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ABSTRACT
Investigation of Morphology and Proton Conductivity in Proton Exchange

Membranes under Variable Operating Conditions by Atomic Force Microscopy

by

Nicholas John Economou

Nafion represents the most commonly employed and well characterized
proton exchange membrane (PEM) used in fuel cells, however structural models
which explain its physical properties are oversimplified and incomplete. In this work
we use a combination of tapping mode and conductive probe (cp) Atomic Force
Microscopy (AFM) to investigate the nanoscale morphology and proton conductivity
of Nafion. By conducting imaging at a wide range of relative humidity, we were able
to characterize Nafion from extensively dehydrated to liquid equilibrated states.
Rather than an even swelling of hydrophilic clusters, we see an uneven dehydration
of the surface at low hydration and a rearrangement to form a network of cylindrical
inverted micelles at high water content. A statistical analysis of these features
allowed us to match them with previous x-ray scattering data and develop a model of
Nafion which is valid at large length scales and consistent over a wide range of water

contents.



Comparison of this model system to new membrane materials has allowed us
to better understand the structure-property relationship in these systems. We next
investigated Hyflon, a short side chain analog of Nafion and found that in contrast to
Nafion it is able to swell reversibly through a dilation and contraction of hydrophilic
clusters with minimal rearrangement and retain more hydrophilic character at the
surface at dehydrated conditions. Investigation of new multi-acid sidechain
membranes was also conducted and showed that while these membranes have
excellent water retention and proton conductivity, they swell and form a continuous
hydrophilic phase at the surface which may be problematic during fuel cell operation.
In addition to these characterization efforts, a number of advances to the cp-AFM
technique were demonstrated which allowed for the investigation of new operating
conditions and the extraction of new information on electrical and mechanical

properties of the membrane.
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Chapter 1: Introduction

1.1 Introduction to Proton Exchange Membrane Fuel Cells

Fuel Cells are versatile power sources which convert chemical energy in the form
of an energy-rich fuel molecule into electrical energy which can used to power a
variety of devices. Fuel cells have the inherent advantages of high chemical to
electrical efficiency relative to internal combustion engines, environmentally benign
byproducts, low noise, no moving parts, and potentially low operating temperatures.
There are several different types of fuel cells, which are differentiated by the type of
electrolyte employed. Solid oxide fuel cells (SOFC’s) utilize an inorganic electrolyte
and are operated at higher temperatures, making them ideal for stationary power
generation. Alkaline fuel cells (AFC’s) use a liquid potassium hydroxide solution as
an electrolyte and are thus suited best for stationary applications where weight and
volume are less of an issue. Proton exchange membrane fuel cells (PEMFC’s), the
subject of this work, use a solid polymer as an electrolyte and operate at lower
temperature. This solid electrolyte allows for a compact, lightweight and
mechanically rigid cell which makes it ideal for automotive and portable device

applications.



This type of cell was first developed by General Electric in the 1960’s,' it was
then adopted as the power source for the NASA Gemini spacecraft. Due to their high
expense, these systems were only used in niche applications. It was not until the late
1980’s and early 1990’s that PEM fuel cell research made large strides in reducing
costs and pushing this systems towards large scale commercial viability. These were
accomplished primarily from the reduction of platinum loading, from several
milligrams per square centimeter down to ~0.4 rng/cmz.z’3 Despite the progress that
has been made in this regard, PEM fuel cells are still not cost-competitive with many

other technologies, and further research and development is necessary to achieve this

4-6
end.

These solid polymer electrolytes have a unique chemical structure which
provides them with excellent physical properties for fuel cell operation. PEM’s are
almost exclusively random and block copolymers which consist of a rigid
hydrophobic block paired with a hydrophilic block which contains an acidic
functionality, these are often referred to as ionomers due to their ionic character.
Phase separation during membrane casting causes the formation of a hydrophilic ion
conducting phase inside of a rigid polymer matrix, imparting good mechanical
strength and high cationic conductivity. The most commonly employed and most
studied polymer is Nafion ®, a perfluorosulfonic acid (PFSA) polymer trademarked
by DuPont. This polymer consists of a Teflon-like fluorocarbon backbone which
provides the hydrophobic block and a sulfonic acid sidechain which in combination

with absorbed water forms the ion conducting phase. Most other membranes also use



sulfonic acid groups as a proton conducting moiety, but a number of different
polymer backbones exist. To date PFSA type membranes are the best performing
systems, though there is continued research interest in developing PEM’s with

hydrocarbon backbones.’

Inside of a fuel cell, Nafion or another PEM is pressed between two carbon gas
diffusion electrodes forming a membrane electrode assembly (MEA). The outermost
layer of these electrodes is the gas diffusion layer (GDL), which allows for reactant
gases to flow to the catalytically active regions of the cell and whose hydrophobic
nature aids in simultaneously removing water and preventing flooding. Painted on
the GDL is the microporous layer, a conductive layer of porous carbon and polymeric
binding agent such as Teflon. On top of this is the catalyst layer, another layer of
conductive carbon which contains platinum nanoparticles which catalyze the
hydrogen oxidation reaction at the anode and the oxygen reduction reaction at the

cathode.

Hydrogen N 3
Oxidation 2H,——>4H " +4e E =0V,

Reaction

Oxygen
Reduction (), +4H t1d4e — 2 H,O FE =122V,

Reaction

Net 2H, + 02 —> 2H20 E° =1.229V,

Figure 1.1: Electrochemical reactions of a PEM fuel cell.



The catalyst layer also contains Nafion or another ionomer which allows for ionic
conductivity in addition to the electrical conductivity provided by the carbon. The
catalyst layer composition is crucial, as it must simultaneously allow for reactant
gases to diffuse to the platinum catalyst as well as provide a pathway for electrons to
reach the catalyst and for ions to reach the PEM. This 3-phase reaction zone is
crucial for cell operation, and a large number of studies have focused on the design

and optimization of catalyst layers in order to increase efficiency of the cell.

Proton Exchange

Current Membrane
Collector Bipolar Plate with
| Catalyst Layer ‘ | Gas diffusion Layer ‘ gas flow channels
l ‘ Microporous Layer }—1/ l l

i\
o~

Anode: Cathode:
2H,(g) - AH'(aq} + 4e” 0,(g) + 4H" + 4e > 2H,0{l)

| 7/

\

~ L ——-
N Y@

Figure 1.2: Schematic representation of a cross section of an operating
PEM fuel cell.




The MEA is placed inside of a cell enclosure where graphite bipolar plates are
placed on either side which contain gas flow channels which introduce fuel
(hydrogen) and oxidant (air or oxygen) to the gas diffusion layer. Hydrogen is
oxidized in the anode catalyst layer, forming protons which are then conducted
through the PEM. At the same time, the high acidity of the PEM inhibits anionic
conductivity and forces the free electrons generated in this reaction through an
external current collector where they can be used to power the device. At the cathode
side, the oxidant is introduced where it recombines with hydrogen and electrons to
form water. The use of gaseous fuel and oxidant allows for good gravimetric energy
density, and the formation of water as the sole byproduct makes these systems
attractive from an environmental perspective. Additionally, these electrochemical
reactions represent a direct chemical to electrical pathway, and have a much higher

thermodynamic efficiency than internal combustion engines.

Current collecting plates sit outside of the bipolar plates and allow for power to
be extracted from the system. In most fuel cell systems, several MEA’s are connected
in parallel or in series in order to meet the current and voltage needs of the
application. The result is an extremely versatile and lightweight power source that
can be tailored to applications ranging from small portable electronics to large,

stationary power generation for buildings.

These two half reactions provide a theoretical voltage of 1.229 V relative to the

standard hydrogen electrode, which is reduced to 1.19 V in the presence of water at



typical cell operating conditions. This is further reduced by various resistances inside
of the cell which lower the actual voltage further from its ideal value. Fuel cell
performance is generally represented as a polarization curve where the cell is run
under a variable load while the voltage is measured. At low currents, activation
losses occur due to the activation potential required for both half reactions. At
moderate currents, ohmic losses occur due to resistance to proton transport through
the cell, a large contributing factor to these losses is the resistance of the PEM itself.
Finally, at high currents, mass transport losses occur due to reactants being consumed

more quickly than they can be resupplied at the catalyst.

E°=1.19V
Activation
region

Ohmic
region
Mass
transpart
region

Cell Voltage (V)

Current (A)

Figure 1.3: Typical Polarization curve for a PEM fuel cell, showing
voltage losses which occur during cell operation.

As a result, much of the efforts geared towards improving the performance of

fuel cells have involved lowering the resistance of various components, most notably



the membrane, as well as improving electrode structure to allow for better transport

of reactants. These efforts will be discussed in greater detail in the following section.

1.2 Challenges to PEM commercialization

The first and foremost challenge to the widespread adoption of PEMFC’s is the
overall system cost of the cell; they are still more expensive per kW of power than an
internal combustion engine. Due to various improvements in cell design and the
manufacturing of components, the cost has decreased rapidly in the past 10 years and
is now on the verge of becoming cost competitive. The ultimate target to compete
with an internal combustion engine is $30 per kW, and the current state of the art

fuel cells are about $55 per kW based on a production volume of 500,000 units.

Projected Transportation Fuel Cell System Cost
-projected to high-volume (500,000 units per year)-

"% 5140
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Figure 1.4: Projected system cost per KW of a commercial fuel
cell system, given fixed production volume. Calculated by the US
department of energy fuel cell program.



Despite the promise inherent in PEMFC’s, there remain a number of challenges
to be solved before these systems can become commercially adopted on a wide scale.
The US department of energy (DOE) has conducted extensive efforts towards
decreasing the cost of fuel cells® and has targeted a number of areas such as creating
new membrane materials, reducing platinum loading and creating new hydrogen

storage systems.

One of the largest hurdles for PEMFC technology is the use of precious metal
catalysts (generally platinum and platinum/ruthenium) at the anode and cathode
respectively. These make up a large percentage of the cost of a fuel cell; up to 40%
depending on the application and production volume.” In addition to being
expensive, these catalysts are extremely scarce, and there is likely not enough of
them on the planet to power billions of fuel cells on top of its existing uses. A major
improvement to electrodes was achieved by using thin film catalyst layers which
effectively localize platinum where it is utilized most efficiently and decreases the
loading to a few hundred micrograms of platinum per centimeter of cell active
area.”” Optimization of the platinum particle size to maximize catalytically active
surface area have also allowed great reductions in loading to be achieved. However,
even with these improvements, it is unlikely that the use of platinum on such large
scales would be possible.'” As a result there is great interest in developing new non-

precious metal catalysts which can catalyze the HOR and ORR." "



1,000 Systems/Year 500,000 Systems/Year

M Bipolar Plates

® Membranes

W Catalyst + Application
B GDLs

W MEA Frames/Gaskets
® Balance of Stack

Figure 1.5: Predicted cost breakdown of a commercial PEM fuel
cell system by component at different production volumes. From
the 2013 DOE Fuel Cell Systems Cost Report.

Another set of technical challenges arises in regard to the production and storage
of hydrogen for fuel cell systems. While extremely light, hydrogen is difficult to
compress and achieve acceptable volumetric energy density for the entire system. A
number of approaches have been taken to address this such as using compounds

which can reversibly bind hydrogen gas in order to occupy a smaller volume.'*'*

Hydrogen production poses another interesting question, as the current source of
hydrogen is largely from the reforming of fossil fuels. Reforming creates carbon
monoxide which is very difficult and expensive to separate from the hydrogen
produced and can bind to platinum. This “CO poisoning” reduces available catalyst
sites and decreases performance. The environmental impact of this technique is also
dependent on continued use of fossil fuels, and as such numerous systems to generate
hydrogen from renewable sources, e.g. photoelectrolysis of water are under

development.'>'



The PEM itself also poses a number of unique challenges regarding cell cost and
cell durability, and the focus of this work is on identifying routes to improve upon
these factors. Fluorinated polymers such as Nafion are expensive to produce and
while costs of membrane fabrication decrease greatly with scaling up, there is
interest in investigating alternative PEM systems.” Additionally, Nafion and other
PEM’s suffer from having a proton conductivity which is heavily dependent on water
content. If water is removed from the membrane, proton conductivity decreases
drastically. This necessitates the use of humidified gas feeds and effective water
management inside of the cell to prevent dehydration. There is great interest in
developing membranes which can maintain proton conductivity under dry conditions
as this would greatly reduce the size and complexity of the entire system. Such a
membrane would also allow for higher temperature operation which carries with it a
number of important performance advantages. These include increased proton
conductivity at high temperature, reduced CO poisoning when using reformed fuels,

improved ORR kinetics at the cathode,'”"®

and better heat ejection from the cell. The
DOE target temperature is 120° C as it allows for significant improvements in all of
these areas. A number of cell design approaches have been explored in order to allow

membranes to retain water at high temperature and realize these benefits. '’

In addition to being able to retain water, membranes need to be stable to a humid
environment, and many membranes which show good water retention suffer from
excessive swelling at high water contents. The ideal membrane will undergo minimal

swelling across a wide range of water contents, allowing the cell to operate stably

10



across variable operating conditions. Many different techniques have been used to
stabilize existing PEM polymers, such as forming inorganic composites,”' >
reinforcing with Teflon fiber,”* and using cross-linkable membranes.”>*® However,

there is still much room for improvement in these materials in regard to

simultaneously achieving high proton conductivity and high mechanical stability.

The PEM is a performance limiting component of any fuel cell system, and for
this reason a large amount of research has been devoted to understanding the
physical properties of these materials such as mechanical strength and ionic
conductivity.”” All of these properties are intimately tied to the nanoscale
morphology of these systems caused by the phase separation of hydrophilic and
hydrophobic segments of polymer which makes the accurate determination of this
structure a valuable research goal in and of itself. All of these properties are crucial
to cell operation and often are dependent on hydration, and a detailed understanding
of how and why this variation occurs is important for improving existing fuel cell
systems. In this thesis we employ Atomic Force Microscopy as a tool to contribute to
these efforts and investigate the nanoscale morphology and electrochemical

properties of various PEM’s as a function of water content.

1.3 Atomic Force Microscopy as a Polymer Characterization Tool

Atomic Force Microscopy (AFM) was first demonstrated in 1986 at IBM
laboratories®®, with much of the early work being done at Stanford” UC Santa

Barbara®’. Since its inception, AFM has been used to characterize a wide variety of

11



samples on the nanometer scale. In this technique an extremely sharp silicon probe
which protrudes from a silicon “cantilever” or “chip” is used to effectively “feel” the
sample and generate a topographic map of the surface. A laser is focused on the back
side of the tip which is then reflected to a photodiode where the deflection of the
laser spot is recorded. The tip is then raster scanned in the x and y direction to
generate an image while a piezoelectric actuator above the tip raises and lowers the
tip in response to the feedback from the detector. While there are a huge range of
AFM techniques that can be used, they can be generally separated into contact mode
and tapping mode (also referred to as AC-mode or AM-mode.) In contact mode, the
tip is brought into physical contact with the surface. Then, during scanning, the
deflection of the laser spot is used as the feedback mechanism, and the z-piezo raises
and lowers during scanning to maintain a constant deflection. While there are certain
advantages to contact mode, it generally involves large tip-sample contact forces and

can result in the damaging of the tip or sample.

Tapping mode AFM is conducted by using a piezoelectric actuator to oscillate
the AFM cantilever at its resonant frequency and bringing into “intermittent contact”
with the sample. This technique was first developed by digital instruments in 1993,
and led to an increased interest in AFM as a characterization tool for soft materials.’’
When the tip is brought close to the sample, the amplitude of the cantilever
oscillation is damped by both attractive, long range forces and repulsive short range
forces. This damped amplitude is used as the feedback mechanism and the z-piezo

then moves the AFM tip up and down in order to maintain constant amplitude. This

12



technique has the advantage of extremely low contact force with the sample, minimal
lateral forces during scanning, and high resolution relative to contact mode. This
makes it ideal for imaging soft polymer and biological samples where sample

damage is an issue.

Another advantage to using AC-mode AFM is that in addition to the amplitude of
the cantilever oscillation, the phase of this oscillation can also be monitored. This
phase signal gives information about the nature of the interaction between the AFM
tip and the sample. Specifically, the phase signal can be directly related to the power
dissipated during the tip-sample interaction’>. The mathematical relationship is
shown below, and requires the assumption that a high quality factor cantilever is

being operated in a non-damping environment.

1 kiAo .
])tipfsample = 5 70 {(%) Sme— 1:|

k = cantilever spring constant (N/m)

A = amplitude of cantilever interacting with sample
o, = cantilever frequency of oscillation
A,= amplitude of freely oscillating cantilever

Q = cantilever quality factor

¢ = phase angle

Figure 1.6: Equation relating the phase angle
of the cantilever oscillation to the power
dissipated during contact.
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The result is that contrast can be achieved between softer and harder areas of the
sample. This makes it extremely useful for characterizing copolymers, polymer
blends, and biological systems where differences in stiffness are important for
assigning the identity of various components. The lateral resolution of all AFM
techniques is dependent on the geometry of the AFM tip, but in AC-mode with a
sharp, commercially available silicon tip, resolution of single nanometer lengths is
routinely possible. In this work we employ AC-mode AFM to resolve the hydrophilic

and hydrophobic segments of PEM’s which have sizes on the order of 5 nm.

In addition to revealing information about the topography and mechanical
properties, AFM is an effective technique for probing the electrical properties of a
variety of samples. Numerous imaging modes exist which operate in either tapping
or contact mode and supply spatially resolved electrical measurements. These
include conductive AFM, scanning kelvin probe microscopy, electrostatic force
microscopy, scanning capacitance microscopy, and investigate conductivity, surface
potential, surface charge, and capacitance respectively. For an in-depth review of
these techniques the reader is directed to the following review article.”” Conductive
AFM remains the only technique capable of measuring the conductivity of materials
on the nanometer scale, and is employed here to investigate proton conductivity in

various PEM’s.

Conductive AFM has been used previously to characterize conducting and

. . 34 . . . 35
semiconducting samples such as carbon nanotubes™, inorganic semiconductors™,
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organic semiconductors’® and conductive biomolecules.’” With electrically
conductive samples, this technique is straightforward, and current is measured
directly through the tip at conductive regions of the sample. In the case of PEMFC’s
a property of key import is the proton conductivity of the membrane, and because
these membrane are electronically insulating, conventional conductive AFM cannot
be employed. For this reason, our group has developed a variant of this technique
which we call conductive probe AFM (cp-AFM).*® In this technique, we attach the
PEM to a commercial fuel cell electrode which acts as the anode catalyst layer. We
then supply hydrogen at the anode and supply air at the tip while scanning, which
allows us to measure through-membrane proton current directly. The result is that we
have a half fuel cell where the tips acts as a nanoscale moving cathode. Similar
techniques have also been employed by other research groups and have demonstrated

the ability to measure spatially resolved proton conductivity in these materials. *°~*'

The goal of this work is to utilize tapping mode and conductive probe AFM to
investigate the phase-separated morphology and proton conductivity of PEM’s under
varying relative humidity operating conditions. This began by developing these
techniques on Nafion; a well characterized model system, and then expanding them
to various new polymers which are either under development or are commercially
available. Through these studies, we developed a detailed structure-property
relationship of these systems and were able to discern structural factors which can
lead to improved performance. We also worked to expand the capabilities of cp-

AFM by expanding it to new ranges of operating conditions, using it to image proton

15



conductivity inside of the catalyst layer and by using various techniques to increase
spatial resolution and obtain quantitatively accurate current readings. Lastly, we
conducted experiments aimed at optimizing the composition of the catalyst layers for
PEMFC’s in order to better understand platinum utilization and develop electrodes
with reduced loading and higher performance. All of these efforts are geared towards
gaining a better understanding of nanoscale properties of fuel cell materials and their
effect on the performance of the cell. It is our hope that this understanding can lead

to the design of new, higher performing membranes and electrodes for PEMFC’s.
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Chapter 2: Imaging Nafion Under Varying Relative

Humidity and in Aqueous Solution

2.1 Introduction

As mentioned in the previous chapter, the polymer electrolyte membrane in a
PEM fuel cell remains perhaps the most performance limiting component of the
entire fuel cell stack. This membrane must be mechanically robust, chemically inert,
and have high cationic (proton) conductivity and low anionic (electron) conductivity.
Nafion has long been the polymer of choice as it excels in all of these areas,
however, its relatively high cost has prompted interest in alternative membrane
systems. Additionally, a major drawback of Nafion specifically as well as many
polymer electrolytes in general is the dependence of proton conductivity on water
content of the membrane.! Because of this, much research has focused on the
development of new polymers and polymer-composite systems which can operate
stably at a wide range of relative humidity, with a specific focus on water retention at

low relative humidity.

