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“The ideal condition

Would be, I admit, that men should be right by instinct;
But since we are all likely to go astray,

The reasonable thing is to learn from those who can teach.”

Sophocles, Antigone
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Abstract

Proton nuclear magnetic resonance microscopy was employed to investigate
in-situ the effects of the distribution and amount of water in operating proton-
exchange membrane fuel cells, PEMFCs. Thisis a timely and significant application
of NMR microscopy for numerous reasons. The quintessence of a PEMFC is the
membrane that is conductive to protons while essentially impermeable to the fuel
and non-conductive to electrons. The performance of PEMFCs using typical proton-
exchange membranes, PEMs, such as Nafion is closely related to the distribution
and content of water in the PEM and neighbouring regions (e.g., gas flow channels).
Few available techniques, however, can be used to visualize and investigate water
in operating PEMFCs and obtain information that is critical to develop effective
designs and to parameterize and validate theoretical models.

The ultimate goal of this research was to demonstrate that 'H NMR
microscopy can provide a gualitative picture of dynamic water distribution in
operating PEMFCs and, that PEMFC performance can quantitatively be related to the
amount of water in various parts of the system.

PEMEFCs were designed and constructed to fit within 10 mm and 30 mm
diameter NMR microscopy probes and to operate within the strong magnetic fields
required to complete the studies. Preliminary experiments demonstrated that

H:0(]) produced from the reduction of O2(g) is observable, and that water in the
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PEM diffuses outward from the catalyst decal into surrounding membrane. The first
images of the in-plane distribution of water in the PEM between the catalyst layers
are reported. The results show that feed gas configuration (i.e., co- vs. counter-
flow), gas flow rates, and PEMFC power output affect the distribution of water in
the PEM and in the cathode flow field, and confirm the predictions of several
theoretical models. Image contrast is introduced by exchanging hydrogen for
deuterium through use of either D-0O(l) or by operating the PEMFC on D2(g). The
integrated intensity of the images corresponds well to changes in the PEMFC power
output, and the feasibility of determining the absolute water content of the PEM is

investigated. The results obtained suggest several projects for future research.
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Preface

Since joining Rod’s research group as a graduate student in the fall of 2001, I
have been involved in a plethora of research projects. These include experimental
investigations of coupled multi-spin systems, less commonly studied quadrupolar
nuclei (*Cl, ®*Mn, *Zr, *La) at high applied magnetic fields, quantum chemical
investigations of magnetic shielding and indirect nuclear spin-spin coupling tensors,
and application of "'H NMR microscopy to investigate water in hydrogen fuel cells. I
recall that throughout my graduate student career I was often asked what the topic
of my Thesis was. Reflecting upon that now, I think I had as many responses as the
number of times I was asked. I am fortunate that Rod recognized the importance of
students having access to the latest NMR equipment and techniques for the
exploration and characterization of materials. Within the first year of my Ph.D. our
new Bruker spectrometers including a micro-imaging accessory were installed and a
hyperpolarized Xe-129 NMR spectroscopy system was constructed.

Although I continue experimental and theoretical NMR studies of solids, I
have chosen to focus my Thesis on 'H NMR microscopy. In specific, this Thesis is
composed of research into the application of "H NMR microscopy to investigate
water throughout operating proton-exchange membrane fuel cells that was
completed during the past three years. I have chosen this topic because the
application is novel, the results are high-impact, and have been well received in the
literature. The publications that have resulted from this research are listed in
Appendix A.1 and publications resulting from other research are listed in Appendix

A2
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centimetre

Coulomb

Carr-Purcell Meiboom-Gill experiment

duration of the gradient pulse for diffusion measurements
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FT Fourier transform
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Gi magnetic field gradient along the i-direction
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H: Zeeman Hamiltonian
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Ih nuclear spin angular momentum vector
I electrical current

I nuclear spin quantum number

o) relative humidity

k reciprocal space vector
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Chapter 1. Introduction and Objectives
1.1.  Introduction

The subject of this Thesis is the application of 'H nuclear magnetic resonance,
NMR, microscopy (i.e., magnetic resonance imaging, MRI) to study the distribution
of water throughout an operating proton-exchange membrane fuel cell, PEMFC[1].
In this chapter a brief introduction to the development of PEMFCs is given, leading
to the motivation and necessity for this research. As well, NMR microscopy is
introduced with emphasis on its suitability for investigating operating PEMFCs. In
the final section of this chapter the specific objectives of this research are presented
together with an outline of subsequent chapters.
1.1.1. Proton-Exchange Membrane Fuel Cells

