions and Future Directions

The overall goal of this research was to better understand the role of carbon support
within SS-CCEs. To do this, I first modified the Pt-to-C ratio in an SS-CCE using a Vulcan
based catalyst. 40% Pt/C SS-CCE allowed for preparation of a thinner CL, which was able
to out perform the MEA with a thicker CL, 20% Pt/C SS-CCE. This supported that the
hypothesis of creating a smaller barrier for H" and ¢ permeability provided increased

efficiency, and therefore enhanced performance.

Continued studies on the SS-CCE compared the ionomer and binder to the
conventionally Nafion®-bound electrode. While the performance of SS-CCE made from
40% Pt/C was not greater than that of the NBE, it did prove to be less sensitive to variation
in operating conditions. Although 40% Pt/C SS-CCE displayed decent performance, and
stability, over a wide range of operating conditions, accelerated stress tests (AST) will aid
in further understanding the durability of the material. Recent AST studies on 20% Pt/C
SS-CCE have shown that the silica network indeed increases durability, through stabilizing
the catalyst which reduces carbon corrosion reactions in the CL.”” In order to test durability
of the material, a similar AST method, as the one implemented for OMCis, could be
applied. The scanned potential of 0.05 to 1.35 V vs RHE would provide appropriate
conditions to study carbon corrosion and Ostwald ripening of Pt NP.”® Performing the AST
in a PEMFC configuration would also be beneficial and enable direct assessment of its

impact on fuel cell performance.

Through implementation of the higher potential range AST protocol, studies have
shown that whilst using a hydrothermal synthetic route, the SS-CCE MEA is able to out-

perform a NBE MEA, both before and after 5000 cycles.*® The SS-CCE using 20% Pt/C,
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in that study, also shows to have a higher ECSA of Pt, with a much lower percent loss after
the 5000 cycle AST. Knowing that 40% Pt/C SS-CCE provides a thinner catalyst layer and
enhanced performance, compared to that using a 20% Pt/C, it may be beneficial to try the
hydrothermal method in preparation of a new catalyst layer.*** Along with this, the
ionomer-to-carbon ratio is something that was optimized, but materials could always
benefit from further optimization studies. Therefore, if preparing a new SS-CCE catalyst,
one would benefit from using 40% Pt/C in a total of < 20% silane ionomer, all within an
autoclave reactor where the hydrothermal method may take place. These steps would
further enhance PEMFC performance, with the removal of Nafion® from the CL altogether,

and optimizing CL thickness.

Subsequently, I examined a novel carbon support material, OMCis. An OMCis was
selected due to its ordered mesoporosity, which could be beneficial for the SS-CCE. The
OMCis was synthesized, after which Pt was deposited. It was first tested to discover the
possible benefits of a highly porous and large SSA carbon, as a Pt support. Although the
results were not expected, it was discovered that OMCis, as a support, aided the ORR,

which could be means of further research, altogether.

When using OMCis, compared to Vulcan, slightly less variation is seen in the
electrochemical results, throughout the duration of stress testing. This indicates that OMCis
has great stability. Future AST measurements should employ a higher upper potential limit
(e.g. 1.5 V) in order to determine if the OMCis is less prone to carbon corrosion compared

to Vulcan carbon.

In order to combine Pt/OMCis with SS-CCE, optimization of the Pt/OMCis catalyst

must be continued. One procedural step that needs modification is the deposition of Pt onto
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the OMCis support. Different methods have proven to be successful when depositing Pt,
or Pt alloys, onto a carbon support, including: chemical vapour deposition, Pt NP synthesis
and deposition with use of a stabilizer, magnetron sputtering method, partial galvanic
replacement of Ni by Pt, and many more.”? Before finding an appropriate Pt deposition
technique, this may require OMCis surface modification with other elements, similar to
nitrogen-doped carbon nanotubes, which enhances Pt deposition and stability.”® To
complete the attempt of implementing Pt/OMC as a fuel cell catalyst, there are other forms
of mesoporous carbon that can be used in place of OMCis. This includes OMCie, that
obtains a higher surface area from a larger surfactant precursor, as well as colloid imprinted
carbons, synthesized through silica colloid imprinting.®> Along with those, TKK carbon is
a high SA Ketjenblack®-based material that showed promise when implemented in a
NBE.# The study provided evidence that utilization of such carbon, with 47% Pt, can
enhance PEMFC activity, greatly. Leading to the final potential barrier, within the OMCis,
the amount of Pt deposited. Optimizing the Pt-to-C ratio in the catalyst layer may alter

electronics between the Pt and C enough to observe more expected results.

Since OMCis posed a great challenge for implementation into a PEMFC, it may be
useful to study the material in other fields. Ones that require an inexpensive, stable and
high SSA material. Although the material is not useful in energy conversion, it may have
useful properties in energy storage, such as in the ever-growing supercapacitor application.
Since it is not out of sight to be able to store energy, OMCis may also be useful in storing
pollutants. Although binding sites on OMCis remains an issue, further investigation may
provide an inexpensive and environmentally-friendly replacement to conventional

materials.??
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Both SS-CCE and OMC 5 materials, on their own, exhibit low ECSA when tested, but
obtain similar, or remarkable, activity when implemented in the PEMFC, or for the ORR,
compared to commercial standards. They also both exhibit high capacitance, with low
variation, at different operating conditions. When OMCis is used within SS-CCE, it is
presumed a very large capacitance will be present. This provides means for future work on
supercapacitor capabilities. Knowing that SS-CCE is stable at varying temperature and RH,
and OMC:s is stable under electrochemical stress tests, both in acidic media, it is reasonable
to assume that when combined they will show resilience under different operating
conditions. Overall, the future goal will be to determine whether, or not, the combination

of OMCjs with the SS-CCE material would be a success.
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