In addition to designing membranes which can operate at high temperature, there

are reasons to understand how a broader range of operating conditions can affect
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membrane performance. The water content of PEMs can vary considerably during
cell operation; the cathode can become flooded due to water production and electro-
osmotic drag while the anode can become relatively dehydrated.” This is of particular
concern at high current densities or in extreme operating conditions, where the
resulting changes in hydration can lead to mechanical deformation which can
decrease fuel cell performance substantially and even lead to cell failure.
Considerable engineering effort has focused around water management and the
mitigation of this problem, however this typically involves adding extra weight and
complexity to the fuel cell stack.? For this reason, in addition to being able to operate
under dehydrated conditions, membranes which can stably and reversibly undergo

changes in water content are highly desirable.

The first steps towards designing new membrane materials are to understand how
the morphology of current membranes react to changes in water content and
temperature. Then, by comparing different membranes we can begin to develop a
structure-property relationship and understand how elements of the chemical
structure of the polymer lead to favorable morphology and ultimately allow for

operation under higher temperature and reduced relative humidity.

In order to develop an understanding of PEM’s in general, we began our studies
with a well characterized model system: Nafion®. Nafion is a perfluorosulfonic acid
(PFSA) proton exchange membrane and is trademarked by DuPont. It has been

1,4-18

extensively studied using a wide range of techniques and remains the most
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commonly employed PEM to date. The fluorocarbon backbone is especially
chemically stable and mechanically robust, while the fluorine atoms in the sidechains
provide an electron withdrawing moiety which renders the sulfonic acid group
extremely acidic (pKa = -6). This leads to membranes with high proton conductivity
and good chemical and mechanical stability under fuel cell operating conditions.
PFSA polymers such as Nafion phase separate upon casting such that the
fluorocarbon backbone forms a hydrophobic polymer matrix and the sulfonic acid
side chains form a proton conducting network. For a comprehensive review of the

relevant work on Nafion, the reader is directed to the following review article.'’

Despite these favorable attributes, Nafion, and indeed all PEM’s, suffer from
decreasing proton conductivity at low RH due to dehydration of sulfonic acid groups.
It has been shown that the proton conductivity of Nafion and other PEM’s is closely
tied to the arrangement of proton conducting pathways inside of the membrane, so a
major goal of this work is to characterize the phase separated nanostructure of these

materials.

Much of the structural data on Nafion has been obtained via small angle X-ray
and neutron scattering (SAXS and SANS) studies.*”'*?**2 While SAXS and SANS
experiments have been instrumental in characterizing the structure of PFSA
materials, they give an incomplete picture of membrane structure due to bulk
averaging of data. In order to analyze scattering data it is also necessary to make

simplified assumptions about the shape, size distribution and spatial orientation of
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scattering objects. Additionally, for highly disordered polymeric materials, there are
few, distinct scattering peaks. In the case of Nafion, a single peak representing ionic
clusters in the membrane is the only distinct peak in the scattering curve along with a
broader peak representing fluorocarbon crystallites. Using the data in these studies, a
number of structural models of Nafion have been proposed which fit the scattering
data and explain properties such as water sorption, diffusion coefficients, and proton

L 4781223
conductivity.”"™ *

These structural models generally focus on the nanometer
length scale where SAXS data are most easily interpreted and do not fully explain

large scale morphology, particularly at lengths above 100 nm.

For this reason, Atomic Force Microscopy is an attractive option for gaining
additional structural information on these polymer membranes. The averaging effects
and uncertainty present in scattering measurements are avoided, and the surface can
be imaged directly. While AFM techniques are limited to the surface of the
membrane, many properties of importance to fuel cell operation, such as proton
conduction, are tied to the morphology at the surface. Tapping Mode or AC-mode
AFM has been shown to be especially effective for polymeric samples, because of
the small lateral forces imparted on the sample result in minimal sample damage.
Another advantage of AFM is that we are able to investigate a variety of length
scales, with resolution in the single nanometer range, and a maximum scan size of

100pm on our instrument.
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Previous AFM characterization of Nafion has shown that the hydrophilic and
hydrophobic segments of the polymer can be visualized due to differences in tip-

sample power dissipation.”

We use this technique here to map the hydrophilic and
hydrophobic domains over a wide range of water contents in order to determine how

membrane structure changes in response to hydration and dehydration.

2.2 Experimental Methods for Membrane Characterization

For our initial work on Nafion, as well as subsequent work involving new types
of proton exchange membrane we used a similar series of AFM experiments in order
to learn about the morphology and electrochemical properties of each membrane.
These procedures are outlined here, but are generally employed for all of the

membrane characterization discussed in this work.

All topography and phase images were acquired simultaneously with an atomic
force microscope (Asylum Research MFP-3D-SA). Nafion 212 was purchased from
Clean Fuel Cell Energy LLC and Hyflon lon® E87-05 was obtained from Solvay
Solexis, and 3M membranes were obtained from 3M. Membranes were pretreated by
boiling in 5 wt% H,O; for 1 hour, 0.5 M H,SO4 for 1 hour, followed by boiling in DI
water for 1 hour. All membrane samples were mounted on double sided tape on a
glass slide for phase imaging. Membranes imaged under dry conditions were then
heated in a vacuum oven for 3 days at 90°C. Membranes under humidified
conditions and under water were equilibrated in liquid water at room temperature for

5 days prior to imaging.
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Images in air were taken using a silicon probe (NSC15 or XSCl11,
MikroMasch) with a nominal resonance frequency of 300 kHz and spring constant of
40 N/m. A closed fluid cell (modified PolyHeater, Asylum research) was used to
achieve varying relative humidity; either dry or humidified nitrogen was supplied
resulting in a 3% and 95% RH atmosphere in the cell, respectively. Membranes were

allowed to equilibrate in the cell for 1 hour prior to imaging.

Images in water and methanol were taken in tapping mode using a triangular
silicon nitride probe (Olympus TR400PSA, short lever) with a nominal spring
constant of 0.08 N/m and a resonant frequency of 34 kHz. Samples were mounted on
a Teflon-coated glass slide with a bare circular patch for the sample. Several drops of
DI water or methanol were placed on top of the sample in order to form a bead of
solution which covered the entire sample. Free amplitudes of approximately 50 nm
for the NSC15 cantilever and 200 nm for the TR400PSA were used to image samples
in air and liquid, respectively. An amplitude setpoint ratio R/R, = 70-80% was
chosen to optimize tracking of the surface and phase contrast. All scans were
conducted at 1 Hz, at 512 x 512 pixels. A first-order flatten was applied to all height
images in order to remove any drift in the Z-piezo during scanning. No image

modification was used in phase or current images.

Macroscopic swelling was measured by immersing 8 mm circular sections of
membranes in the appropriate solvent for 2 weeks and then measuring the diameter

of sections with digital calipers.
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Conductive images were taken in a closed fluid cell (modified PolyHeater,
Asylum research) using a platinum coated tip (Budget Sensors, ElectriMulti or
MikroMasch DPER XSC11) with spring constants of 3 N/m and 0.2 N/m. Images
were acquired in contact mode with typical contact forces of ~20 nN. Membranes
were hot pressed at 130° C onto a small patch of commercial carbon cloth electrode
(ELAT-A6) with Nafion solution (Fuel Cell Store) added to the catalyst layer prior to
pre-treatment. Humidified hydrogen was supplied via a gas flow channel under the
electrode and humidified air was supplied over the membrane surface while
scanning. A bias of +1 V was applied to the sample and the heating stage was used
to adjust the sample temperature. At the gas flow rates used, we determined with a
relative humidity sensor that this resulted in ~80% relative humidity inside of the

cell.

Hydrophilic surface area and hydrophilic domain analysis were determined using
Igor Pro software by applying a threshold to the sample using the iterative method.”
For low RH images the threshold often required adjustment from the iterative value
to give better visual agreement with phase contrast. Roughness values were
calculated from 5 um x 5 pm height images using the built in analysis in Igor Pro.
Correlation length analysis was conducted using the SPIP™ image processing
program. Correlation lengths were determined by applying an autocorrelation to 5
pm x 5 um height images and determining the horizontal distance that has the fastest

decay to one standard deviation. For images with anisotropic correlation lengths, the

27



smallest value was used and the reported correlation lengths represent the average of

at least 10 images.

2.3 Imaging Nafion Under Varying Relative Humidity

Using our AFM apparatus, and a closed fluid cell, we were able to access a wide
range of relative humidity simply by flowing either dry or humidified nitrogen gas at
different rates. While there exist many variants of Nafion with different thicknesses
and ion exchange capacities, we chose Nafion 212 for our studies as it is one of the
most common membranes for PEM fuel cells. This membrane is 50 microns thick,
has a 1050 gram equivalent weight (gram polymer per mol SO;  groups) and is
solution cast in sulfonate from, in contrast to some membranes which are melt
extruded in sulfonyl fluoride form and then ion exchanged to acid form. Since
thermal history has been shown to affect properties in these membranes, this is an

important consideration.

It has been shown in previous work by O’Dea et al. that the frequency and size of
hydrophilic domains is highly dependent on the imaging mode being used.
Hydrophilic domains were found to appear more frequently and cover more area
when imaging in repulsive mode (phase shifts < 90) as compared to attractive mode
(phase shifts >90).%° This makes sense intuitively, since repulsive mode has been
shown to probe mechanical properties further below the sample surface (~5nm
depth) whereas attractive mode imaging is confined to the first <Inm below the

surface. This results in a greater likelihood that hydrophilic character exists under
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the tip at a given point when imaging in repulsive mode and thus a higher apparent
hydrophilic surface area. For these studies, we are primarily interested in the
morphology directly at the surface of the membrane, as this has the greatest effect on
proton conduction, as such we image in attractive mode when possible in order to
probe the very surface of the membrane locally and avoid contributions from further

below the surface.

3% RH

Figure 2.1: Representative AFM Phase images of Nafion 212 wunder
dehydrated, ambient, and hydrated conditions. This was after an initial
thermal pre-treatment step. Imaging was conducted with an NSCI15
cantilever with a scan size of 250 nm.

For Nafion we found that at the range of relative humidity found in our lab (30-
60%) roughly 20% of the surface of Nafion is covered by hydrophilic domains. This
number is an approximate average from several attractive mode phase images, the
image shown in figure 2.1b is representative of these and shows 19.4% hydrophilic
surface area. To probe morphology at different water contents we employed a closed
fluid cell, which by flowing either dry or humidified nitrogen gas at varying flow

rates, we were able to create environments from 3 — 98% relative humidity inside the
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chamber. At dehydrated conditions, and in the attractive imaging regime, we observe
no phase contrast indicating that the surface of the membrane has been left
completely dehydrated. Under repulsive mode, however, we see isolated domains of
positive phase contrast, which in this case indicates increased power dissipation, or a
softer area under the tip. We interpret this as hydrophilic domains present in the first
few nanometers below the membrane surface. Interestingly, these domains appear
much less frequently than at ambient conditions, implying an inhomogeneous
dehydration of domains, or a rearrangement of the surface to accommodate the

decrease in water content.

Lastly, at high RH conditions, which ranged from (95-99%) we observe the
formation of large wormlike structures which cover much of the surface. These
worm or fiber-like features also show negative phase contrast, indicating that they
are highly dissipating and thus water rich. Due to their shape, physical properties,
and the fact that they coincide with a higher membrane water content, we assign
these as cylindrical inverted micelles which form parallel to the surface. This is in
contrast to the through-plane inverted micelle or parallel pore structure which is
predicted for lower water contents. These features are much larger than individual
hydrophilic domains, and in most cases even larger than fluorocarbon crystallites
expected size based on SAXS measurements. While these features cover much of the
surface, the areas between them retain the original parallel pore morphology which is

present under ambient conditions. It appears then that there are two forms of swelling
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occurring, a dilation of individual hydrophilic domains accompanied by a

coalescence or rearrangement of domains to form these larger, cylindrical structures.

We next employed conductive probe AFM under similar, high RH conditions in
order to observe the potential effect that these features have on proton conductivity
and fuel cell performance. These experiments were conducted at 80% RH, although
similar experiments were also performed up to 95% RH. Resolution can become
problematic in the extremely high RH regime due to condensation at the AFM tip
which decreases lateral resolution and increases current readings. Figure 2.2 shows
topographic and conductivity images and shows an example of a cylindrical fiber

feature under fuel cell operating conditions.

80 nm

Figure 2.2: Topographic (a) and Conductive (b) images of Nafion 212 hot
pressed onto a commercial electrode and imaged at S0C and 80% RH. Flow
rates are 0.05 L/min humidified hydrogen and 0.3 L/min humidified air,
+1V sample bias.

We see the raised cylindrical shape of the feature, as well as a completely

insulating character in the conductivity image. This indicates that although these
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features are water rich, they do not conduct protons in the through-plane direction. It
is likely that the fluorocarbon layer prohibits an effective connection between the
AFM tip and the internal hydrophilic phase, or between the fiber feature and the rest
of the hydrophilic phase inside of the membrane. Due to the high relative humidity
employed and the fact that cp-AFM requires operation in contact mode, resolution
was limited and only larger fiber features could be well resolved in conductivity

images.

Previous work has shown that in membrane electrode assemblies containing
Nafion, the elevated temperature and humidity during pretreatment induces the
formation of Nafion fibers.’ These fibers were theorized to increase performance of
the fuel cell by providing proton conducting paths into the catalyst layer. The
insulating nature of these features in our images suggests that while they may allow
for proton transport along their length, parallel to the surface, the external
fluorocarbon layer does not provide a conductive path through the membrane. This
implies that factors other than proton conduction in the polymer phase may be
responsible for the improved performance. Our images are of a flat membrane
surface, whereas in an actual fuel cell the membrane electrode interface extends in
three-dimensions and is considerably more complex. This is an important limitation
of our technique and future work in our group is focused on refining our conductive
imaging technique to answer questions regarding proton transport inside the catalyst

layer.
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2.4 Imaging Nafion in Liquid Environment

As a continuation of our work at high RH atmosphere, it was desirable to
investigate the effect of equilibration with liquid water on the structure of the
membrane. During fuel cell operation, it is possible for significant water to
accumulate at the electrodes of the cell, especially the cathode. At the pressures
being employed, this causes conditions where the activity of the water is essentially
1. Additionally, previous work has shown that Nafion undergoes significantly
different water uptake behavior when exposed to liquid water versus saturated or
heavily humidified water vapor. For this reason we decided to investigate Nafion
under liquid water to determine if these conditions led to any further changes in
morphology. While liquid imaging is routine for many samples, the only prior

example of its application to Nafion has been in the work of Bass et al.'®

=3
N

& S um

Figure 2.3: Representative topographic images of Nafion 212 in deionized
water, scan sizes are 250 nm (a) 5 pm (b) and 20 pm (c).

When Nafion 212 is imaged under DI water, the number of worm-like features is
increased compared to membranes equilibrated at 95% RH?’ . Under water, features

as small as 20 nm in diameter can be resolved and connectivity between worm-like
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features appears to increase. This is most likely caused by the increased volume
fraction of water in our liquid-equilibrated samples compared to our vapor
equilibrated samples. Other groups have reported a significant increase in water
content when relative humidity is increased from 95% to 100%."'* We attribute the
higher density of worm-like features in the liquid-equilibrated sample to this higher
water content. Under water, higher resolution of these features is attainable due to
the lack of condensation affecting the AFM tip as was observed in humid

atmosphere.

Figure 2.3 shows topographic AFM images of Nafion 212 collected under DI
water for three separate scan sizes. At small scales, we can see the cylindrical shape,
as well as high degree of branching in these features creating a randomly oriented,
interconnected network of features. At larger scales, a local directionality often
emerges with long fibers adopting a parallel configuration. Analysis of a large
number of images (n > 50) shows a large variation in the surface coverage of fiber
features; anywhere from 1-15% of the membrane surface in a given 20 pm x 20 pm
area. This could be related to the randomness of the Nafion polymer and slightly
different densities of sidechains on the 100 nanometer to micron length scale. Worm-
like features were found in excess of 10 pm in length and often show a local
alignment, however images at different locations on the same sample show different
directions of alignment indicating that there is no preferred orientation. On even
larger length scales, clustering of features was observed, with large portions of

worm-like morphology existing between featureless regions of the membrane.
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Figure 3¢ shows a large scale (20 um x 20 um) topographic image of Nafion 212

with this clustering of worm-like features.

These features were only observed in pre-treated membranes, implying that they
may represent a structural rearrangement induced by the elevated temperatures and
high degree of swelling during thermal pre-treatment (boiling). This agrees with
work by Kim et al. and Alberti et al. where the water uptake of Nafion increased
considerably with increasing hydrothermal treatment temperatures.”® It was
observed that, to some extent, these features persisted several months after pre-
treatment in membranes exposed to ambient conditions, implying that once this
rearrangement occurs the new morphology is relatively stable. This is consistent with
the work done by Onishi et al.*’ describing the extremely slow equilibration times
that Nafion membranes exhibit with regards to water sorption and desorption. These
features were only observed in pre-treated membranes, implying that structural
rearrangement may be induced by the elevated temperatures and high degree of
swelling during pre-treatment (boiling). Figure 2.4 shows a topographic image of a
Nafion membrane that has been thermally pretreated, liquid equilibrated, and then
finally dehydrated and imaged under dry conditions. We see that the larger worm-
like features persist, but the occurrence of smaller features decreases drastically. It
may be that a limited amount of rearrangement back towards a neat surface does
occur, but that larger features are either thermodynamically stable or kinetically
trapped due to a prohibitively high energy barrier for the reverse rearrangement to

occur.
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Figure 2.4: Topographic image of
Nafion 212 after thermal pretreatment,
liquid equilibration, and subsequent
dehydration. Imaged under 5% RH
dry nitrogen atmosphere.

One challenge to imaging in liquids is that the relatively simple relationship
between tip-sample power dissipation and phase contrast does not hold true in water.
While dissipative forces are still present, the highly damping liquid environment
greatly reduces the phase contrast associated with these forces. It has been found that
in liquids, conservative or elastic forces play a much larger role in determining the
relative phase values.’® For this reason, we found very little contrast between
hydrophilic domains and the surrounding hydrophobic surface when imaging in
water. Figure 5 shows an example of a topographic and phase image collected under
water in an area where no fiber features were present. While phase contrast is visible,
its extremely small magnitude (< 0.5°) and high degree of coupling to topography

make it difficult to accurately assign hydrophilic and hydrophobic area. Different
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cantilevers and imaging conditions were experimented with, but it was not possible
to sufficiently increase phase contrast. The resolution of phase images was also lower
than is desired for assigning hydrophilic surface area, and thus did not allow for an
accurate statistical analysis of hydrophilic domains. What we can gather from our
phase images, however, is that the parallel pore morphology is largely retained in

these sections of membrane.
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Figure 2.5: Topography (a) and Phase (b) of Nafion 212 imaged under
deionized water. Image was selected at a location with a flat
membrane surface.

We had greater success achieving reliable phase contrast on areas of the
membrane which exhibited worm-like features. This required the optimization of
imaging conditions and the use of the proper cantilever resonance. As mentioned in
the experimental section, the fundamental peak for the TR400PSA cantilevers used
for imaging is nominally 34 kHz in air which is decreased to around 10 kHz in the

highly dissipative fluid environment. Imaging was usually conducted at one of a few
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higher resonances which occur in the 20-40 kHz range. These specific resonances
vary between levers and are likely also affected by the specific orientation of the
AFM chip inside of the tip holder. In certain levers, we noticed an especially low
frequency (~21KHz) and high quality factor (q = 40) resonance peak which gave
much better phase contrast. We found that this resonance allowed for imaging in the
repulsive regime, which was nearly impossible for lower quality factor resonances.
Figure 6 shows two series of images, the left column using a low q factor resonance,
and the right using the higher q factor. Both topographic images show good
resolution, but the low-q phase image exhibits contrast which is essentially identical
to the derivative of the topographic image shown below. This behavior has been
demonstrated previously by O’Dea et al. and indicates that topography, not
mechanical properties are causing this contrast; this is not surprising given the large
surface roughness.”® Using the high-q resonance and operating in repulsive mode,
we are able to see a marked negative phase contrast which is independent of
topography. As mentioned previously, the dissipative model for phase contrast does
not hold in fluids with a soft cantilever. Melcher and coworkers have shown
experimentally that in liquids, conservative or elastic forces play a much larger role
in determining phase contrast.’® If we apply their interpretation to our images, this
negative contrast coincides with a lower elasticity at these locations. This is likely a
consequence of the confined water inside of these features yielding a less elastic
response than the surrounding polymer surface. We also see a region along the

outside of fiber features which exhibit positive phase contrast which may indicate
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that we are observing the increased stiffness and elasticity of the fluorocarbon layer

on the outside of these inverted micelles.

30nm i
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Figure 2.6: Topography (a,d), phase (b, e), and first derivative of
topography(c,f) using a low quality factor resonance (a-c) and high
quality factor resonance (d-f).