PEMEFCs (Figure 1-1) are an attractive alternative for producing clean energy
from renewable resources, particularly for automobiles[2], homes[3], and portable
electronic devices[4]. The primary incentives for research involving hydrogen-
fuelled PEMFCs are that in principle, the fuel cell will produce only water as

exhaust, and the theoretical energy efficiency is greater than 80 %[5]. Other

| %0,g)+ 2H + 2¢

|

H2(13(/)

cathode

Figure 1-1. Representation of a PEMFC operating on Hx(g) as fuel. Ha(g) is oxidized over the
anode catalyst, protons are transferred from the anode through the membrane to the cathode, and
electrons are conducted through an external circuit. At the cathode catalyst, protons and electrons
reduce O2(g) to produce H20(]).
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incentives include few moving parts, low noise, scalability to demand, and mobility.
The rapidly increasing reliance on fossil fuels for energy, and the environmental
impact of conventional energy production from fossil fuels, mandates efforts to
develop cleaner, more efficient methods to produce energy such as PEMFCs.

The term fuel cell was coined by Rideal and Evans in 1922[6]; however, the
first reported experimental demonstration of a fuel cell was in 1839 by Grove who
fed hydrogen and oxygen over platinum electrodes into aqueous sulphuric acid to
produce, what he termed, a “gaseous voltaic battery”[7]. Although the
electrochemical reaction producing the electrical current and voltage was thought to
take place at the surface of the electrode, not until 1882 did Lord Rayleigh
demonstrate that the performance could be improved by increasing the surface area
of the electrode by using platinum gauze[8]. In 1889 Mond and Langer introduced
the use of a solid matrix to contain the electrolyte and improve catalyst performance
by preventing wetting of the platinum black[9]; this represents the first prototype of
a practical fuel cell. Over the years numerous classes of fuel cells have been
developed including: solid oxide, molten carbonate, alkaline, phosphoric acid, and
proton-exchange membrane, PEM[10,11]. Detailed information regarding the
history, components, and applications of the various fuel cell systems can be found
in recent monographs[5,10,11].

PEMEFCs, also commonly referred to as polymer electrolyte or solid-polymer
electrolyte fuel cells, were developed to overcome difficulties encountered with
sealing and circulation in liquid alkaline electrolyte systems[10]. PEMFCs were
reported by General Electricin 1960[12] and used to provide power for the Gemini 5
space mission in 1965[13]. However, the first PEMs, based on a composition of
polystyrene sulfonic acid mixed with polychlorotrifluoroethlene (Kel-F), were

vulnerable to degradation by H202. In 1972, a polymer that was stable in the

2
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presence of halogens (except fluorine), sulfuric acid, and H20: was introduced by E.
I. du Pont de Nemours and Company, and registered shortly thereafter as
Nafion[14,15]. Nafion remains the industry standard for fuel cell PEMs. A detailed
description of modern PEMFC components, including the structure and
morphology of Nafion, is in Chapter 3.

There are a number of obstacles that have prevented the economic,
widespread use of hydrogen PEMFCs[1,16,17]. These include the storage and
availability of pure Hz(g)[18-21], the high cost of PEMs, low to moderate long-term
operating stability, and robustness. The conductivity of Nafion depends on its water
content|[22,23]; therefore, the operating conditions of PEMFCs are closely related to
the amount and distribution of water throughout the PEMFC, and the properties of
water within the PEM[1]. This is the motivation for in-situ investigations of the
distribution of water throughout operating PEMFCs. The amount of water in the
components of an operating PEMFC, or stacks thereof, is dynamic, and depends
upon operating conditions such as cell voltage, current, temperature, gas
humidification, and gas flow rates[23,24]. PEMs also expand as the water content
increases[25] and stacks of fuel cells bundled in series may therefore expand or
contract as a consequence. The number of freeze-thaw cycles a stack of fuel cells can
undergo without failure and the freeze-start characteristics of the stack are both
related to the amount of water in the system[26]. The ability to simultaneously and
accurately monitor water throughout an operating PEMFC or stack is essential to
engineer the PEMs, fuel supply systems, flow fields, exhaust manifolds, etc., and
thus to achieve robust, high-performance PEMFC systems. A plethora of studies
characterizing and modeling the components of PEMFCs and their performance, as