2.5 Comparing AFM to SAXS Data

We have convincing evidence supporting these features being cylindrical
inverted micelles, we now need to examine how these features relate to data
collected from SAXS and structural models created from this data. Schmidt-Rohr
and Chen proposed a structural model of Nafion consisting of locally parallel water

channels which fits experimental scattering data very well at large q-values (>0.01 A~
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") and low water contents.® At high water contents and in solution, it has been shown
that rod-like aggregates are the primary morphology of Nafion.” In our work, we can
visualize directly the transition from the normal parallel water channel morphology
to the rod like morphology; the raised, worm-like features at high degrees of
swelling. We have also noticed that once the membrane forms this rod-like
morphology, it is stable and the return to the parallel water channel morphology
happens slowly if at all, implying that this is not a reversible transition. This in itself
is an important consideration for fuel cell operation, where cycling between wet and

dry environments is a common occurrence.

Bass et al. reported that the surface of Nafion increases in roughness when
moving from saturated water vapor to a liquid water environment due to a
rearrangement of ionic clusters near the surface.'® The only factor which changes in
our observations is the increased presence of worm-like features, which increases the
root mean square (rms) roughness of the surface from 6.5 nm to 8 nm. Our
interpretation based on our images is that the increased surface roughness is caused
by the formation of more worm-like features (large inverted micelles) parallel to the
surface as opposed to (non-inverted) micelles normal to the surface. Our rms
roughness values were in general, much higher than those reported by Bass (~7 nm
vs. ~1 nm) most likely owing to the spin casting and high temperature annealing used
in their study. Because of the different casting and thermal history, it is not surprising

that different morphological features are observed in each case.
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The formation of worm-like features at high relative humidity and the increased
presence of these features in Nafion membranes imaged under liquid water is
consistent with previous small angle X-ray scattering (SAXS) data which revealed
hydration dependent scattering at this length scale. SAXS is a bulk technique and
thus provides information about morphology and crystallinity from the entire volume
of the membrane whereas AFM characterizes only the first few nanometers near the
surface. Since morphology at the surface of the membrane and in the bulk can both
affect the performance of the resulting fuel cell, it is important to examine both sets
of data independently and compare the information from each. Rubatat and
coworkers used SAXS to characterize the structural evolution of Nafion from
dehydrated to swollen states.” The USAXS upturn was absent at low membrane
water contents and increased in intensity with increasing membrane water content,
implying that a large length scale (>50 nm) inhomogeneity in electron density
appears and becomes more pronounced with an increasing volume fraction of water.
We believe that it is a non-uniform distribution of water at large length scales caused
by these large worm-like features which results in the enhanced scattering in the
USAXS upturn. To compare our AFM data to previous scattering data we conducted
a correlation length analysis. Correlation length represents the average distance
between scattering objects — in this case the worm-like features. This number is
inversely related to the scattering vector, which allows us to determine which region
in reciprocal space these features should cause scattering. After analyzing twenty

separate 5 um x 5 um images, the average correlation length of worm-like features

41



was found to be 77.4 nm with a standard deviation of 54.4 nm. Due to local
alignment, correlation lengths were often anisotropic for a given image. Figure X
shows a topographic image, alongside the resulting autocorrelation image. The
arrows in the autocorrelation image highlight the directional dependence of the

correlation length in this image.

& =60nm
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Figure 2.7: Topographic (a) and autocorrelation image (b) of Nafion

212 in deionized water. Arrows indicate correlation length in each

direction. The reported correlation length values were averaged from

the minimum length found in 20 such images.

Because SAXS experiments generally involve radial averaging of data, we can
assume that because of the different directionality of different parts of the membrane

surface that this directional dependence is averaged out. As such, the shortest

correlation length was used as it best represents the true spacing of features and the

radial average.

Since the spacing between features and the scattering vector are related by a

factor of 2m, our correlation length yields a theoretical scattering vector of
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0.00785 A™', corresponding roughly to the position of the USAXS upturn with the
greatest increase in scattering. This correlation length, along with the broad
distribution of correlation lengths agree well with the position and shape of the
USAXS upturn. Using a simple Debye-Beuche model, Rubatat et al. determined that
a 60-100 nm correlation length provided a good fit to the experimental scattering

datal,7 which is also consistent with our AFM data.

Despite this good general agreement, there are some important differences
between what we observe by AFM and what Rubatat and coworkers were able to
deduce from SAXS. It has been noted previously that SAXS data is necessary to
generate an accurate structural model, but is not sufficient on its own as many
conflicting models can accurately reconstruct the same SAXS curve. The model
constructed by Rubatat et al. consists of spheres of water between large polymeric
and relatively hydrophobic ribbons or fibrillar features. According to our AFM data,
we see the opposite, water rich cylindrical inverted micelles surrounding regions of
parallel pore morphology which have lower water content. To assess the low angle
scattering of these features, we employed an equation for modeling the scattering of
cylindrical inverted micelles which was first put forth by Bardez et al.>' This
equation uses different parameters and required assumptions about the hydrophilic
volume fraction that the micelles take up. In the range of 5-20% we achieved curves
which fit the experimental scattering data very well. We used 80nm as the theoretical

diameter of fiber features which is shown as the red trace in figure 7a.
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Figure 2.8: Theoretical scattering intensity for a network of hydrophilic
spheres versus hydrophilic cylinders. Modelling equations and a
schematic of each model are shown below.

As is apparent, both models give an almost identical theoretical scattering curve
and agree very well with the SAXS data collected by Rubatat et al. The periodic
oscillation at higher scattering vectors in our cylindrical model can be explained by
the monodisperse radius used, which results in gaps in scattering intensity. If a broad
distribution of values (as is observed in AFM images) was used then a smooth curve
would be expected. From this we can see that our cylindrical inverted micelle model

not only satisfies our AFM data, but also gives good agreement with SAXS data

collected by other groups under similar conditions.
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In order to fully compare scattering data with AFM, it is necessary to collect
structural information from the interior of the membrane as well as the surface.
SAXS is a bulk technique and thus probes the entire volume of the membrane, and
while surface morphology does have a contribution, it likely cannot account for the
strong USAXS upturn which is observed. We conducted a series of experiments
where pretreated membranes were cryofractured using liquid nitrogen and then
imaged under deionized water. Figure 8 shows the image previously shown of the
neat membrane surface under water alongside a cryofractured cross section imaged
under water as well. We noticed that cryofractured samples also exhibit the worm-
like morphology that we see at the surface as is shown in the worm-like features
extending left to right across the image. We also see circular negative height features
which may correspond to worm-like features that have been cut along their short
axis. Because of the roughness that is introduced during fracturing, a meaningful
correlation length could not be extracted from these images, however, we can see

qualitative evidence of similar morphology.
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Figure 2.9: Topographic images of the surface (a) and cryofractured
cross-section (b) of Nafion 212 imaged in deionized water.

We also experimented with microtoming membrane samples to obtain cross-
sections, and while these samples were less rough, they suffered from shearing in the
blading direction. Cryomicrotoming is probably an ideal method to obtain clean,
unaltered cross sections and future experiments will investigate the utility of this

method.

2.6 Imaging Nafion in Alcohol Solutions

To further probe the swelling behavior of Nafion in the context of direct
methanol fuel cells (DMFC’s), we conducted a series of imaging experiments
equilibrating Nafion in different aliphatic alcohol solutions. In DMFC’s, a liquid fuel
mixture is fed at the anode side which consists of low concentrations (1-2 M) of
methanol which are then effectively in equilibrium with the membrane. PFSA

membranes have been shown to swell to an even greater degree in aliphatic alcohols
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than in water, so this also provides an extension of the swelling characterization
conducted so far. We conducted experiments in isopropanol, methanol and ethanol,
and observed qualitatively similar behavior in each. At concentrations typical for
DMFC operation, there was no discernable difference in morphology, but as
concentrations were increased the swelling became detectable by AFM. In the
methanol solution, we see an increase in the spacing of worm-like features as the
methanol concentration is increased while the worm-like features themselves were
not observed to change in diameter. The average correlation length of worm-like
features increases from 77.4 nm to 128 nm as the concentration is increased from 0
to 50 vol%. These correlation lengths were also determined by averaging several (n =
10) images. We attempted to conduct imaging under even higher methanol
concentrations but were unable to due to excessive swelling of the membrane and its
delamination from the substrate. Even at 50% methanol, evaporation of solution
becomes a substantial issue and care must be taken to continuously add new solution

to keep a stable imaging environment.
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Figure 2.10: Topographic images of Nafion 212 under DI water (a), 20%
aqueous methanol solution (b) and 50% aqueous methanol (¢). Correlation
lengths obtained from the average of 10 images are reported under each
image and (d) shows the increase in fibril spacing schematically.

The type of swelling we observe is consistent with the work of Haubould et al.
who theorized that methanol should preferentially solvate hydrophobic segments of
Nafion, expanding the polymer matrix but leaving the volume of the hydrophilic core
unchanged.32 Chomakovahaefke et al. also proposed a similar type of swelling based
on AFM data where fibril features similar to the worm-like features we observe were
found to unwind and reorient with increasing water content.”> We do not observe a
significant decrease in surface roughness between methanol solution and the water

equilibrated samples as reported by Affoune et al.***° That study, however,
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equilibrated Nafion membranes in pure alcohols and imaged them in air which could

create a different morphology than was observed here.

In order to compare our AFM data to bulk swelling measurements, we
equilibrated sections of membrane in methanol solution and compared the bulk in-
plane swelling to our AFM observations. We saw that Nafion increased in area 22%
moving from water to a 50% methanol solution. This is a smaller increase than the
increase in correlation lengths would suggest, possibly due to the increase in spacing
of features, but not their size. This also indicates that the swelling behavior is likely
more complex than an isotropic spreading of fiber features and that fiber features

may reorient during swelling.

2.7 Conclusions

In summary, we have characterized the surface morphology of Nafion 212 over a
wide range of relative humidity, and in aqueous solution. We have shown that at
dehydrated conditions, most of Nafion’s surface hydrophilicity is lost and surface
reorganization occurs to form fewer aqueous domains. At high degrees of swelling
we see the formation of large fiber-like features which cover much of the surface.
Phase and conductive probe AFM of these features allows us to determine their
chemical makeup; i.e. cylindrical inverted micelles. This structural rearrangement at
the extremes of relative humidity explains many of the adverse effects that these

conditions have on cell performance.
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Imaging in water and methanol solutions provides a further degree of swelling,
and we observe increased fibril formation under these conditions. By conducting a
statistical analysis of images, we are able to directly relate our AFM images to SAXS
data collected by other groups. We used this to reconcile areas where structural
models based on SAXS data are oversimplified and incomplete, and have
constructed a model which better explains all available data. With this understanding
of Nafion, we now seek to investigate novel membrane systems which seek to

improve on its performance.
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Chapter 3: Imaging Short Side Chain

Perfluorosulfonic Acid Membranes; Hyflon Ion

3.1 Introduction

After our initial work on Nafion, we wanted to investigate how the morphology
and proton conductivity of Nafion compares to other PFSA membranes that are
commercially available or under development. These membranes have similar
chemical composition, and understanding how small changes in the chemical
structure of the polymer can affect the morphology of the resulting membrane and

ultimately fuel cell performance is one of the primary goals of this research.

The first structural feature investigated was the length of the sulfonic acid
sidechains in the PFSA polymer. Nafion represents a long side chain (LSC) PFSA
polymer with a four carbon ether side-chain and is the most commonly used
membrane for fuel cell applications. Short side chain (SSC) PFSA membranes with
two carbon ether side-chains such as Hyflon lon® have gained interest as a Nafion

replacement because they have been shown to outperform Nafion in fuel cells.'*”
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Figure 3.1: Chemical structures of Nafion and Hyflon Ion polymers.

Structures of both Nafion and Hyflon are shown in Figure 3.1. The chemical
structures differ only in the length of side chains, however this small difference has
been shown to cause a significant effect on the thermal, mechanical and ion transport

properties of the membrane.>*

Interest in shorter side chain PFSA variants initially began in the 1980’s when
DOW chemical company began developing alternative membranes based on this
structure. However despite reports of the improved performance they exhibited,*’
these materials were not pursued commercially, possibly due to a complicated and
costly synthetic route. In the early 2000’s, Solexis started using a simplified synthesis
and began to distribute these materials under the trade name Hyflon Ton.>®’ Small
angle X-ray scattering analysis has been previously employed to characterize these

membranes™®”, but as with Nafion, the spatial averaging inherent to this technique
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limit the usable structural information which can be extracted. Here we compare
Nafion 212, which is the current state of the art LSC membrane to Hyflon Ion E87-
05, a similar SSC membrane. These membranes differ only in terms of their chemical
structure, as outlined in figure 3.1 and their equivalent weight or ion exchange
capacity. Hyflon has an equivalent weight of ~860 g/mol whereas Nafion has an
equivalent weight of 1050 g/mol. The decreased equivalent weight of the Hyflon
membrane imparts higher proton conductivity, however due to the shorter side chain
yields a similar crystallinity. This is not surprising as these respective equivalent
weights lead to an almost identical graft density on the polymer backbone -
approximately 1 side chain for every 14 backbone carbon atoms. Because these
membranes have been shown to be near the optimal equivalent weight that balances
proton conductivity and mechanical stability, they were chosen as good candidates to

more broadly compare the two classes of polymer.
3.2 Imaging Hyflon under Varying Relative Humidity

To begin with, we collected phase images of Hyflon Ion under three different
regimes of water content and compare to our previous data on Nafion 212.
Compared to previous scanned probe studies of Nafion over a range of humidities, '’
there is little qualitative difference between the structure of Nafion and Hyflon when
equilibrated at ambient conditions. Hyflon shows an average domain size of 110 nm*
at ambient conditions, comparable to the 93.6 nm? reported for Nafion. Domains

cover 25.6% of the surface compared to 19% for Nafion and the density of domains
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was lower, ranging from 1.1 to 1.5 per 1000 nm? instead of 2.0 to 2.7 per 1000 nm’
in Nafion'™!" The lower equivalent weight (higher ion exchange capacity) of Hyflon

yields a larger volume fraction of water and is expected to confer a larger amount of

hydrophilic surface area, which our results confirm.

3% RH 30-60% RH 95-98% RH
Figure 3.2 AFM phase images of Nafion 212 (a-c) and Hyflon Ion E87-05 (d-
f) at dehydrated (a,d), ambient (b,e), and hydrated (c,f) states. Dehydrated

images were collected in repulsive mode while all other images were
collected in attractive mode.

Hyflon E87-05 has an equivalent weight of 870 g/mol whereas Nafion 212 has
an equivalent weight of 1050 g/mol. Our results equate to a ~30% increase in
hydrophilic surface area for a ~20% increase in ion exchange capacity. Additionally,

the cluster-network model proposed by Gierke predicts a linear relationship between
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the equivalent weight of the polymer and the volume of individual ionic clusters. '*"?

This fits well with the larger size of individual hydrophilic domains that we observe.
The higher room temperature proton conductivity observed in similar SSC
membranes is a product of this reduced equivalent weight.” The reduced occurrence
of domains is likely tied to the larger size and broader distribution of domain sizes in
Hyflon as compared to Nafion. This result is consistent with X-ray scattering data
obtained by Kreuer et al. which shows a broader ionomer peak at lower scattering

vectors for Dow 858, a SSC membrane similar to Hyflon Ion.’

Images of Nafion® 212 equilibrated with a high RH atmosphere show the
formation of large fiber or worm-like features covering much of the surface'’.
Remarkably, few if any of these features are observed in Hyflon. The only change
observed in Hyflon at high relative humidity is an increase in the amount of
hydrophilic surface area from 25.6% to 31.1%. This increase agrees well with the
increase in volume fraction of water observed over a similar range of humidity.’
This increase appears to be caused by an increase in size of the hydrophilic domains
rather than a reorganization of domains (i.e. swelling.) Kreuer et al. also observed a
smaller shift in the ionomer peak with increasing water content for Dow 858 relative
to Nafion,” implying a smaller average change in size of individual ionic clusters.

This is consistent with the reduced amount of rearrangement we observe by AFM.

At low water contents we see a pronounced loss of hydrophilic surface area for

Hyflon Ion as was observed in Nafion. The hydrophilic surface area of Hyflon drops
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to 11.6%; whereas our study of Nafion yielded a value of only 5%.'° Membrane
water content is typically expressed as A where A is the molar ratio of H,O to SO;3
groups in the membrane. In previous water sorption experiments, both membranes
were shown to have a similar A value at low RH conditions’. The same A value
corresponds to a larger volume fraction of water in Hyflon® due to its lower
equivalent weight. This may partially explain the greater area of hydrophilic surface
domains in dehydrated Hyflon compared to dehydrated Nafion, and implies better
water retention in Hyflon. In addition to a greater surface coverage of hydrophilic
domains, we notice a different average size and occurrence of domains in Hyflon. In
contrast to Nafion, Hyflon undergoes a shrinking of hydrophilic domains, while they
maintain a similar occurrence. This implies that the mechanism of dehydration is
more uniform in Hyflon and that less rearrangement of the surface is occurring,
likely due to the reduced side chain mobility in Hyflon. Our observations suggest that
in Hyflon, the network of hydrophilic domains is better preserved at low RH which
explains the higher bulk proton conductivity of Hyflon at low RH as compared to

Nafion.®

We next took cross sections of each membrane by the same cryofracture
technique described earlier in order to compare the interior morphology of both
membranes to their surface morphology. We notice a distinct difference in the
interior morphology for both membranes. The average hydrophilic domain size
increases significantly which in turn reduces the occurrence of domains. The average

hydrophilic surface area is also higher in the interior of the membrane relative to the
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surface (33 vs 25% for Hyflon and 31 vs 21% for Nafion). This is not surprising, as
the air interface is more hydrophobic than the water and polymer in the interior of the
membrane. This causes a surface with a relatively higher hydrophobic character to
form when these membranes are dispersion cast. This is an important consideration,
as this smaller surface hydrophilicity will likely limit the proton current in the
through-plane direction during operation. We also notice that in the interior of the
membrane, there is a joining of adjacent hydrophilic domains to form bands which
stretch in the through membrane direction. This could explain the often anisotropic
proton conductivity and water diffusion coefficients that are observed in these

materials.

110°

105° a0°

Figure 3.3 AFM phase images of the membrane
surface (a,c) and of cryofractured cross-sections
(b,d) of Nafion 212 (a,b) and Hyflon Ion E87-05
(c,d).
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An important consideration when interpreting these cryofractured cross-sections
is the effect of freezing water on the membrane microstructure. When submerged in
liquid nitrogen, it is almost certain that the water inside the membrane freezes, in
spite of the high ionic content and spatial confinement. This causes expansion of the
water and, as a result, the hydrophobic polymer matrix. It is thus unclear, to what
degree the increased cluster size may be an effect of this freezing expansion. To
investigate this effect, we also examined the membrane surface after freezing in
liquid nitrogen and found no SAXS experiments would represent a good way to
probe the average cluster size as a function of these conditions, but this is beyond the

scope of this work.

3.3 Imaging in Water and Under Methanol Solution

We next compared both membranes in water and in methanol solutions. Similar
to high RH environment, we see little if any fibril formation in sharp contrast to
Nafion where abundant fibril formation occurs. This reduced amount of surface
rearrangement is a good sign for the long term durability of Hyflon as it implies an
ability to absorb water without introducing roughness to the membrane-electrode
interface. One unique feature we notice in Hyflon is a series of low lying height
features across the membrane surface which appear to be oriented in one direction.
These were observed equally across all water contents, and it seems likely that they
are side effects of the extrusion process used to cast these membranes. However, we

conducted imaging of Nafion 105 and 117 which are extruded LSC membranes and
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found no evidence of these features, and a similar fibrillar morphology to that
observed in Nafion 212. An example of image of Nafion 117 under DI water is
shown in figure 3.5. This tells us that there is a significant difference in morphology

between these two membranes which is independent of the casting process.

Figure 3.4: Topographic AFM images of Nafion 212 (a,b) and Hyflon
Ion E87-05 (c,d) under DI water (a,c) and 50% methanol (b,d).

It is very likely that both membranes undergo a similar type of swelling in liquid

environment. This is, however, difficult to observe or quantify microscopically in
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Hyflon by AFM due to a lack of any type of reference features to act as a yardstick.
Bulk swelling measurements of both membranes were conducted, and while they are
by no means exhaustive, they show roughly similar degrees of in-plane swelling

(~20%) when moving from ambient conditions to water equilibrated.

Figure 3.5: Topographic AFM images of Nafion
117, an extruded membrane under DI water.

In the case of alcohol environments, we saw that Hyflon swells macroscopically
by ~13% when moved from water to 50 vol% methanol, less than the 22% increase
seen in Nafion, implying a lower but still substantial methanol uptake without any
measurable change in surface roughness. This may be caused by the reduced
equivalent weight of Hyflon and the resulting smaller hydrophobic volume fraction

that is available for solvation by methanol and other organic solvents. It could also be
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that the reduced rotational mobility of side chains predicted in modelling'* inhibits

surface rearrangement in Hyflon during swelling.

3.3 Conductive Imaging

To investigate the effect of morphology on the fuel cell performance of each
membrane, conductive probe AFM was employed on half fuel cells with hydrogen
supplied to a carbon cloth electrode on the opposite side of the membrane as the
AFM tip. As mentioned previously, the large worm-like feature in the Nafion image
shows no current response. As in phase imaging, many features were observed in
Nafion 212 but not in the Hyflon Ion membrane. However, small non-conductive
areas were observed across the surface of both membranes which may correspond to

hydrophobic domains or hydrophilic domains with poor connectivity.

Perhaps more importantly, the ability of the surface of Nafion to rearrange and
form worm-like features at high water content provides a possible performance
degradation mechanism. Humidity cycling tests conducted on membrane electrode
assemblies containing Nafion have found a rapid performance loss which was
attributed to membrane swelling and shrinking."> This specific type of swelling,
where considerable roughness is introduced into the membrane-electrode interface
would almost certainly add additional resistance and be deleterious to fuel cell
performance. The higher glass transition temperature of Hyflon (160°C vs 110-
130°C for Nafion)® could explain why surface rearrangement and the formation of

worm-like features occurs in the LSC membrane, but not the SSC membrane. This
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gives the SSC membrane an important advantage in durability in addition to

improved proton conductivity.

5000

OpA 100 pA.
W Hyflon E87-05

[ Nafion 212

Figure 3.6: Conductive AFM images of Nafion 212 (a) and Hyflon Ion E87-05
(b) taken at 80 % relative humidity and 50 C. (c) Histograms of each
conductive AFM image.

The conductivity images for each membrane exhibited a range of currents which

followed a Gaussian distribution, with Hyflon Ion E87-05® exhibiting a higher
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average current than Nafion 212® (70 pA vs. 62 pA) under identical conditions as
shown in Figure 10. This difference in average current agrees well with the reported
difference in bulk conductivity values under the temperature and humidity that these
measurements were conducted under. Our cp-AFM’s ability to differentiate between
two materials with similar proton conductivity is a good indicator of its quantitative

accuracy.

3.4 Conclusions

The question of why SSC membranes show improved performance over LSC
membranes has been the subject of several studies.”””'* Our results indicate an
increased percentage of hydrophilic surface area in Hyflon due to its lower equivalent
weight, which yields a higher proton conductivity at ambient conditions. At
dehydrated conditions, hydrophilic surface area is retained, implying more pathways
for proton conduction and higher performance than Nafion under the same
conditions. At high water contents and in methanol solutions, we observe very little
morphological rearrangement in Hyflon during swelling, in sharp contrast to Nafion.
This improved swelling behavior is likely tied to the higher T, of Hyflon. The greater
stability of Hyflon should allow it to perform better under variable operating

conditions.

The fact that SSC materials show improved properties gives important design
information for future proton exchange membranes. In the case of Hyflon, efficient

packing of polymer chains allows for better swelling behavior without sacrificing
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proton conductivity. PFSA materials with even shorter side chains may be able to
pack even more efficiently, allowing even lower equivalent weight membranes to be

used. It is unclear, however, if the synthesis of such materials would be possible or

16,17 18,19

economical. Cross-linked polymers ™ *, polymer/inorganic composite systems >, as

20,21

well as novel wholly inorganic membranes™ ", provide an alternate route to

improving swelling behavior without reducing the volume available for proton

conduction.
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Chapter 4: Investigation of 3M Membranes for High

Temperature Fuel Cell Operation

4.1 Introduction:

Proton exchange membrane fuel cells (PEM-FC’s) are a promising power source
that is under development for automotive and stationary applications. Currently these
devices suffer from high system cost and poor durability relative to internal
combustion engines which have impeded commercialization. One route to addressing
these factors is to create cells that can operate at higher temperatures (>100C). This
would mitigate several problems inherent to fuel cells, such as slow oxygen
reduction reaction kinetics at the cathode and the propensity for carbon monoxide
poisoning to occur at both electrodes. The challenge to accomplishing this goal lies
in the PEM itself. These membranes consist of phase separated polymers with a
hydrophilic proton conducting phase inside of a hydrophobic polymer matrix. The
most commonly employed membrane is Nafion, a perfluorosulfonic acid (PFSA)
membrane. While Nafion shows good performance, it has several drawbacks
especially for high temperature operation. At high temperatures, water is lost from

the hydrophilic phase and ionic conductivity from anode to cathode drastically
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decreases. This dehydration also accelerates chemical degradation processes which
lead to permanent performance loss in the membrane. Additionally, high
temperatures put Nafion close to its glass transition temperature (~110C) which

causes a loss of mechanical strength.'”

Water retention and proton conductivity can be increased by using lower
equivalent weight (EW) membranes but this in turn reduces the length of
crystallizable polymer backbone segments which decreases the mechanical strength
of the membrane.>* Low EW membranes also swell excessively at high humidity
causing dimensional stress which can lead to accelerated degradation of the
membrane electrode interface.” All PEM’s must balance ionic conductivity with
mechanical strength in this way, and numerous approaches have been taken to impart
additional mechanical strength to membranes such as forming organic/inorganic
composites®’, using highly porous polymer scaffolds'’, and crosslinking polymers''
1> While these methods can create mechanically robust materials, they often do so at

the expense of proton conductivity.

3M has developed a new approach to this problem where a PFSA precursor is
imparted with a new side chain functionality that contains two acidic protons per
side-chain instead of one.'* This in theory allows for a membrane with a higher acid
content (lower EW) without sacrificing the crystallinity of the resulting membrane.

Hamrock and coworkers have shown that these perfluoro-imide acid (PFIA)
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membranes yield excellent mechanical stability compared to PFSA membranes of a

similar equivalent weight.

Figure 4.1: Chemical Structures of the 3M PFSA (left) and PFIA (right).

Bulk conductivity measurements have already shown that a PFIA membrane has
higher proton conductivity than a PFSA membrane made from the same polymer
precursor due to an increased concentration of protons.'* Tt has also been shown that
this leads to increased performance at elevated temperatures. Modeling studies have
also determined a distinct dissociation behavior and hydrogen bond connectivity
between the two acid groups.'”” What remains to be seen is how these observations
are tied to membrane morphology, swelling behavior, and spatial distribution of
proton current coming through the membrane. It also remains to be seen if the
membrane morphology is stable across the wide range of water contents that can be

experienced during fuel cell operation. Understanding the changes in these nano-
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scale properties will help to determine to what degree the multi-acid sidechain
architecture meets the desired design goals of increased proton conductivity without

a loss in mechanical stability under fuel cell operating conditions.

Here we employ tapping mode and conductive probe atomic force microscopy
(cp-AFM) as tools to investigate the nanoscale morphology and proton conductivity
of a 3M PFIA membrane as a function of relative humidity. As a point of
comparison, we also investigate a 3M PFSA made from an identical polymer
precursor to directly see the effect of the additional acid group and longer sidechain
on the properties of interest. Because of the large range of relative humidity (RH)
that can be present in a fuel cell, we employ a closed fluid cell and investigate
morphology over the range 3-95% RH with a specific focus on the extremes of this
range. Imaging at extensively dehydrated conditions allows us to assess the
membrane’s water retention and to see how the hydrophilic phase changes under
these conditions. Conversely, very high RH conditions allow us to evaluate the
mechanical stability of this membrane when subjected to various forms of swelling.
Cp-AFM then allows us to obtain spatially resolved proton conductivity maps under
a similar set of conditions and observe directly how membrane morphology is tied to
proton conductivity. Through this we are able to see evidence of the improved water
retention and proton conductivity in the PFIA at elevated temperature, but at high RH
conditions see evidence of a nearly continuous hydrophilic phase which may indicate

unfavorable swelling behavior.
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4.2 Experimental:

For these experiments, we used similar scan imaging parameters to those used to
characterize Nafion and Hyflon in previous chapters. In this work we used the same
conductive imaging cell, but imaged at increased temperatures. Experiments were
conducted up to 200 degrees, at which point no membrane maintained conductivity,
and the humidity in the cell was essentially zero. Humidified hydrogen was supplied
via a gas flow channel under the electrode at 50 mL/minute and humidified air was
supplied over the membrane surface at 100 mL/minute while scanning. Using a
humidity sensor (Honeywell) we found that the humidity in the chamber was 80% at
room temperature and decayed to ~3% at 160C. A graph of the humidity to

temperature ratio for our cell is shown below.

For experiments using dry gas feeds, both flow channels were passed through a
desiccator column yielding a relative humidity of 6% at room temperature. At each
temperature interval, the sample was allowed to equilibrate with the atmosphere for
30 minutes prior to imaging which was observed to coincide with stable RH values.
A positive bias of 1 V was applied to the sample for all images and data reported
here, but a linear relationship between current and bias voltage was observed at

positive bias.
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Figure 4.2: Relative humidity versus temperature relationship for
our sample chamber with membrane sample and flow rates of 50 mL
per minute humidified H; (g) and 100 mL per minute humidified air
at anode and cathode respectively.

4.3 Phase Imaging of 3M Ionomers

Our first goal was to evaluate the morphology of the 3M PFIA ionomer
compared to its PFSA counterpart. Since both polymer membranes are made from
the same sulfonyl amine precursor, one important question to answer is whether the
additional acid group on the PFIA has a significant effect on the resulting membrane
morphology. For this we employed tapping mode AFM imaging under a wide range
of relative humidity as we have used previously to characterize other PFSA

polymers.'®"” At ambient conditions we already notice both polymers showing
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slightly different morphology. Both polymers show a similar degree of phase
contrast, implying similar mechanical properties of both the hydrophilic and
hydrophobic domains. We see a well-defined hydrophilic pore structure in both
polymers with each showing a similar fraction of hydrophilic surface area — 22% for
the PFIA and 21% for the PFSA. This is an interesting result as the lower equivalent
weight and higher water uptake observed in the PFIA polymer might be expected to
confer a higher hydrophilic surface area, but they are almost identical. Despite having
a similar amount of hydrophilic surface area, we notice a significant difference in the
size of individual hydrophilic domains. Analysis of phase images similar to figure 1
showed that the average radius for hydrophilic domains in the PFIA membrane was
8.2 nm versus 7.7 nm for the PFSA. The cluster network model set forth by Gierke
and Hsu'®"? predicts that cluster size should increase as equivalent weight decreases,
which is what we observe here. This is also consistent with previous work by our
group on other, higher E-W. PFSA’s, which both showed smaller average domain
sizes. It is worth pointing out, however, that the domains we observe are not the
same as the clusters inferred from X-ray scattering. The domains we see are on the
order of 10-15 nm in diameter while individual clusters are 3-4nm. This has been
explained by various models by the coalescence of individual clusters to form a

larger hydrophilic phase.”®

and by a different morphology at the membrane surface
than in the bulk material.”> What we can infer from this information, however, is that

a larger cluster size in the bulk is also linked to a larger average domain size at the

surface.
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Since the PFIA is designed to perform under low relative humidity and high
temperature, we next evaluated the water retention ability of the PFIA polymer by
conducting imaging under heavily dehydrated conditions and comparing to the PFSA
membrane. Our previous experience with PFSA polymers has shown that imaging
under these conditions requires moving from the attractive imaging regime (phase >
90) to the repulsive imaging regime (phase < 90) in order to observe phase contrast
between hydrophilic and hydrophobic domains without coupling strongly to
topography.'®'** This is likely related to the fact that in attractive mode, only the
first atomic layer is being probed mechanically, whereas in repulsive mode the probe
depth increases to a few nm.* In short this implies that other PESA’s such as Nafion
have essentially no water at the surface and that the phase contrast we see is due to
water in subsurface domains in the first few nanometers. In the case of both the
PFSA and PFIA, we were able to achieve stable, attractive mode phase imaging
without significant coupling to topography, which alone implies that both
membranes exhibit better surface water retention. At dehydrated conditions, the
PFIA still exhibits 9% hydrophilic surface area under attractive conditions, whereas
the PFSA exhibits 3.9% hydrophilic surface area. The average domain size in the
PFSA decreases considerably to 3.7 nm radius, while the PFIA undergoes less of a
decrease to 6.7nm. The occurrence of domains in the PFSA is also markedly lower
than the PFIA at 195 domains per square micron versus 390. We attribute these
results to better water retention and a hydrophilic phase which is stable even under

extremely dehydrated conditions.
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Figure 4.3: 500 nm phase images of 3M 625 EW PFIA (top) and 825 EW
PFSA (bottom) under dehydrated (3% RH) (a,d) ambient (50% RH)(b,e) and
hydrated (95%RH)(c,f) conditions. Dark areas correspond to hydrophilic
domains while bright areas represent the hydrophobic polymer matrix.
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One advantage of the PFIA polymer is that despite being able to effectively retain
water, it should exhibit sufficient crystallinity due to polymer backbone packing so
that it does not swell excessively at high water contents. This enables the use of
lower EW PFIA polymers (625g/mol in this case) while maintaining sufficient
mechanical strength. Schaberg and coworkers have already shown that these

polymers exhibit higher crystallinity than a PFSA of equal equivalent weight.
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In order to evaluate performance at high water contents, we equilibrated both
membranes in water and imaged them in a high (95%) RH atmosphere. In both
cases, we see an increase in hydrophilic surface area, consistent with a dilation of
ionic clusters. Previous SAXS experiments on 3M PFSA polymers” and other PESA
membranes™'®*’ have shown that the size of ionic clusters increases with increasing
water content as is the case for many phase separated systems. By AFM, we notice
an increase in hydrophilic surface area in the PFIA to 36% and in the PFSA to 33%.
Particle analysis shows that the average size of hydrophilic domains greatly
increases, especially in the PFIA. We also see a movement towards a near-
continuous hydrophilic phase at the surface which is more pronounced in the PFIA,
in contrast to the isolated hydrophilic domains at ambient and dehydrated conditions.
While this continuous hydrophilic phase may be beneficial for proton conductivity, it
has the potential to cause problems at the interface due to swelling induced
mechanical strain or water accumulation inside the electrodes. It appears that while
the PFIA retains similar mechanical properties to the corresponding PFSA, the
additional acid group causes a small degree of additional swelling. This is something
that needs to be taken into account when considering fuel cell applications for this

membrane.

4.4 Conductive Imaging

We have already shown that qualitatively, both membranes follow a similar

change in morphology but with a quantitative difference in hydrophilic surface area.
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To more directly visualize the performance of these membranes under fuel cell
operating conditions, we employed conductive probe AFM as described in our
previous work.'® At room temperature and 80% RH we noticed a substantially higher
current in the PFIA as compared to the PFSA, likely due to the increased
concentration of protons in the membrane. We also noticed the formation of large,
non-conductive fibrils features in both membranes, similar to those observed in
Nafion 212.'%!'" This is likely caused by the sample construction method where
samples are hot-pressed at 130° C, close to their glass transition temperature, which
leads to this structural rearrangement. As can be seen in Figure 3, these features are
non-conductive indicating that they do not contribute to through-plane conductivity

and thus fuel cell performance.

In order to evaluate the performance of these polymers at the designed operating
conditions, we conducted cp-AFM imaging at elevated temperature and reduced
humidity. We could not find a practical way to increase the temperature of our gas
streams without introducing substantial electrical noise into the cp-AFM
measurements. For this reason we used room temperature gas feeds and raised the
temperature of the fluid cell which increased temperature and simultaneously
decreased relative humidity. We found that at the flow rates used in this study, we
achieved a relative humidity of 80% at 25°C which decays to ~25% at 100°C. Figure
4.2 shows the relationship between temperature and relative humidity at the
conditions used in this study. Not surprisingly, in this temperature range, both

membranes lost conductivity quickly as temperature was raised and did so at a rate
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consistent with bulk ionic conductivity decreasing with decreasing relative humidity
as was observed in previous measurements by the 3M group. Above 100°C, the
decrease in conductivity was more rapid likely due to additional dehydration of the

surface from being above the boiling point of water.

2pA
Figure 4.4: Large scale (10um) conductive probe AFM images of 3M
PFIA (top) and PFSA (bottom). These were conducted using 50 mL of
humidified hydrogen at the anode and 100 mL of humidified air at the
cathode with cell temperatures of 25°C (a,d) 100°C (b,e) and 140°C
(c,f). These increasing temperatures correspond to decreasing relative
humidity in the sample chamber.

Figure 4.4 shows proton conductivity images of each membrane at 25, 100 and
140 C, showing the decay and eventually the complete loss of conductivity. We
observed that the PFIA maintained a small amount of proton conductivity up to 160C

whereas the PFSA lost all conductivity above 130C. This result appears to be in line
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with our previous observations about the more hydrophilic character of the PFIA
surface. Due to the current resolution of our setup, currents below 1pA could not be

separated from noise and were not factored in to average currents.

As is readily apparent, the PFIA shows higher current values across all of the
conditions explored in this study. This is not surprising, as the lower equivalent
weight is expected to yield a higher density of proton charge carriers and thus higher
proton conductivity. Interestingly, the PFIA shows much broader -current
distributions as well. This often was manifested as “hot spots” in the current images
which were in the hundreds of nanometers to micron size range, and was most
pronounced at high relative humidity. Our interpretation of these results is that there
is a distinct morphology causing a non-uniform concentration of sulfonic acid groups
near the surface. Figure 4.5 shows a series of histograms displaying the average
currents from a 20 pm x 20 pm conductive AFM image at a range of temperature/RH
conditions. We found that in practice there was a large variation in these average
values, possibly due to imperfections in sample construction, especially at the
membrane-electrode interface. As such we took several scans and report here the
scans with the highest value at each temperature as these best represent an ideal
construction without additional resistance being added. These histograms show the
broader distribution of currents in the PFIA membrane, as well as a substantially

smaller decrease in conductivity with decreasing relative humidity.
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Figure 4.5: Histograms of current values at various temperatures for
3M 625 E.W. PFIA (left) and 825 E.W. PFSA (inset).

Figure 4.6 shows a plot of the log of average current in these experiments versus
the relative humidity at each temperature, and shows how each of the membranes
investigated shows a near linear decrease in the 80 — 20% RH range and then a more
drastic decrease at very low relative humidity. The lower humidity range also
corresponds to areas above the boiling point of water, so it is likely that under these

conditions loss of water from the membrane surface is a large factor, even if some

is maintained in the bulk. As can be seen here, both the PFSA and PFIA show

substantially higher proton conductivity than Nafion 212 and all membranes showed
a decrease in conductivity that follows an exponential decay (R* > 0.93). By carefully

monitoring the relative humidity inside of the sample chamber at each temperature
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value, we were able to accurately relate each temperature to a relative humidity. It
has been found in previous studies on Nafion that despite a theoretical increase in
proton conductivity at elevated temperature, values at different temperatures but
constant RH showed very little change. For this reason we assumed that temperature
was not a factor in these experiments in order to plot our data as a function of

relative humidity.

While the PFIA was able to reach higher temperatures and maintain measurable
proton conductivity, this is mainly caused by the PFIA having higher conductivity to
begin with and the limited current resolution of our instrument. If we instead look at
the normalized proton conductivity (Figure 4.6b) we can see that in the extremely
low RH/High temperature regime, both membranes lose a similar percentage of
proton conductivity. The largest differences occurred at 100C and 120C (15% and
27% RH) where the PFIA shows about double the normalized proton conductivity of
the PFSA. This implies that the PFIA shows the biggest improvement in
performance in this temperature regime, which is generally regarded as a target range

for higher temperature PEMFC’s.”®
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Figure 4.6: Average conductivity values on a logarithmic scale
versus relative humidity (a) and average normalized current
versus relative humidity (b) for PFIA, PFSA and Nafion 212
Membranes.

If we compare our AFM conductivity values to those acquired by Schaberg et al
during bulk conductivity measurements, we see good quantitative agreement. This is

impressive given the differences in the techniques being employed, bulk
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measurements measure conductivity in the in-plane direction using a high frequency
AC bias, while our AFM measurements are conducted in the through-plane direction
under a constant DC bias. Figure 4.7 shows a plot of our conductive AFM data
alongside theoretical currents based on bulk conductivity values and assuming a
fixed tip-sample contact area (20nm radius half-sphere) and fixed membrane
thickness for the PFIA and PFSA polymers. For example, the PFIA showed a
conductivity of 120 mS/cm at 80% RH. If we apply our assumptions and assume no
interfacial resistance or kinetic limitations, we get a theoretical value of 1.14 nA/V.
The current we actually measure under these conditions is 704 pA/V, about 30%
lower, but a very good estimate given the lack of information on the actual
tip/sample contact area. It has been shown in other studies that at high relative
humidity, a meniscus typically forms at the AFM tip, which causes an effective
broadening of contact area.”’>® At lower relative humidity, we see that the through
plane conductivity is decreasing more rapidly than the in plane conductivity likely
due to increased dehydration directly at the surface and a decreased electrochemical

contact area with the AFM tip.
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Figure 4.7: Comparison between average current values versus
relative humidity from cp-AFM scans and bulk conductivity data
from Schaberg et al. assuming a 20 nm ' sphere as the AFM tip-
sample contact area.

We conducted a similar set of experiments using dry gas feeds, where

temperature was varied and humidity remained essentially constant (6% RH at 25C
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and 3% RH at 150C). Under these conditions we notice a linear decrease in current
as temperature is increased, due to increased evaporation at high temperatures.
These measurements highlight an important consideration when interpreting bulk
conductivity measurements of ionomer materials. During fuel cell operation, the
surface properties of the membrane ultimately dictate through-plane conductivity and
the performance of the fuel cell and need to be considered when evaluating these

materials.
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Figure 4.8: Average proton conductivity versus temperature
under dry gas feeds for the PFIA and PFSA polymers. Flow rates
were S0ml and 100ml per minute dry nitrogen at anode and
cathode. Humidity was essentially constant (6% at 25C and 3% at
160C).
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4.5 Conclusions

In summary, we have investigated two of 3M’s perfluorinated ionomers which
are designed specifically for PEM fuel cells operating under high temperature and
low relative humidity. We show that both membranes have impressive water
retention capability at low relative humidity, and that the PFIA is especially well
suited for these conditions. At high RH we see a large amount of hydrophilic surface
area in both, and the formation of a continuous hydrophilic phase in the PFIA which
likely indicates unfavorable swelling. Using conductive imaging we measured the
through plane conductivity at conditions closely resembling the operating conditions
for these cells. We saw that the PFIA membrane shows higher currents and broader
current distributions across all temperature and humidity. Comparison to bulk proton
conductivity yields fairly good quantitative agreement at high relative humidity, but
poorer agreement at low humidity due to a reduced electrochemical contact between
the AFM tip and membrane surface. These measurements are useful because they
allow us to visualize the effect of operating conditions on through membrane current
under a steady DC bias which closely mimics fuel cell operation. The changing
contact area of the tip also allows a quantification of surface contributions to overall
resistance when compared to bulk conductivity values. Further optimization of this
technique will allow for the continued evaluation of high temperature PEM

materials.
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5. Advances in Conductive-probe AFM Imaging

of PEM’s

5.1 AC-mode cp-AFM:

Our research group was one of the first to develop the conductive probe AFM
technique for characterizing PEM’s and it has been almost 10 years since its
inception.! Whereas the previous chapters show the versatility of this technique in
characterizing new membrane systems and developing a unique understanding of
their structure and properties, this chapter details a series of technical developments

aimed at expanding the capability of this imaging technique.

As can be seen from our previous experiments, tapping mode AFM and
conductive probe AFM each provide valuable information about the membrane
surface, and when combined, allow for the relationship between morphology and
proton conductivity to be explored in great detail. In previous work, we have used
phase-current correlation microscopy and taken scans in each mode and compared

hydrophilic domains to proton conducting domains. This led us to the conclusion that
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many hydrophilic domains do not conduct protons, as there is a lower occurrence of
conductive domains. There are several disadvantages to this technique, such as a
resolution mismatch between the AFM tips and imaging conditions used. The low
resolution of ¢cp-AFM in contact mode precludes an accurate analysis of domain size
and shape. Adsorbed water on the surface can also easily cause a loss of lateral
resolution, as is seen in the conductive images in figure 3.6. Additionally, it is
difficult to collect scans on the same area and directly compare them. An ideal
technique would be to collect proton conductivity data while imaging in tapping
mode, thus achieving high resolution conductivity images and allowing for a direct

comparison between mechanical and electrical properties.

The challenge to this technique is that due to the rapid oscillation of the AFM tip,
the period of time which it is actually in contact with the sample is very short. For a
75 KHz probe typically used, this equates to contact times on the order of
microseconds. Takimoto et al. have published work where they appear to do just this,
image in tapping mode while collecting conductivity data.>” 1t is unclear, however,
that this group was actually measuring proton conductivity, as it was conducted
without fuel or oxidant being supplied, which we have found is necessary to achieve
any current readings. This work was also done under a reverse-bias configuration
where the tip acts as anode and surface acts as cathode, which introduces additional
questions to how these images compare to our own. Hiesgen and coworkers,
similarly have used peak force TUNA mode which is available on Bruker

instruments, to simultaneously collect mechanical and electrochemical information. *
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This technique, however is better suited for measuring adhesion force than tip-
sample dissipation. The lateral resolution of the image is also affected by the large

amount of contact required.

For our AC mode cp-AFM experiments, we used an identical setup to our contact
mode measurements, with the membrane hot-pressed onto a commercial carbon cloth
electrode and imaged inside of our humidity controlled fuel cell sample chamber.>®
We used a DPER18 platinum-iridium coated cantilever. These have the advantage of
low electrical noise, and a small, 20 nm tip radius which afforded good lateral
resolution. Because of the extremely low fundamental resonance of these cantilevers
(~10 KHz) we conducted our tapping mode experiments using the second harmonic
at ~80 KHz and found that this allowed for stable tapping mode imaging while still
allowing for a current to be read. We noticed that these measurements were only
possible with high relative humidity (>75%) inside of the sample chamber and
hydrogen being supplied at the anode. While the second harmonic does not follow
the simple dissipation-phase angle relationship outlined in the experimental section,
we found that in practice it still gave negative contrast to hydrophilic domains when
in attractive mode, implying that the direction of phase contrast is the same despite

having a possibly different dependence on power dissipation.

Figure 5.1 shows a series of two conductive AFM scans of Nafion 212, the top
taken in contact mode, and the bottom taken in tapping mode using the same

cantilever and imaging the same sample area. The area in the circle is the same in
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each image to provide a useful feature for reference. In tapping mode, we achieve
much higher resolution in topography and clearly alter the surface much less than
when imaging in contact mode as is apparent by the decreased smearing of fibrils in
the scan direction. At the same time, our contact mode image gives much higher
currents (50 pA vs 3 pA) due to the longer duration of electrical contact during
imaging. Figure 5.2 shows histograms of current values from each conductive image

in Figure 5.1.

SpA

3 S : A LN s
Figure 5.1: Contact mode (a,b) and AC-mode (c,d) conductive
AFM images. Topographic images are shown in (a) and (c)
current is shown in (b) and (d). Images were collected at room
temperature with a +1 V sample bias.
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Figure 5.2: Histograms of current values from Figure 5.1 images,
green is AC-mode and red is contact mode.

In the conductivity image we see several insulating fiber features covering the
sample, but outside of those, the entire surface appears conductive due to water at the
surface delocalizing our measurements. In the tapping mode image we are able to
discern distinct hydrophilic domains. In this image, we noticed that the sides of fiber
features provided a conductive area, possibly due to retention of water in these
locations. It may also be that preferential tip contact due to the water in these
locations caused an increased current reading. The challenge to conducting and
interpreting images in this imaging mode, is insuring that there are no artifacts in the

current image caused by differences in tip-sample contact over the sample. For these
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reasons, after scans were taken in attractive mode, repulsive mode scans with a much
lower setpoint (A/A° = 0.5) were employed and compared to the attractive mode
image. It was also common to scan the area in contact mode after as well in order to
investigate the tip-sample contact dependence, as well as to obtain more

quantitatively accurate current readings.

With these questions about the nature of tip-sample contact unanswered, it is
impossible to judge whether these AFM scans are providing useful information or
merely reflecting the topography through changes in contact area. We conducted a
series of AC-mode force curves in order to more closely examine the nature of these
forces. For these experiments, the same cantilever is used at the same drive
frequency as before, a conductive region is chosen and the tip is gradually brought
into contact while the current, amplitude and phase are monitored. We can see
clearly that there are two current response regimes in the force curve, the first occurs
at relatively high amplitudes (>80% of free amplitude), and corresponds to a ~SpA
current, which is typical for AC mode imaging. At extremely low amplitudes,
essentially contact mode, we see a much larger response. This appears to occur in a
step-like fashion, indicating that the actual value of the amplitude setpoint has
minimal effect on the observed current. Furthermore, looking at the phase image, we
can see that there is little difference in current between operating in the attractive
(>90) and repulsive (<90) regimes. Several force curves were collected at different
points on the surface and showed very similar behavior. This tells us that the current

response 1s uniform under static (non-scanning) conditions, but many of the artifacts
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we see might be due to scan direction and other dynamic effects. To further calibrate
our technique, we employed a series of conductive model samples in order to discern
the relationship between current and topography during scanning. The most useful
was fluorine doped tin oxide (FTO) as its rough surface topography and relatively
uniform surface conductivity allowed us to observe the relationship between contact

forces and observed current directly.

O nm 150nm  OpA 12 pA

Figure 5.3: Topography and current images of an FTO sample collected in
AC mode with a +1V sample bias.

In this sample, we saw that unlike in contact mode where uniform conductivity is
observed, most of the sample appears insulating with scattered bright spots. Average
currents were also much lower than is observed in contact mode, which is
unsurprising given our previous data on Nafion. Overlaying the current image on the
height image and on the phase image gives a clear picture of what factors influence

the observed current. In Figure 5.5a, one can see that current is preferentially read on

100



one side of the FTO crystallites, which was found to vary with the AFM scan
direction. This is similar to the influence of topography on phase that we observe in

our phase imaging of Nafion.”
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Figure 5.4: AC mode force curve of a Nafion 212 Half-MEA under
bias and with humidified gas feeds. Phase, amplitude and current
were simultaneously collected. The blue trace represents the
approach of the tip towards the sample while red represents the
retraction.
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Figure 5.5: Current overlayed on topography (a) and Current overlayed on
phase (b) for the FTO sample in Figure 5.4

In the overlay of current and phase, we see that this is indeed the case, and that
both current and phase are almost perfectly correlated with tall areas (high phase
angle) showing up as red (high current). This phase image was collected in repulsive
mode, where positive values (peaks) correspond to areas with higher tip-sample

power dissipation. In this case there should be almost no variation in the material
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properties of the sample, so any phase is an artifact of differences in tip-sample

contact.

These experiments reveal that under certain conditions there is a strong coupling
between tip-sample contact and observed current when measuring electrical
conductivity on a rigid sample, it is not clear to what degree this carries over to
measuring proton conductivity on a much softer sample with water at the surface.
FTO is also much rougher than Nafion (35 nm rms roughness vs 5 nm), so any
topographic contributions are exaggerated on this sample. Even so, after all
experiments on Nafion we carefully checked for any correlation between current,
phase, and topography in order to assure that we are isolating the properties of

interest.

Subsequent optimization of imaging parameters allowed for a more routine
collection of AC mode cp-AFM images and reduced contribution to current from
topographic factors. Figure 5.6 shows two series of images of Nafion 212 at larger (5
um) and smaller (250 nm) length scales. At large length scales we can see that while
fiber features are nearly invisible in topography, they can be resolved in the phase
image and show dissipative character. This image is especially interesting as these
fibers can be seen to go beneath the surface and lose phase contrast at certain
locations. However, even when they are sub surface, they are still visible in the

conductivity image, indicating that they can still impede proton transport even if they
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are not directly at the surface. It is interesting to note, however that the correlation

between current and phase is far from perfect.

Figure 5.6: Large (Sum) (a,c) and small (250 nm)(d-f) length scale AC-mode cp-
AFM images of a Nafion 212 half MEA. Topography (a,c) Phase (b,d) and
Current (c,f). Images were collected at +1V sample bias at room temperature
with 50mL humidified hydrogen and 100mL humidified air supplied at the
anode and tip respectively.

3 “g

At smaller length scales, we see that we can isolate individual proton conducting
domains in the conductivity image (f). For the most part, conductive regions coincide
with hydrophilic regions in the phase image, however there are several exceptions.
Looking closely, one notices that several proton conducting spots occur at places on

the membrane which appear hydrophobic. This indicates that despite being
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apparently isolated in the phase image, there is actually a thin layer of surface water
present on the membrane which connects domains. This image was collected at 75%
RH, and it is likely that there exists a point at which this layer is not present. In our
experiments, however, we were not able to collect AC mode conductive images at
humidities below 70%. This could be in part to the humidity dependence of Nafion’s
conductivity dropping below the detection threshold of our cp-AFM hardware, more
sensitive current sensing hardware would be ideal for future measurements in this

regime.

We also notice the opposite phenomenon, hydrophilic domains which appear
insulating in the proton conductivity image. This is likely caused by these domains
being dead-ends and not connecting with the rest of the proton conducting network.
This sheds some doubt on the previously accepted wisdom that proton conducting
regions and hydrophilic regions are directly correlated. This is consistent with the
previous work in our group using phase-current correlation, but it is interesting to see
directly. Another interesting discovery is that the largest hydrophilic domains are the
ones which provide the largest currents. This is consistent with theory as it is
expected that as water is less tightly bound to sulfonic acid sidechains, it can behave
more like bulk water and exhibit higher proton conductivity. It also tells us that in
order to create a membrane with higher proton conductivity it is ideal to make

domains as large as possible.
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With this new imaging capability we can directly correlate phase and current and
gain an in-depth understanding of the relationship between morphology and proton
conductivity. It may be possible to further improve this technique by finding ways to
increase currents, either through sample design or by time-resolving the current

signal such that the current is read only when the tip is in contact with the surface.

5.2 Reversed electrode configuration

In our next series of experiments, we investigated the possibility of reversing the
electrode configuration of our samples; using the tip as an anode while using the
bottom electrode as a cathode. Since the kinetics at the cathode are more sluggish, it
should be possible to improve current output by having a more ideal catalyst (a
commercial electrode) on this side. In this series of images we operated in contact
mode in order to achieve more quantitatively accurate current readings and to

compare the reversed and normal configurations.

One issue that occurred with this technique was a high and sometimes drifting
background current both with and without bias. It appears that flowing hydrogen over
the tip allows the hydrogen oxidation to proceed even without bias, and thus causes a
substantial and inconsistent baseline current. Nonetheless, by using higher flow rates
of hydrogen and allowing this current to stabilize, it was possible to collect good

quality conductive AFM images.
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Figure 5.7: Topographic (a) and conductive (b) images of a Nafion 212
half MEA using the reversed electrode configuration. Humidified air
was supplied below the sample at 50 mL per minute and humidified
hydrogen was flowed over the sample at 200 mL per minute. This
image was collected at -1V sample bias at room temperature.

In this case we observed a ~100 pA background current which was present at all
bias conditions and only when hydrogen was present in the sample chamber. Fiber
features now appear red, as they are the most insulating section, while white and blue
areas are highly conducting. This image is essentially the inverse of what we see in
the normal configuration. Contrary to our expectations, we did not achieve higher
currents under the reverse configuration. This tells us that there is not any significant
kinetic limitation from the ORR occurring at the tip. For this reason, we typically do
not employ the reverse configuration, as it offers little additional information and
more difficulty in collecting stable images. The ability to investigate both electrodes
independently does introduce the possibility of investigating CO poisoning or other

phenomenon by selectively poisoning one catalyst layer or the other. The use of
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different tip materials could also allow for the investigation of new catalysts in a

spatially resolved manner.

5.3 Using methanol as a fuel

Although there is much interest in developing PEM fuel cells which utilize liquid
fuels such as direct methanol fuel cells (DMFC’s)® and designing new membranes
for these applications’ ', conductive-probe AFM using methanol as a fuel has yet to
be demonstrated. A large reason for this is that the sample design for these
experiments is not trivial. The membrane must be in contact with a liquid fuel which
causes swelling of the membrane,'? while the AFM tip must be kept relatively dry in
order to selectively read current. Despite these inherent challenges, this type of
imaging could be tremendously useful for evaluating PEM stability and performance
in this unique environment. Bulk proton conductivity in DMFC’s is a frequently

sought after metric for gauging performance,g’”’l“

and methanol permeability of the
membrane provides another key parameter to consider in membrane design.">'® Both
spatially resolved studies on proton conductivity, and on methanol crossover in these

membranes would be of great use for understanding membrane operation and

improving design.

For these measurements, we used the same fluid cell, sample, and tip as used
before. Instead of flowing hydrogen at the anode, we fed a 2M solution of methanol
in water (a typical DMFC fuel stream) using a peristaltic pump. Very low flow rates

were used (10’s of mL/minute) in order to cause minimal stress to the half MEA,
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even so, the sample usually bulged significantly in the center. Tip engaging and
stable topographic imaging was extremely difficult for these samples and wetting of
the sample and its delamination from the steel puck used to attach is to the cell was

also a constant issue.

After many trials, we were able to achieve stable cp-AFM images which are
shown in Figure 5.8. Interestingly, the currents we observe are more than an order of
magnitude higher than we see using hydrogen gas. This is surprising as DMFC’s
typically have a much lower current density. The probable cause is that the
membrane becomes highly hydrated due to contact with water which causes the
membrane proton conductivity to greatly increase. We also noticed that conductivity
values would steadily rise over the course of measurements, another strong indicator
that this is the case. MEA’s were often very rough when imaging under these

conditions, likely due in part to high degree of swelling.
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Figure 5.8: Topographic (a) and conductive (b) images of a Nafion 212
half MEA using methanol as fuel. A 2M aqueous methanol solution was
fed at the anode under the sample using a peristaltic pump. Humidified
air was provided at the tip and the sample was scanned at +1V sample
bias.

These experiments are still in their preliminary stages but represent an excellent
way to evaluate membranes for DMFC’s and other liquid fuel systems. Sample
design is a crucial issue for achieving reliable images, and improvements in the
dimensional stability of the sample should make imaging much easier. Future
experiments which can selectively measure methanol permeating through the
membrane would be of great use towards understanding the spatial variation in this

process.
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5.4 Imaging proton conductivity inside the catalyst layer

In addition to the PEM itself, understanding proton transport inside of the catalyst
layer of the fuel cell is an important goal for improving fuel cell performance. Inside
of the catalyst layer, proton conducting polymer, electron conducting carbon, and
reactant gases exist together in a “three-phase reaction zone”. It is understood that a
certain ideal mixture of these must exist in order to facilitate fuel cell operation.
However, the hydration state of Nafion inside the catalyst layer is greatly reduced
compared to inside the membrane (A = 2 -3), due to physical confinement, and
coordination with carbon and platinum particles. This likely adds resistance to the
fuel cell and lowers performance. Many studies have been geared towards
determining bulk proton conductivity values of the ionomer phase inside of the

19722 For this reason, we would like to be able to

catalyst layer of the electrode.
conduct a similar type of imaging in order to characterize the morphology and proton
conductivity of Nafion inside of the catalyst layer and examine any spatial variation
that might occur. For these experiments we constructed what we refer to as a %4 MEA
in contrast to the 2 MEA’s used for membrane conductivity images. In these

samples we hot pressed a commercial electrode on one side of the membrane

alongside a thin film decal electrode on the other side.
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Figure 5.9: Topographic (a) and conductive (b) images of a Nafion
212 3/4 MEA without fuel applied and under zero bias.

These decal electrodes were anywhere from 1 to 10 microns thick and consisted
of a 3:2 carbon to Nafion ratio (by weight). Large scale topographic and
conductivity images are shown below in Figure 5.9. We found that a major limitation
of this technique is that conductivity readings are delocalized throughout the carbon
phase of the top electrode. This causes readings which saturate the detector whenever
scanning over the carbon particles, and can be seen by the bimodal distribution of
currents found in Figure 5.9. In this case, the image was taken with no fuel, no
humidification, and no bias, conditions which normally would lead to no current at
all. Even though Nafion is a very good electronic insulator, when the tip is in contact
with the carbon electrode the large effective surface area causes large currents to pass
through the membrane even under nominally zero bias. This can best be seen in the
image in Figure 5.10 where a cross section of Nafion is imaged by conductive AFM

without fuel or bias. We see that the bottom electrode and top electrode both show
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extremely high conductivity whereas the membrane between them shows very low

conductivity (essentially zero).

Anode, +1V bias
20 pA
Nafion 212
Membrane
OpA

Cathode, no bias

Figure 5.10: Cross sectional conductive image of a % MEA showing delocalized
current measurements. The top electrode in this image is biased at +1 V with
no connection to the bottom electrode. Both electrodes showed enough current
to saturate the current detecting hardware (20 nA).

For this reason, any attempt to measure proton transport inside of a catalyst layer
will suffer from delocalization of current measurements. Despite this, we can still
differentiate between the conductive carbon phase and the insulating Nafion phase,
so this technique is still useful for examining electrode morphology. It may also be

useful to examine the electrical conductivity of the carbon phase, but this type of
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study would require a larger current range than the ORCA holder we use can provide.
Hiesgen et al. conducted a similar series of experiments and showed conductive
images of carbon electrodes where the electrical conductivity was probed directly in

this manner.?

It was, however possible to obtain images where we could simultaneously view
the ionic conductivity of the membrane and the electronic conductivity of the carbon
electrode. For these experiments, we created an extremely low mass carbon/Nafion
decal such that the carbon did not completely cover the surface. This was done by
using a carbon ink that was diluted 100 times, spin casting a film and hot-pressing it
onto the top surface of the membrane. In this sample we can see large strings of
agglomerated carbon particles which are adhered to the membrane. These strings are
easily visible in the conductive image, but difficult to see in the topography as they
have been submerged in the membrane during hot pressing. Aggregates several
microns long were visible, as well as smaller aggregates and single carbon black
particles with sizes of approximately 100 nm. Phase imaging (not shown) also did
not allow for reliable differentiation of these carbon aggregates, likely due to a

Nafion layer on the outside.

This image shows that there is a clear relationship between the size of carbon
aggregates and the current being read. This indicates that as the conductive area in
contact with the tip gets larger, the current that can be read through the membrane

increases. This would be equivalent to using a tip with a much larger surface area.
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Related to this is an extremely consistent current reading across of each of these
aggregates. We also notice a high current outline on the leading edge of aggregates
which we think is due to a capacitive charging of carbon particles during each scan.
This was observed in scans in each direction and never exceeded a few pixels in
width. This is not a phenomenon which would occur in an operating fuel cell, as it is

the movement of the tip which causes this charging to occur.

ges of a % MEA with
an extremely thin layer of carbon applied to the top. The strings (red)
in the conductivity image are carbon aggregates and the areas in
between are exposed Nafion membrane. This was collected using
standard fuel flow rates and a +1 V bias. Topographic scale is 110
nm, current scale is 30 pA.

In between aggregates, we can see that the Nafion surface undergoes a similar
degree of proton conductivity (average current = 10 pA). This is much lower than
over the carbon particles, as the effective tip area in these locations is much lower

due to a lack of delocalization.
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5.5 Diagnosing Catalyst Utilization Using cp-AFM

We discovered that cp-AFM is an effective tool for the evaluation of new catalyst
preparation methods. Our lab is involved in work to reduce the platinum loading of
electrodes without sacrificing fuel cell performance. We accomplish this through the
electrodeposition of platinum nanoparticles using a PEM as a template as is
described in the work of O’Dea,’ Ranasinge*!, and Burk®. This method is able to
greatly reduce loadings, but the performance of the cell is always lower, despite
theoretically having platinum at the terminus of every membrane-spanning
hydrophilic channel. To analyze the effectiveness of this type of preparation, we
made half MEA’s using both a commercial electrode, and an electrode that has had
platinum deposited electrochemically through the membrane, onto the electrode
surface. We then took several large area- cp-AFM scans of each half MEA. What we
saw was that on many of the through-membrane deposited electrodes, there were
large, micron size areas of non-conductive membrane, implying that the platinum
precursor did not deposit evenly through the membrane onto the electrode. These
areas were often several microns in size, much larger than any of the non-conductive
features typically seen in our conductive AFM experiments. After analyzing 10
images on each MEA we saw that the average active area of the TMD cell was
approximately 2/3 that of the commercial cell. Average currents of the active regions
were found to be similar in each sample, and there was no difference in observed
membrane morphology. This is a strong indicator that the anode catalyst layer is the

cause of this inhomogeneous through-plane proton current This led us to believe that
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perhaps the electrode surface has a non-uniform surface potential such that platinum
precursor does not deposit evenly and leads to these inactive areas. These electrodes
were fabricated by immersing the 2 MEA in a platinum precursor solution and
electrodepositing through the membrane We employed electrostatic force

microscopy (EFM) to investigate the surface charge of a bare electrode under bias.

, Average active area =
. 59.04 15.2%

Commercial

Figure 5.12: Representative topographic (a,c) and current images (b,d) from
half MEA’s fabricated using through-membrane electrodeposited electrodes
(top) and commercial electrodes (bottom). Average active area is an average of
ten 20 pm by 20 pm images.

Our goal is to understand the charge at the surface of the electrode when under
bias, under conditions similar to the electrochemical deposition. This would provide

a rough indicator of areas of the surface where platinum is able to deposit effectively.
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This technique consists of a dual-pass scan where the topography is first scanned in
tapping mode, then a second pass retraces the topography with a set lift height to give
a fixed tip-sample separation. A bias is applied to the sample which causes shifts in
the frequency of the cantilever oscillation due to local differences in the electric field

above the sample.

On our blank carbon electrode, we see large, micron sized regions with a lower
surface voltage (blue) scattered across the electrode surface. This implies that these
regions have effectively lower surface potential and would be less preferentially
electrodeposited on under bias. On these electrodes, both Nafion and Teflon are used
as binding agents, so these may represent locations where the concentration of binder
is prohibitively high. These areas never show zero voltage, but this could be because
EFM probes the electric field from the entire sample. If we had a thin insulating layer
over a thick conductive layer, as we suspect, than this is the type of reading that
might be observed. For this reason, the EFM image likely over-estimates the voltage

at the very surface of the electrode in these locations.

We also see a significant contribution to the surface voltage from topography, as
is common in EFM experiments, especially with rough samples such as these. We
experimented with a wide range of drive amplitudes, lift heights, and applied biases
and found that while a large amplitude and lift height reduced this contribution, it

could never be fully be avoided.
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Figure 5.13: Topography (a) and electrostatic force images (b) of a blank

ELAT 1400 LT electrode. Collected at +3V bias.

It is possible, however, that the roughness of these electrodes alone is enough to
cause inhomogeneous platinum distribution. In solution, a platinum precursor will
see a field similar to what we see as it approaches the surface. This indicates that the
large surface roughness alone may be sufficient to cause uneven platinum deposition.
In solution, other phenomenon such as diffusion limitations and double layer

charging will also play a role in affecting platinum deposition.***’

In order to attempt to minimize topographic contributions to our surface
electrical characterization, we employed scanning kelvin probe microscopy (SKPM)
to look at the same blank electrode. This technique is commonly employed for

28-31

examining conductive carbon structures™ °°, and has the advantage of a reduced

contribution from topography in most cases. While similar to EFM, this technique
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instead does not oscillate the cantilever on the nap scan, and instead applies an AC
voltage directly to the tip at the resonance frequency of the cantilever. The
electrostatic attraction then induces an oscillation in the cantilever which is then

measured, and with the appropriate reference, can be used to calculate the work

function of the surface directly.

O um 3 um

Figure 5.14: Topography (a) and surface potential (b) of a blank ELAT 1400
LT electrode. Collected at SV AC tip bias.

In these images, we can clearly see areas of negative surface potential, shown in
green. These correspond to areas which would require a higher overpotential to
effectively deposit on. Electrodeposition is typically carried out with a ~0.5
overpotential (-1.5V vs SCE), so it may be that to achieve a truly optimal electrode
surface, higher potentials are required. It should be noted that these potentials have
not been calibrated by using a reference of known work function, but at least

qualitatively they tell us that there is a large scale variation in surface potential.
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Future work in this area will aim to quantify these potential differences and optimize
our electrodeposition procedure to best overcome these variations and evenly deposit

platinum across the surface.

5.6 Conclusions

In this chapter we outlined several experiments aimed at both refining and
expanding conductive imaging to a wider range of samples. We demonstrate that
conductive probe AFM can be utilized in tapping mode under appropriate conditions.
This allows for direct correlation between the chemical properties of the surface
(hydrophilicity) and its electrochemical properties (proton conductivity). We have
also shown that reversing the electrode configuration is possible, but that the amount

of additional information it provides is limited.

We have demonstrated the first conductive imaging of a PEM using methanol as
a fuel, and hope that with further development it can become a technique which can
be routinely employed to evaluate PEM performance under DMFC operating
conditions. Tailoring of this technique to investigate spatially resolved methanol
permeability raises another interesting avenue for evaluating DMFC membrane

materials.

While our attempts to obtain spatially resolved proton conductivity inside of the
catalyst layer were not entirely successful, we nonetheless have developed a useful

technique for evaluating electrode morphology. Further experiments to this end may
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be able to use time resolved electrical AFM techniques such as electrical impedance
AFM**™ in order to separate electronic and ionic conductivity, as they exhibit
different frequency dependencies.’® The use of cp-AFM to investigate the efficiency
of electrodeposited catalysts provides an exciting avenue for refining these
techniques and developing ultra-low Pt loading electrodes without sacrificing
performance. In conjunction with surface potential mapping, we can obtain a much
better spatial understanding of the platinum deposition process and use this to further
optimize deposition parameters in order to further decrease platinum loading and

maintain high cell performance.
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Chapter 6: Layered Thin Film Electrodes for PEM

Fuel Cells

6.1 Introduction

In addition to improvements in membrane materials, PEMFC’s have a large
potential for cost reductions by improvements in electrode design, particularly
through reductions in platinum loading'. While there have been numerous advances
towards increasing platinum utilization and decreasing loading,”® there are questions
which remain unanswered about the optimal distribution of platinum inside the
electrode. Despite numerous studies and theoretical modelling,”'” it remains unclear
how far into the catalyst layer platinum is utilized and what decrease in performance
is associated with increased separation from the PEM. The only experimental study
which addressed this determined that there was a linear decrease in current with
distance, and established a rough distance dependence.'' Proton transport inside of
the catalyst layer is met with higher resistance due to the lower hydration state of

Nafion, and as such, there are limits to how protons can travel without significant
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performance losses.'? There are also significant questions in regard to the lateral (in-

plane) direction protons can be effectively transported.

Commercial electrodes consist of evenly distributed platinum throughout the
carbon phase, it is not clear if this is an optimal configuration. Some studies have
shown that thin (nm thick) catalyst layers can achieve extremely high performance
despite the relatively tight packing of particles. "> A large number of modelling
studies have been employed in an attempt to model the reactant flow inside of the
catalyst layer and determine the optimal distribution of platinum®'*'®, but in many
cases these are oversimplified and experimental validation is lacking. Modelling
studies have predicted that an “ordered” catalyst layer, with bands of platinum
perpendicular to the membrane surface should show improved performance relative
to an evenly distributed system with equal loading.'” This has also not yet been

thoroughly evaluated experimentally.

Most of this modelling and experimental work has focused on the cathode, where
kinetic limitations are greater and the potential for platinum loading reduction is
large. The anode, however represents a good system to investigate as it removes this
kinetic limitation and allows us to probe catalyst accessibility directly. In this series
of experiments, we create layered electrode structures which confine the platinum
into thin bands inside of the microporous layer. In this work we seek to determine
what the optimal distribution of platinum inside of the electrode is, and if

performance can be improved beyond what we observe in a commercial electrode.
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6.2 Experimental

Our lab has developed a spin-casting electrode fabrication procedure, which we
have shown is capable of creating extremely flat, uniform thin film electrodes™.
These experiments and the characterization of these electrodes are detailed in
Jonathan Burk’s dissertation and the reader is directed there for a comprehensive
review of this work. Briefly, inks containing platinum nanoparticles supported on
porous carbon mixed with aqueous Nafion solution were mixed and ultrasonicated
before use. The ink was then converted to the tertbutylammonium form (TBA) in
order to give thermoplastic character to the Nafion and allow for more even films to
be cast. These inks were then cast in 1 mL aliquots onto a PTFE coated fiberglass
substrate and dried inside of a vacuum oven at 130 C after each layer. This process
was repeated until the desired mass of platinum was obtained (generally 3-5 layers of

ink). To create MEA’s using these electrodes, they were hot pressed onto either side

of a Nafion membrane at 130 C. While testing, a carbon cloth gas diffusion layer was
placed over the decal electrode. In most cases we used a commercial electrode as the
opposite electrode in these systems in order to test the effect of replacing a single

electrode.

Example Topographic AFM images of these spin cast electrodes are shown in
Figure 6.1 and demonstrate their reduced surface roughness relative to a hand-
painted decal. The surface roughness is also much lower than that of a commercial

electrode (not shown). We correlated this reduced roughness with a reduced
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electrical resistance, and thus improved cell performance. Extensive surface and
electrochemical characterization was also conducted and is detailed in Jonathan

Burk’s dissertation.

Average RMS roalghness= 540.4 nm b Average RMS roughness =178.9 nm
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Figure 6.1: Large (a,b) and very large scale (c,d) topographic
images of hand painted (a,c) and spin cast (b,d) thin film decal
electrodes.

To fabricate layered electrodes, we conducted a similar fabrication procedure, but
with two separate inks; a catalyzed and uncatalyzed ink. The catalyzed ink was made

from either 20% Pt on Vulcan mixed with a 3:2 mass ratio of carbon to Nafion using
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an aqueous Nafion solution (5% by weight, FuelCellsEtc.). This ink was then diluted
tenfold in order to give a low viscosity ink that could create extremely thin layers
when spin cast. Figure 6.1 shows a topographic image of a single layer of catlalyzed
ink deposited onto the fiberglass substrate and shows that it is extremely thin (~ 500
nm) and extremely smooth, with an rms roughness of only 144 nm. This is
approaching the size of single Vulcan carbon particles, which are generally 60-80 nm
in diameter. This demonstrates our ability to effectively deposit and localize catalyst

in an extremely thin layer.

With this capability we interspersed extremely thin, catalyzed layers in between
uncatalyzed layers containing only carbon and Nafion. While we were not able to
gauge the thickness of every layer, we were able to measure the mass of carbon or
platinum/carbon deposited with very high precision. By assuming constant density
and thickness we were then able to back out the thickness of carbon. This enabled us
to construct electrodes with constant thickness (to within 1 pum), and constant
platinum loading to within Spg/cm®. This represents a much more accurate
determination of thickness than previous work, as well as a smaller possible

increment of distance.
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Figure 6.2: 3-D topographic AFM image (left) showing an exposed cross section
of a thin catalyzed carbon layer on a PTFE coated fiberglass substrate. A
corresponding line cut used to measure thickness (right).

For fuel cell characterization, lem” decal electrodes were hot pressed onto a
Nafion 212 membrane at 130°C at 500 lbs for 3 minutes. It was found that ion-
exchanging the Nafion in the catalyst layer from TBA" form to H™ form by boiling in
0.5M sulfuric acid for 12 hours had no effect on fuel cell performance, so all cells
were run without ion exchanging. Many cells contained a commercial electrode at
the anode Prior to testing, we subjected each cell to an extended (~16 hour) break in
period at high temperature and relative humidity and it is likely that this caused the
decals to become ion exchanged before testing was conducted. Carbon cloth gas
diffusion layers were placed at the anode and cathode between the decal electrodes
and bipolar plates of the cell assembly. A Scribner 850C fuel cell test station was
used with Hy/air stoichiometry of 18:24 and a 65 C cell and gas inlet temperature,

back pressure at the anode and cathode was 35 kPa.
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6.3 Investigating the Effect of Location of Platinum on Cell Performance

For our first series of experiments, we sought to investigate the depth dependence
of platinum placement on the performance of the cell. Because our catalyst layers
generally had low loading we began by using a layered electrode as the anode
catalyst layer, where there is less kinetic limitation and thus lower loadings are more
feasible. For these studies we often refer to electrodes as “Layer 1, Layer 2 etc.” and
this refers to the catalysts proximity to the membrane, where layer 1 is closest. The
difference between layers is about 1.5 microns, as this is the thickness of single

uncatalyzed layers.

1%t layer electrode 2nd layer electrode 3rd layer electrode

Nafion 212 Membrane
~50m

Catalyst layer~ .
o Eipphirck  @OEIODERD
{30 pgfem?Pi) ’

~ FEER awes

Figure 6.3: Schematic representation of the construction of layered thin film
electrodes.

1

In order to insure that layers are not intermixing either during the casting of
subsequent layers or during hot pressing or cell operation, we cryofractured cross-
sections of multiple cells at all stages of fabrication and testing. We then imaged
these cross-sections with scanning electron microscope (SEM) and used energy

dispersive spectroscopy (EDS) in order to discern the regions which had platinum.
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Figure 6.3 shows an SEM image and corresponding EDS line scan of a “layer 17

electrode which show that the platinum is still localized in a sub-micron thick layer.

\ L )

! |
Decal Nafion

Figure 6.4: SEM image with corresponding EDS linescan of the platinum
o peak signal showing the distribution of platinum inside of a layered thin
film decal electrode.

Similar images were obtained for layers deeper inside the electrode, and we
saw no effect of running the fuel cell on this dispersion of platinum. It is, however,
likely that if this cell was run for long periods of time, a slow migration of platinum
would be observed from dissolution and redeposition of platinum. This is a common

issue in fuel cells and work by many groups is aimed at finding methods to anchor
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platinum to the surface and immobilize it such that catalytic activity is not lost over

long periods of operation.

The thickness of the electrode in figure 6.3 (~10 pm) was typical for these
experiments though this varied by up to a micron over the entire electrode and
between electrodes. We constructed a series of fuel cells with varying separation
from 0-8 um and with a catalyst layer of equal thickness and loading (~35 pg) in
each case. We see that the layer 1 electrode achieve performance which is almost
indistinguishable from a commercial electrode despite having more than 10 times
lower platinum loading. This is a good indicator that kinetic limitations at the anode

are minimal and that our loadings are adequate for this study.

As platinum is moved further back into the electrode and away from the
membrane interface, the performance gradually decreases, as is expected. This
decrease appears largely in the ohmic region, since protons must travel further inside
of the catalyst layer where resistance is higher than in the membrane. This makes for
a higher overall resistance and lower voltage. It appears that any difference in mass
transport in these cells is minimal, as evidenced by similar behavior at high current
densities. Interestingly, even at layer 6, with 8 pm between the catalyst and PEM, the
cell maintains about half of its short circuit current. This implies that catalyst
particles far from the interface can still contribute significantly to fuel cell

performance, albeit with increased resistance.
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Figure 6.5: I-V polarization curves of MEA’s containing several different
layered thin film anodes. An MEA with commercial anode is also plotted
for comparison. All MEA’s had a commercial electrode as a cathode.

This work agrees fairly well with the previous study by Boyer et al. and tells us

that the previous estimate of 20 um for the effective distance from the membrane at

which platinum can still be utilized is relatively accurate.

We next ran an identical set of cells with a layered electrode at the cathode and a

commercial electrode at the anode. For these experiments, a thicker catalyst

containing layer was applied in order to achieve a higher loading to the expected

mass transfer at the cathode. We used a loading of 120 pg for these cells but

determined that even with this loading, kinetic limitations are still an issue. Figure

6.4 shows “the layer 1” cathode cell with a commercial anode next to the layer 1

anode with a commercial cathode. We see that at low current densities there is a
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larger activation loss, and then a sharp drop in the mass transfer regime, consistent
with a kinetic limitation at the cathode. For this reason, these experiments were not

pursued further and the anode was targeted as a means to improve performance.
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Figure 6.6: I-V polarization curves of MEA’s containing, a 35 ng Pt
layered anode with commercial cathode, a 120 pg Pt layered cathode with
commercial anode, and a cell with two commercial electrodes.

Other experimental work focused on the fuel cell cathode used a sputtering
technique and made a similar assessment; that confining the platinum into thin layers
results in improved performance.'® Tt is not known if this phenomenon is unique to
the cathode, or if anode performance can be similarly increased by this method."
We sought to determine this experimentally by fabricating layered electrodes with
multiple thin platinum layers in order to approximate this structure. We
experimented with anodes using 60ug platinum loadings with a variety of different
platinum distributions. Of these, we found that an electrode where 4 separate thin

catalyzed layers were interspersed between inert layers outperformed a commercial
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anode. Each layer had an approximate platinum loading of 15ug and a thickness of
300 nm. These were spaced between 1.5 um thick uncatalyzed layers. We found that
this cell shows improved performance in the activation and ohmic region of the
polarization curve, implying improved proton transport to the membrane, and

possibly a more efficient 3 phase reaction zone.
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Figure 6.7: I-V polarization curves of MEA’s containing, a commercial
anode, and multi-layered thin film anode with 60 pg platinum loading.
Both Cells used a commercial electrode as a cathode.

The fact that we can create an anode which outperforms a commercial electrode
with considerably reduced loading is impressive in itself. The DOE target for total
platinum loading for a PEM fuel cell is 125 pg by 2020*', of which a large fraction
must be used at the cathode. While further optimization is required, these
experiments show the performance gains that are possible through using layered

electrodes. Ongoing work on these electrodes is aimed at further reducing loading,
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and investigating different layering configurations to further optimize platinum
distribution. Investigation of layered cathodes is also underway as this should follow
similar behavior to the anode, but with an additional kinetic limitation which must be

factored in when choosing a target platinum loading.

A final set of experiments that we conducted was to vary the Nafion content
throughout the depth of the electrode. In this experiment we made a series of inks
with varying Nafion content ( 20 wt % - 60 wt%) and cast them in order to give such
a depth profile. The platinum depth profile was kept relatively constant by mixing
60% PT on C powder with uncatalyzed Vulcan XC-72 in order to achieve the desired
Pt loading in each layer. The electrode shown here has 75 pg of platinum,
considerably more than the 35 pg in the layer 1 anode shown on the same plot. What
we see in the polarization curves for this electrode is that while the activation region
is identical, the ohmic section has considerably higher resistance. This implies that
the effective ionic resistance is higher, likely due to a less effective interface. These
finding support the idea that while a three phase reaction zone is necessary, a flat
membrane electrode interface with a sharp compositional change is preferable to one
with a slowly changing composition. These experiments also do not take into

account the effect of hot pressing this decal onto the membrane, which could alter the
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the electrode.
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Figure 6.8: I-V polarization curves of an MEA with graded Nafion
and carbon composition, layer 1 and commercial anodes are shown
for comparison. All cells used a commercial electrode as a cathode.

6.4 Conclusions

In this section we describe experiments aimed at better understanding the optimal
distribution of platinum inside the catalyst layer of PEM fuel cells. We showed that
we can create thin film electrodes with a highly localized platinum containing layer
and used this to probe the effect of limited proton conductivity inside of the catalyst

layer. We found that at distances of up to 8um over half of the short circuit current of
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the cell is maintained, implying that distances of over 10 um are easily accessible, in

agreement with previous predictions.

We then used this technique to create multi-layered electrodes which showed
improved performance over a commercial anode despite having a platinum loading

of only 60pg as opposed to the 500 pg found in a commercial electrode.

Our layer by layer spin-casting technique is highly versatile and will allow for
future experiments to explore different electrode configurations where components
vary with depth. These experiments are still in their early stages, and much work
remains to be done in determining the optimal distribution of platinum inside of the
catalyst layer, both on the anode and cathode sides of the cell. Another promising
avenue is to employ different inks to tune porosity”> and create a hierarchically
porous carbon phase® in order to improve gas permeability to catalyst particles.
These improvements could play a large role in improving cell performance and

moving close to the DOE targets for reduced platinum loading.
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Chapter 7: Conclusions and Future Directions

In this thesis we have shown that AFM is a powerful tool for characterizing
proton exchange membranes and have been able to make advances in understanding
the complex behavior that these materials exhibit during fuel cell operation. While
other techniques such as SAXS, impedance spectroscopy, and dynamic mechanical
analysis are useful for obtaining bulk structural information, the spatially resolved
nature of AFM allows us to investigate the spatial variation in these same properties
and to observe phenomena that bulk techniques might miss. This in turn allows for
the development of a more detailed structure-property relationship which can aid in
the design of new materials which improve on proton conductivity, mechanical
strength and durability.

One focus of this work was to characterize the phase separated morphology
of PEM’s as they become hydrated and dehydrated in the variable environment found
inside of a fuel cell. Promising future directions for this work include in situ
measurements of membrane hydration and dehydration and physically capturing
these transitions in morphology in order to understand their time dependence. The

high temperature AFM work done in this thesis also has great potential as a
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technique to evaluate new membrane materials for high temperature operation. These
include, but are not limited to porous Teflon supported membranes such as gore
select, inorganic composites, and cross-linked membrane systems.

Another promising direction is to study anion exchange membranes, these
membranes offer the potential to use non-noble metal catalysts due to improved
kinetics. Anion exchange membrane development is still in its early stages and great
strides in material development could be made with the aid of AFM techniques.

An important direction for future fuel cell research is to decrease the platinum
loading in cells or remove it altogether. Towards reducing platinum loading, we have
shown that our layer by layer spin casting technique gives a simple yet versatile route
to exploring layered electrode structures. Continuing off our initial studies here, there
are a wide range of possible layered structures to explore with the aim of increasing
platinum utilization and decreasing loading. We have also demonstrated that cp-
AFM is an effective technique for evaluating the efficiency of templated
electrodeposition allowing us to address performance losses in these ultra-low
loading electrodes and zero in on the minimum possible platinum loading.

Conductive probe AFM has undergone numerous technical advances since our
group first started using this technique. Ac-mode cp-AFM represents a promising
technique due to its ability to directly couple mechanical and electrochemical
measurements. Further advances could take advantage of other nanomechanical
scanning modes such as contact resonance AFM or amplitude modulated frequency

modulated (AM FM) AFM to enable the extraction of additional mechanical
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information. The ability to image using liquid fuel feeds represents another
interesting avenue of research which could be useful for evaluating new membranes
for direct methanol fuel cells. Tailoring of this technique may even allow for
methanol crossover through the membrane to be spatially mapped alongside proton
conductivity, providing a valuable tool for improving these systems.

PEM fuel cells are on the cusp of being a commercially viable power source, and
through these types of fundamental experiments, material design can be improved to
the point where they reach this goal. It is my hope that the work in this thesis can

continue to be built upon and contribute to this greater research effort.
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Appendix 1: Photoconductive AFM of

Nanostructured Photoelectrochemical Cells

Al.1 Introduction

Artificial photosynthesis using “cell-like” autonomous devices to carry out redox
chemistry and produce useful fuels or chemicals has long been a goal of solar energy
researchers' °. Solar-to-chemical conversion at high efficiencies has been
demonstrated with clever use of high quality devices based on thin film
semiconductors such as silicon and gallium arsenide’®. However, the devices
reported thus far suffer from poor stability and/or high cost "*. A major barrier is the
development of cost-effective device structures which efficiently couple and
integrate individual photoelectrochemical conversion components (light absorbers +
electrocatalysts) into a manufacturable, sustainable, artificial photosynthetic unit.
Recently we described one such strategy for fabricating an integrated
photoelectrochemically active heterostructure (PAH) comprised of a high efficiency
semiconductor light absorber capped with oxidation and reduction electrocatalysts.’
To protect high efficiency semiconductors from corrosive electrolytes, an array of

PAHs are created in porous anodic aluminum oxide membranes with each unit
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physically, chemically, and electronically isolated from its neighbors by the stable
alumina cellular enclosure and capping electrocatalysts. The resulting structures are a
high-density array (10° - 10'%cm?®) of nanostructured, corrosion resistant, fault
tolerant, autonomous photoelectrochemically active units. Using the above device
architecture we demonstrated free floating artificial photosynthetic devices that
produced hydrogen at a stable rate for over 24 hours in corrosive hydroiodic acid
electrolyte (pH=2) with overall energy efficiency of 2.9% for conversion of absorbed
solar spectrum light into stored chemical potential energy (as molecular hydrogen).
The above strategy also facilitates assembly of individual nanoscale functional units
into macroscopic functional devices that can be manufactured at large scale and
integrated into enormous solar-to-chemical systems — a prerequisite for developing

commercially significant solar processes.

To improve the design and efficiency of the photosynthetic heterostructures, it is
important to understand and optimize the interfacial reactions and rate determining
steps of the photon-to-chemical transport pathways in these light sensitive high-
density nano architectures both individually and collectively. In particular, the
electronic behavior and absolute band offsets of nanoscale structures and interfaces

are difficult to predict based on bulk material models.'*"!

Hence, understanding and
controlling interfacial electronic properties should be made a high priority in order to

achieve efficient design and utilization of such material structures.
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Atomic force microscopy (AFM) techniques have proven especially well-suited
to studying the electrical properties of semiconductor samples with nanometer
resolution.'*"* Conductive probe atomic force microscopy (cp-AFM) specifically has

14-177

been used to characterize properties such as photoconductivity , piezoelectric

18-21

response'* %', and charge transport®**

in a variety of nanostructured semiconductor
samples. Recently, other groups have shown that cp-AFM techniques are effective at
examining photoconductivity in inorganic semiconductor electrodes used in

photosynthetic devices.***

In the case of photosynthetic cells such as ours,
electrochemical measurements are an important addition to solid state techniques in
order to determine how solid state electrical properties translate into photosynthetic
efficiency with the addition of an electrolyte.’® Importantly for in situ
characterization, the high resolution of AFM can be retained in aqueous

environments allowing for spatially resolved electrochemical measurements.””

In this letter we employ cp-AFM to investigate the photocurrents and
photovoltages present in individual n-CulnSe,/Au Schottky barrier PAH structures
within a large array device consisting of ~10° such PAH units. We explore the
relationship between the individual unit properties at the nano-scale and the bulk
performance of the overall device. By comparing these results to a planar device
architecture we are able to better understand the advantages of the PAH cell design
over conventional thin film structures. Unique to this work is the use of
conductive/photoconductive atomic force microscopy in both solid and solution-

phase environments to investigate the photoelectric and photoelectrochemical
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properties of individual PAH’s. This technique is shown to be effective at separating
the individual performance of each PAH from the bulk device performance.
Differences in solid and liquid state behavior also give insight into the processes

occurring at the electrode under operating conditions.

A1.2 Experimental Methods.

Details of the fabrication of PAH structures in porous alumina templates, and
some of the post-growth fabrication steps, have been reported previously3 0, Briefly,
n-CulnSe; nanorods with rod diameters of ~120nm were electrodeposited in a porous
anodic aluminum oxide template that was prepared on a transparent
ITO/TiO; conducting substrate’". n-CulnSe, was electrodeposited as described
previously’”. This was followed by gold deposition which acts as a Schottky barrier
to the underlying semiconductor’®. All electrodeposition runs were carried using a
standard calomel electrode as the reference electrode and Pt mesh as the counter
electrode. Cyclic voltammetry was conducted on a potentiostat (Bio-Logic SAS, VSP
model) using a 400mM K;Fe(CN)s / K4Fe(CN)s aqueous solution as an electrolyte
and Pt mesh as a counter electrode. Detailed structure was determined using scanning
electron microscopy (SEM)(FEI Sirion XL30), and energy-dispersive x-ray

spectroscopy (EDS)(Oxford Inca).

AFM images were collected on an Asylum Research MFP3D-SA using a
standard ORCA module with a 500 MQ sensitivity which allowed for conductive

imaging. Tapping mode imaging was conducted using a silicon cantilever
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(MikroMasch NSC15) with a nominal spring constant of 40 N/m. Conductive
imaging employed a Pt-Ir coated silicon cantilever (MikroMasch HQ-DPER-XSCI11)
the longest lever was used which had a nominal spring constant of 0.2 N/m and tip
radius of 25nm. Typical contact forces during I-V curves and scanning were ~40nN.
All scans were conducted at 1Hz, with 512 x 512 points, and no image modification
was used for any images. To collect current-voltage (I-V) curves, a scan was first
taken over the desired area and a specific point was selected. The tip was then
engaged at the same contact force and I-V curves were collected with an external
source meter (Kiethley 2612-A). Solution I-V measurements utilized a 400mM
K;3Fe(CN)s / K4Fe(CN)g aqueous solution as an electrolyte. As a light source we
used the 150W halogen lamp that is built in to the AFM (FiberLite M-150R),
employing a calibrated silicon photodiode as a reference, we determined that the

irradiance on the sample was ~1000 mW/cm?®.

A1.3 Results and Discussion

The photovoltaic (PV) and photoelectrochemical (PEC) devices were fabricated
on an ITO substrate coated with TiO, which served as a hole-blocking layer (see
Experimental Methods for more details). CulnSe, nanorods were electrochemically
synthesized on the TiO, /ITO substrate in the nanopores of porous anodic aluminum
oxide (AAO) prepared by Al anodization. CulnSe, nanorods were then capped by
electrodepositing gold which acts as the Schottky barrier top contact, while the ITO

served as the back contact. The scanning electron microscopy (SEM) and tapping
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mode AFM were employed to characterize the morphology of the PAH array
devices. The CulnSe,/Au multi segmented nanorods used in this study were ~350
nm long (CulnSe; - 30010 nm; Au - 5020 nm), with diameters = 120£15 nm and
with inter-rod gaps ~ 3020 nm with the density of PAH’s in the array was found to
be ~10°/cm? (Figure la-b). Cross sectional SEM (not shown) verified that the thin
conductive ITO/TiO, layer at the bottom of the array was in good contact with the
semiconductor of the PAH and there were no shorts between the PAH’s. Tapping
mode AFM (Figure 1c) was employed to examine the topography of the surface, and
showed minimal variation in height of the alumina surface. The high elevation areas
correspond to the nanoporous alumina, while the low elevation areas are pores in the
alumina where the PAH’s were electrodeposited. The pore diameters and areal
density determined by AFM were in good agreement with SEM analysis. Due to the
size and aspect ratio of the AFM tip, it was found that the tip could only descend
~30nm into each pore. This was a critical factor when constructing samples, as
devices where PAH’s were more than 30 nm below the pore mouth of the alumina
substrate did not allow for PAH’s to be contacted with the AFM tip. For this reason,
conductive images of the sample in Figure 1c showed no measureable conductivity
or photoactive behavior without first reducing the height of the alumina by etching.
The alumina in these cells was chemically etched using 0.1M sodium hydroxide until
the electrocatalyst surface (gold in this case) of the PAH’s protruded above the
alumina. Figure 1d shows a topographic image of a cell where the alumina has been

etched away, leaving the PAH structures as the tall features in this image.

151



Onm

60 nm O nm 30 nm

Figure Al.1: Scanning electron microscopy images of PAH structures
grown inside porous alumina prior to (a) and after (b) electrochemical
etching of the alumina (c) shows the tapping-mode AFM topography of the
porous alumina prior to etching and (d) AFM topography of exposed PAH
structures after electrochemical etching.
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Several PAH array devices were fabricated by the procedure outlined above.
Different degrees of etching were used to achieve devices whereby the PAH’s could
be contacted by the AFM tip but remained electronically isolated from each other. To
acquire solid state conductive AFM measurements, a CulnSe, PAH sample with a
gold Schottky barrier was etched until the alumina was ~50 nm below the top of the
PAH’s. It was found that the reliable electrical contact enabled by the gold layer
facilitated reproducible current measurements. Figure 2a shows a schematic of
measurement set-up with corresponding topographic and photoconductive images
(Figure 2b). The photoconductive images were collected under +2V sample bias. It
was found that the sides of PAH’s typically exhibited the largest currents, which
implies more efficient charge transport at these locations. This could also be
influenced by the high aspect ratio of the AFM tip leading to increased tip-sample

contact in this configuration.
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Figure A1.2: Schematic representation of our cp-AFM setup (a) and example
topographic and photoconductive AFM images (b). Several I-V curves from
individual PAH’s are shown in (c) and (d) shows the current flowing through
a single PAH held at +3 V while the light source is toggled on and off.

The solid-state current—voltage curves of typical PAHs in the dark and under
visible light illumination are presented in Figure 2c. All PAH units showed good
rectification behavior with minimal spatial variation (less than 10%) across large area
scans. The open-circuit potential (Voc) of a typical PAH unit was 0.50 V, with a
short-circuit photocurrent (Jsc) of 0.7 pA, and a fill factor (FF) of 0.42. The
photocurrents obtained from each PAH unit were very reproducible. Figure 2d shows
the current passing through a single PAH at +3V sample bias under chopped light

illumination showing the rapid rise of current upon illumination up to a stable value,

and the reproducible switching that occurs.
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Figure A1.3: Large scale conductive AFM images at a fixed location and
+2V sample bias, with (a,d) and without (b,e) illumination for PAH (a,b)
and planar (d,e) CulnSe,/Au cells. (¢, f) Corresponding histograms showing
the distribution of current values in the PAH and planar cells respectively.

By contrast the results of similar measurements carried out on an
electrochemically grown CulnSe,/Au thin film device showed very low
photovoltages (<0.1V) and low photocurrents (Figure 3) with majority of the areas
shorted, likely due to the cracks created as a result of fabrication process. Although
such shorting paths might be present for the PAH devices, its autonomous operation
(each unit is electronically isolated from one another) makes it extremely fault
tolerant whereas a single shorting path might cause bigger problems for thin film
based devices during subsequent Schottky barrier metal deposition. Figure 3 shows

large scale (5 um) conductive images in the dark and under illumination of the PAH
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cell described previously as well as a planar CulnSe; device with identical Schottky
barrier contacts. These images were collected under a +2V sample bias in order to
increase the difference observed between light and dark currents. The topography of
the planar cell (not shown) is comparable to previous AFM characterization of planar
CulnSe, samples®’, showing an array of roughly spherical grains with dimensions of
~100nm. Highly conductive areas were scattered unevenly throughout the film, and
seemed to generally coincide with grain boundaries in the topographic image. The
nanostructured sample, however, saw a larger amount of the surface exhibit
photoconductivity, with high current areas localized around almost every PAH. It
may be that the nanostructured nature of the PAH’s yields similar electronic
properties to the grain boundaries in the planar sample and thus maximizes the

amount of photoelectrochemically active surface area.

Furthermore, the difference between the current values under illumination and in
the dark was greater in the nanostructured sample, as shown in the histograms in
Figure 3¢ and 3f. This implies that the nanostructured sample is less prone to internal
shorts and that a greater fraction of the observed current is due to photoconductivity.
To assess the photo-electrochemical performance of individual PAH’s, we employed
conductive AFM with a redox couple in solution phase. For these measurements, we
used a CulnSe, device with a lower etching time such that the PAH’s were still
below the pore mouths of the alumina substrate. Solid state measurements of this
device showed that direct electrical contact of the PAH’s with the AFM tip was not

possible. A drop of aqueous potassium ferricyanide solution was then placed on the

156



device and blotted with a Kimwipe™ immediately before AFM measurements. This
sample construction and preparation method allowed residual solution to be retained
in the pores of the PAH array and in pools on the surface as shown schematically in
Figure 4a. This formed a nano-scale electrochemical cell where single or multiple
PAH’s act as the working electrode and the AFM tip acts as the counter electrode.
We found that this technique was sensitive to the amount of solution present; too
much and conductivity measurements were delocalized over the entire surface, too

little and there were no pathways for ionic conduction and thus no conductivity.

Figure 4b shows an example of a conductive AFM image of the cell taken under
illumination and -2V sample bias where individual PAH’s can be imaged while
figure 4c shows an image of a different area of the sample where the solution formed
a pool which contacted multiple PAH’s. Under these conditions we obtained
delocalized I-V curves where several PAH’s are measured simultaneously as shown
in Figure 4d. This expectedly caused a large increase in the observed photocurrent to
~100pA due to multiple parallel PAH’s being contacted by the solution, if we
assume that each PAH exhibits similar photocurrents to those seen in the solid state
then this indicates that we are measuring a group of ~100 units. We also observed
that the photovoltage decreased to ~300mV likely due to internal shorts or PAH’s
with lower voltage being averaged into the measurement. To investigate this further,
we conducted cyclic voltammetry measurements of the entire device, in an identical
Fe’*/ Fe’" solution. This yielded an OCPV value of 310 mV and a decreased fill

factor, similar to the delocalized AFM I-V measurement. We attribute this to
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defective PAH’s in the array which cause a significant voltage drop in the bulk
device. This highlights the difference in observed performance when conducting
measurements on a single element versus measurements on the ensemble.
Comparison to the photovoltage of single elements thus gives an idea of the upper

limits to device performance assuming an ideal device fabrication.
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Figure 4: (a) Schematic representation of photoelectrochemical AFM setup. (b)
Current image of a region showing single CulnSe” PAH structures with Fe*"/Fe**
solution present, under -2V bias and illumination. (¢) Current image of a region
showing Fe?*/Fe*" solution contacting several CulnSe* PAH structures, under -2V
bias and illumination. (d) Solution I-V measurements taken from different
locations on the sample in image (c¢) (e) Cyclic voltammogram of the entire PAH
array immersed in Fe**/Fe’" solution with and without illumination.
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Al.4 Conclusions

In summary, we employed cp-AFM to investigate the performance of
CulnSe,/Au based photosynthetic electrochemical cells comprised of individual PAH
elements (10°units/m?) deposited in nanoporous alumina. We found that after
etching away the porous alumina, we could contact individual PAH elements and
collect solid state photoconductive images and I-V curves. Compared to planar
CulnSe, devices, PAH units showed larger photocurrents and photovoltages,
implying fewer short circuit pathways in the PAH cell. A similar PAH device with a
lower etch time allowed for PAH’s to be contacted indirectly both individually and in
small groups via the addition of a liquid electrolyte. We found that individual PAH
elements have photovoltages which exceed that of these small groups and of the bulk
device, implying that single faulty PAH’s reduce device performance from its ideal
value. We thus found that cp-AFM is an effective tool to quantify the voltage drop
and short circuit current of individual PAH’s and that comparison with bulk
measurements gives useful insight into the effect of cell design and fabrication on
overall performance. Solution-state AFM measurements allow for the investigation
of the photoelectrochemical behavior of individual PAH’s under conditions closely
resembling operating conditions. This allows for different electrolytes to be
investigated, and could provide a method to assess the durability of individual PAH
elements in a corrosive environment. Future efforts will investigate in greater detail
what effect parameters such as PAH dimensions, electrocatalyst and contacting layer

composition, have on the spatial distribution of photocurrent in the cell; this will help
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to develop a rational framework for increasing the overall solar to chemical

efficiency of these devices.
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Appendix 2: Investigation of Amyloid-f Aggregation

Mechanisms by Atomic Force Microscopy

A2.1 Introduction

Amyloids are a group of insoluble fibrous proteins which have been implicated in
numerous diseases in the human body, including Alzheimer’s disease, Type 2
Diabetes, and Parkinson’s disease. The exact peptide varies for each disease, but in
each case these peptides aggregate to form 3 sheets which then stack on top of each
other to form fibrils and other larger scale structures. While the exact pathology of
each disease is different, the aggregation process and subsequent formation of large
structures in the intracellular space is thought to represent a major step in the

progression of these diseases and the appearance of their symptoms.

This work focuses on the amyloid-f3 peptide, and to a lesser extent the tau peptide
which are two specific peptides associated with Alzheimer’s disease. Alzheimer’s

disease (AD) is a disease which affects millions of people, predominantly the elderly
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and in its later stages leads to extreme memory loss and dementia. It is estimated that
one in nine adults above the age of 65 has Alzheimer’s, and as the proportion of the
US population in this age range increases, the number of expected cases is expected
to increase significantly. The need for constant medical care in patients as well as
the lost productivity and ability to live independently carries with it an enormous

economic cost is in addition to the acute personal cost that this disease carries.

Amyloid-B (Ap) is a peptide which is created when amyloid precursor protein, a
transmembrane protein, is cleaved by secretase enzymes to form chains of 36-42
amino acid residues. The two most common are the 40 and 42 residue peptides,
called AB-40 and AB-42 respectively, which have also been the subject of the
majority of studies on the aggregation process. These peptides are then released into
the intracellular medium where they can undergo the various aggregation processes
which lead to AD symptoms. Once in the intracellular medium, these peptides form
soluble oligomers, which are now thought to be the toxic form of the AB.>® These
oligomers are also thought to seed larger structure (fibril) growth, and possibly
induce the formation of additional oligomers but this hypothesis is still being

debated. *’

The aggregation process is thought to be highly dependent on the amino acid
sequence of the parent peptide, as different variants of the same peptide often show
very different aggregation behavior. Much work has been carried out using

fluorescent labels to track the aggregation process, circular dichroism to investigate
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large aggregates®™, and theoretical modeling'® to predict aggregation patterns.
Despite all of this work, there are still many unanswered questions about the
aggregation process. These include the exact progression from monomer AP, the
effect of swapping various residues on the overall aggregation scheme, and how
certain inhibitors are involved in slowing down or stopping this process. In addition,
the exact nature of the cytotoxicity of soluble AP oligomers remains unknown. For
this reason, experiments are required to probe various aspects of the aggregation

process, with a focus on the early oligomerization events.

Atomic Force Microscopy has previously been demonstrated on AP samples and
has proven a valuable technique for studying many aspects of the process. The high
resolution of AFM and the ability to image the sample in an unaltered form allows

for a direct view of the chain of events in the amyloid aggregation cascade.

This work is a collaboration with the Bowers’ research group, and our first
experiments used AFM to serve as a supporting technique to relate Ion Mobility
Mass Spectrometry measurements to solution phenomena. For the relevant IM-MS
data and a full analysis of all the work described here, the reader is directed to the
relevant published work.'"™"® This appendix is meant to detail the AFM experiments
and their role in these studies and provide a cursory description of the results
obtained. Later work in this area involving high resolution imaging (A2.7) has
employed AFM as a primary technique, and thus a more detailed discussion is

provided.
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A2.2 Experimental

These AFM experiments used tapping mode in air on our AFM instrument
(Asylum MFP-3D). This generally involved a stiff (40 N/m) cantilever such as a
MikroMasch XSCI11 or NSC15. Samples were prepared by isolating AB monomer
by cleaving with hexafluoroisopropanol and then evaporating solvent and leaving a
solid monomer film. This was then re-dissolved in acetate buffer solution to achieve
the desired concentration and the resulting solution was incubated at air temperature
for the desired amount of time. A 100uL aliquot was then deposited onto a freshly
cleaved piece of mica which was then placed in a vacuum desiccator to dry off the
solution. Large (20um) scan sizes were typically used and several images were taken
for every sample in order to insure that our images were representative for the entire
sample. Later studies employed higher resolution AFM tips (Nanoworld SSS-NCT)

in order to image smaller oligomers.

A2.3 Investigation of Molecular Inhibitors on AP Oligomer Growth

The first set of experiments we conducted was to investigate the effect of various
molecular inhibitors on the AP aggregation process.'' Two primary inhibitors were
selected, epigallotechin Gallate (EGCG) and scyllo-inositol (SI). These are both
inhibitor molecules which are under clinical trials and have been shown to inhibit
some part of the aggregation process, but an understanding of its specific role or a
mechanism for how it inhibits aggregation is not currently understood. For these

experiments we used a shorter fragment of the AP peptide, AR 25-35 which has been

167



shown to be a crucial segment for oligomerization and exhibit similar
neurotoxicity'*, IM-MS experiments revealed that these inhibitors effectively stop
the aggregation process selectively at certain stages in the process. By AFM we
confirmed these findings by conducting imaging of AP samples with each inhibitor
which are left incubated. The relative shortening of fibrils in both inhibitors, and

especially in EGCG highlights its potential effectiveness as a therapeutic agent.

'
AB(25-35)

AB(25-35) + EGCG

Figure A2.1 Topographic AFM Images of AP25-35 incubated with
molecular inhibitors EGCG and scyllo-inositol deposited onto mica.

Subsequent experiments on EGCG were aimed at narrowing down the
concentration range in which it is an effective inhibitor. We experimented with
different ratios from 10:1 to 1:10 EGCG: AB25-35. What we determined was that
this inhibitor is most effective in a 1:1 concentration and loses effectiveness when
the concentration is considerably higher or lower. We interpret this as the need for a

single molecule to bind to the B sheet in order to disrupt the packing process and
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subsequent growth of fibrils. At high concentrations heterooligomers of EGCG and

AP form, which we believe we are seeing in the image in figure A2.2d.

Figure A2.2 Topographic AFM Images of Ap25-35 and EGCG at
various molar ratios. (a) control (b)1:1 AB25-35: EGCG (c¢) 5:1
AP25-35: EGCG (d) 1:10 AB25-35:EGCG.

We next investigated the reversiblity of this effect by adding EGCG to a solution

of AP which was already allowed to aggregate. Our studies showed that this process
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actually does shift the equilibrium slightly towards shorter fibrils, as evidenced by

our AFM observations.

Figure A2.3 Topographic AFM Images of AP25-35 without
(a) and with (b) EGCG added in a 1:1 ratio post-
aggregation

Through our AFM experiments we have been able to show, alongside Mass
spectrometry and simulation work that these two molecular inhibitors are highly
effective at inhibitng A fibrillation. We have also been able to learn a good deal
about the exact mechanism by which this takes place and the concentrations of

inhibitor necessary to achieve it.

A2.4 Examining the Effect of Mutations in the “Steric Zipper” by AFM

Towards more generally understanding oligomerization and fibrillization in
amyloid proteins, we investigated the steric zipper motif, which is common in many

such aggregation processes. This structure was first discovered by Nelson and

170



5717 and has been studied as a model system for amyloid aggregation. In

coworkers
this study we took the original peptide, NNQQNY, which is known to form the steric
zipper and promote aggregation, and made a series of mutants where single or
multiple amino acid residues are altered. Through these studies, we can see which
residues are crucial to forming the zipper, and probe the nature of the interactions

between residues which lead to this structure. Figure A2.4 shows the mutants which

were examined in this study.
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Figure A2.4 Chemical structures of NNQQNY and the six mutants used in
this study

These mutants were chosen in such a way as to tune the hydrophobic interactions
in each case. Since the steric zipper forms from hydrophobic interaction of this
segment, varying the number and position of valine, asparagine, and glutamine
residues provided a good way to vary hydrophobicity. All mutants maintained the
tyrosine at the terminal position, as this is known to bind water and form the outside

of the zipper.
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By conducting AFM imaging on samples of each mutant that were allowed to
aggregate in solution, we were able to see which residues are crucial to forming the
steric zipper and thus allow for fibril formation. What we found is that asparagine

and glutamine: the amide residues are necessary for fibrils to occur.

A NVWVY B NNWNY_

Figure A2.5 Representative topographic
AFM images of each mutant deposited
on mica from a 400 uM solution. The
most prone to aggregation are shown on
top, and the least prone are shown on
bottom.
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The aggregation we observe by AFM shows only moderately good agreement
with modeling programs that were used to predict aggregation behavior. This may
indicate that these models are oversimplifying the nature of the interaction between

these peptides.

A2.5 Studies of co-aggregation between AP and tau

Another series of experiments was aimed at understanding the interplay between
AP and tau, another protein which is implicated in Alzheimer’s disease. Tau’s
function in a cell is to regulate microtubule formation, but in AD it is found to form
neurofibrillary tangles in the intracellular medium. Work by other groups have
suggested that these two peptides might co-aggregate or undergo some type of

cooperative aggregation mechanism.'® >’

Figure A2.6 Topographic images of a 200uM AP solution, incubated with (A)
and without (B) tau and deposited onto mica.

We found that introducing tau into a solution of AP greatly reduced the

average size of fibrils, and increased the number of granular aggregates, implying
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that tau actually works to prevent the formation of APB. The mechanism we think is
responsible is the combination of AP and tau to form heterooligomers. This does
decrease the average size of aggregates, but may serve as a further source of toxicity
as tau which is bound in heterooligomers is no longer available to regulate
microtubule growth. This could cause the overexpression of tau and the subsequent
growth of neurofibrillary tangles. We also determined that tau could not de-aggregate
AP fibrils once formed, likely due to the irreversibility or limited reversibility of this

Process.

A2.6 High Resolution Imaging of AP Oligomers

As mentioned in the introduction, the early stages of AP aggregation involve the
formation of oligomers which are thought to be toxic and also play a role in the
further aggregation into fibrils and large, quaternary structures. As such, there is
great interest in unravelling the complex mechanism from Ap monomers up to
oligomers of several dozen units before the point at which fibril formation occurs. It
has been theorized by other AFM studies that small, misfolded AP oligomers act as a
seed which induces further misfolding and oligomerization, similar to a prion
disease.*” Previous AFM work has shown evidence of this type of behavior, and
other studies have attempted to address exactly which types of oligomers are acting

as seeds and what the mechanism is by which they seed further growth.

AFM represents a great tool to look at large AB structures such as fibrils,**"*'

and can also be used to gain information on the mechanical properties of these
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structures. Using AFM as a technique to image smaller structures such as monomers
and dimers carries with it significant challenges. AFM techniques by their nature
have excellent vertical resolution, but their horizontal resolution is completely
dependent on the radius of the AFM tip. AR monomers fold into a horseshoe shape
and have an extremely small size (~3nm) in their folded conformation which makes
them difficult to resolve unless extremely sharp AFM tips are used. The Smith group
at SUNY Stony Brook used super sharp tips to collect images of AP 1-42 at the
carliest stages of aggregation.’”® They were able to discern between various
oligomers, such as monomers, dimers, tetramers, and hexamers and come up with a
model for how their growth occurs. They theorize, in simple terms that dimers are
what causes the growth of extended protofibrils( single B sheets) and subsequently
fibrils (stacked P sheets), and that this proceeds independently of the formation of
hexamers, dodecamers and higher MW oligomers. While they are able to achieve
good resolution AFM images, some of their conclusions in this study do not agree

well with other predictions for oligomer aggregation behavior.
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40 nm

Figure A2.7 Topographic AFM image of
AP 1-42 1pM solution incubated for 10
minutes and deposited onto mica. Image
was collected using an XSC11 tip with
nominal 10 nm radius.

For our first series of measurements, we sought to reproduce the experiments that
this group conducted. In their work they imaged with a super sharp tip in buffer
solution with a special scan loop designed to minimize contact forces. The first
question we wanted to answer was if we could get similar resolution images in air,
and if a super sharp tip was necessary. For these experiments, an AP 1-42 solution
was prepared as described in the experimental section. For all experiments low
concentrations (1-10 um) were used as this has been shown to slow the aggregation
process and allow for the earliest stages to be probed effectively. For our first images
we used a standard XSCI11 cantilever with a nominally 10nm radius tip, and
discovered that while we could approach the resolution of these images, we were

falling slightly short due to tip broadening. For the next batch, we used an identical
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preparation and used a super sharp silicon tip. Optimization of imaging conditions
was required in order to achieve high resolution and reduce tip wear, this included
using a low drive amplitude to minimize contact forces and using careful tip engage

procedures.

For these experiments we began with extremely short incubation times in order to
determine the relative abundance of different types of oligomers initially. At times of
5 minutes or below, we see only small circular aggregates whose height is often 500

pm or 1 nm tall, correspond to 1 and 2 molecular layers of Ap.

Figure A2.8 Topographic AFM image of A 1-42 1uM solution
incubated for 0 minutes (a) and 5 minutes (b) and deposited onto
mica. This was collected using an SSS_NCT tip with nominal radius of
3 nm.
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Figure A2.10 shows incubation times of 0 and 5 minutes, and shows there is no
qualitative difference in oligomer size or distribution. It is also shows a limitation of
our sample preparation technique; the buffer solution is allowed to dry off in the
vacuum desiccator which was determined to take 2-3 minutes. This means that the

nominally zero minute incubation is actually around 2 minutes and allows some

small amount of oligomerization to occur.

1.2 nm

Figure A2.9 Topographic AFM image of Af 1-42 1pM solution incubated for 10
minutes and deposited onto mica. This was collected using an SSS_NCT tip with

nominal radius of 3 nm. A corresponding line cut is shown which illustrates the
height of various oligomers.

The image shown here used an extremely short aggregation time of 10 minutes
and a low concentration of 1 um. Under these conditions we see numerous circular
features as before which appear to correspond loosely in size to monomers and
dimers. We also see a feature whose height and width correspond to the expected
dimensions of a protofibril; a collection of folded monomers which pack together

end to end and form a single B sheet. Using the excellent vertical resolution of the
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AFM, we are able to effectively discern how many monomer layers each feature has.
We see that the minimum size is around 500 pm, which corresponds roughly to the
expected height of a single beta sheet. This is lower than the Smith group’s
measurements, but this could be due to the difference in hydration state of these

oligomers during imaging.

Another interesting feature, which we frequently observe in these images is a
stacked oligomer (1 nm height) packed off center along the side of a protofibril (500
pm height) this is surprising, as these two forms of aggregation follow separate paths
according to the model set forth by the Smith group. This may, however, indicate

that these taller oligomers are seeding protofibril growth.

We next made a series of samples at different aggregation times from 0 to 60
minutes in order to view the time evolution of this process in its earliest stages. We
see that whereas at 10 minutes we see a mixture of monomers, dimers, and
protofibrils, at 20 minutes there is extensive protofibril growth, which covers much
of the surface. At the same time we see the formation of tall, globular structures
which are a few nm in height. Despite the continued growth of these new larger
structures, there is still a large concentration of monomers, dimers and tetramers in
solution as evidenced by the numerous small circular aggregates. This is consistent

with the equilibrium that is supposedly established between these phases in solution
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Figure A2.10 Topographic AFM image of Ap 1-42 1pM solution incubated
for 20 minutes and deposited onto mica. (a) large scale and (b) small scale.

At 60 minutes we see that the large globular aggregates are greatly increased in
size and occurrence, and that there still exists numerous protofibrils across the
surface. At this point, however, there are almost no isolated monomers or dimers
visible implying that equilibrium has now shifted heavily in favor of larger
structures. This is in sharp contrast to the Smith group which noticed predominantly

hexamers and dodecamers at longer aggregation times.
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Figure A2.11 Topographic AFM image of Ap 1-42 1pM solution incubated
for 60 minutes and deposited onto mica. (a) large scale and (b) small scale

An effective way to visualize this data is to conduct a particle analysis of each
image. If we take our 5 minute AP 1-42 image and graph the area of each particle
versus its perimeter, we can get an index of how circular the particle is as shown in
the scatter plot below. We see that at low sizes, all particles are essentially circular,
while an increase in size causes a spreading between more rod-like oligomers and
more circular oligomers. We can further see that rod-like aggregates reach a certain
maximum area likely due to their small width and low resulting area. Most of the
higher area aggregates we see are almost circular in shape. This type of plot
represents an excellent way to compare AFM to Ion Mobility data, as IM-MS data
determines the cross-sectional area of molecules in the gas phase and plots them
against molecular weight. This gives a similar but complementary way to

quantitatively analyze the shapes of oligomers.
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Figure A2.12 Plot of Perimeter versus Area for oligomers from an Ap 1-

42 image with a 5 minute incubation time. Lines corresponding to
circular aggregates and 1:10 rods are plotted for comparison.

If we compare the average height of features in each image, we see an interesting
progression. At 5 minutes there is a sharp peak around 500 pm representing the
single beta sheet oligomers with a tail going out to higher heights caused by a small
number of stacked oligomers. By 20 minutes this peak has shifted to 2 nm, indicating
that stacked oligomers and large globular aggregates now make up the majority of
the solution species. At 60 minutes, this peak is still at 2 nm, but we see that a short
broad peak emerges at around 6 nm. This shows that there is an initial 2-D growth
phase which is very rapid and that 3-D growth starts to happen slightly later in the

process.
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Figure A2.13 Histograms of height values from topographic AFM
images of Ap 1-42 at varying incubation times.

We next carried out a parallel set of experiments investigating the AR 1-40
oligomer. This oligomer has been shown to aggregate much more slowly in solution

despite being only differing by missing two terminal residues.’' >
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Figre 2.4 Represetative topographic AFM images of uM AP 1-40 at 5
minutes (a,b) and at 30 minutes (c,d) incubation at different length scales.
What we see is that under identical conditions to AB 1-42, AP 1-40 undergoes a
different type of growth. At 5 minutes, we see that there are almost exclusively single
molecular layer oligomers (500 pm height) with a small number of 2 layer (1 nm)
oligomers interspersed. It also appears that monomers and dimers are the most

prevalent form, as opposed to the AP 1-42 sample where tetramers and higher MW
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oligomers were common. At 30 minutes, this difference continues. Instead of
forming tall globular aggregates, there is the formation of numerous protofibrils and
extended P sheet structures. These facts all point to a slower aggregation process, and

possibly one which favors 3-D growth less than AP 1-42.

Figure A2.15 Topographic Image of 1pnM
APB 1-42 after 30 minutes where sample
was subjected to a washing step post-
deposition.

One key difference between our experiments and those conducted by the Smith
group is that the Smith group washed residual solution off of their sample after
allowing it to sit for 2 minutes. In our experiments, we simply dried the solution in a
vacuum desiccator. This has its advantages and disadvantages; not washing the

solution gives us a complete picture of soluble and insoluble oligomers without
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selecting for their affinity for the mica surface, however, the drying process
effectively concentrates the sample towards the end of drying which could alter the
environment that monomers and oligomers see. To compare the two more directly,
we made a series of samples using the Smith method and compared them to previous
runs. Surprisingly, it appears that while small oligomers and large globular
aggregates are still present, there are no protofibrils present when using this sample
preparation. It may be that the unique shape of protofibrils causes them to stay
suspended in solution, while more spherical oligomers are deposited on the mica.
This apparent selection against protofibrils during the washing step indicates that this
is not a preferred method for sample construction, and likely explains the lack of

extended protofibrils in the Smith group’s study.

A2.7 Conclusions and Future Directions

In this section, we have shown that AFM is an effective tool for imaging AP
oligomers and fibrils. In combination with ion mobility mass spectrometry, it can
obtain detailed conformational information on the early oligomerization events in a
way that is difficult using other techniques. High resolution imaging is not without
its challenges, but with careful control of imaging parameters allows a wealth of
information to be extracted. Future experiments may employ imaging inside of buffer
solution or under different pH conditions in order to more accurately observe the
peptide in conditions resembling the intracellular medium. Another interesting

avenue would involve depositing oligomers onto a lipid bilayer and observing this
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interaction as it would more closely model in vivo aggregation. Imaging
oligomerization in situ, while challenging, would provide an excellent view into the
time-dependence of this process and shed new light into the kinetics of these

processes.

There are also numerous other amyloid systems to investigate via AFM, and each
system has its own characteristic aggregation behavior. Islet amyloid polypeptide
(IAPP) which is implicated in type 2 diabetes represents one such system. The
investigation of common motifs such as the steric zipper via high resolution imaging
represents an interesting possibility by allowing us to understand mechanisms which
are common in all amyloid proteins. Through better understanding of the aggregation
process, it should be possible to design inhibitors and other treatments which can

effectively delay or prevent the onset of these diseases.
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