well as several recent reviews, are in the literature[27-33].
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Over the past 30 years NMR spectroscopy investigations have improved [28],
and continue to improve[34,35] the understanding of the morphology of PEMs, the
state and behaviour of water within them, and the mechanisms of proton
conduction. Within the past decade, various approaches have been reported to
visualize and investigate an operating PEMFC. These methods include electron
paramagnetic resonance investigations of PEM degradation[36,37], the construction
of PEMFCs using transparent materials[38-47], the use of neutron[48-56] and
infrared thermal imaging[57], and now 'H NMR microscopy[58-69]. Both neutron
imaging and 'H NMR microscopy have enabled the visualization of areas within an
operating PEMFC not observable by direct optical methods. Of these techniques, 'H
NMR microscopy is an accessible, non-invasive, and sensitive technique with the
potential to measure and spatially resolve proton density and to impart a variety of
molecular-interaction based image contrast[70-72].

1.1.2. Magnetic Resonance Imaging

MRI is perhaps the most publicly recognized application of the NMR
phenomenon. Within a decade of the first independently reported demonstrations
of the use of magnetic field gradients to spread the frequency of an NMR signal and
encode spatial information, in the early 1970s by Paul Lauterbur[73] and Peter
Mansfield[74], clinical trials of biomedical applications were commencing[75]. The
potential utility of MRI for non-invasive diagnostics of biological tissues spurred
remarkable advances in radiofrequency, magnet, and gradient capabilities to
accommodate improvements in experimental methodology. The impact of MRIon
in-situ medical diagnostics has been revolutionary, and in 2003 Lauterbur and
Mansfield shared the Nobel Prize in Medicine or Physiology for their discoveries
concerning “magnetic resonance imaging”[76,77]. Below is a brief history of the

development of the technique.
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Lauterbur, a chemist by training, had observed the sacrifice and dissection of
rats to remove cancerous and healthy tissue samples for 'H NMR relaxation
measurements. He found the experience rather distasteful and was curious if these
measurements could be completed from outside the living body[77]. Capitalizing
on the relation between the frequency of an NMR signal and the strength of the
external magnetic field, Lauterbur employed the linear shim gradients on a 60 MHz
NMR spectrometer to modulate the magnetic field. Completing a series of careful
measurements and a mathematical transformation of the data, Lauterbur obtained a
spatially resolved image of two capillaries filled with water. After coining the term
zeugmatography (from the Greek zeugma meaning connection or yoke) to describe
the process, the manuscript with hand-drawn results (referred to as
zeugmatograms, rather than images) was submitted to Nature, and rejected until the
revised version[73] contained references to biological tissues and cancer[77].

In the Department of Physics and Astronomy at the University of
Nottingham, Mansfield and coworkers were investigating multiple-pulse line-
narrowing NMR experiments in solids and were curious if a linear field gradient
would reveal the molecular structure of the sample[76]. Although unsuccessful in
resolving the structure, in 1973 they reported the use of field gradients to introduce
a spatial dependence in the NMR signal in solids and the use of the Fourier
transform to process the signal[74]. Shortly thereafter, they demonstrated the use of
selective irradiation to define a thin slice of material to limit the region from which
an image was obtained[78], and introduced the use of spin-echoes to reduce the
experimental acquisition time by several orders of magnitude[79]. Later, Mansfield
introduced active shielding of the static applied field from the pulsed gradients

which enabled the use of strong gradients to define the slices and image axes[80,81].
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The achievable resolution of MRI is ultimately limited by the frequency and
relaxation of the NMR signal and is on the order of pm[82,83], comparable to that of
optical microscopy and hence, the term “NMR microscopy” is often used for
materials imaging[84]. Although X-ray or neutron source techniques for materials
characterization can achieve atomic scale resolution, the variety of image contrasts
that can be obtained based on the sensitivity of NMR parameters to molecular
interactions[70] makes the technique extremely robust and the applications diverse.
Application of MRI outside of the life sciences realm is often technically challenging
due to the non-aqueous or heterogeneous composition of the materials of
interest[85]. NMR microscopy techniques have been developed and utilized in a
variety of materials and processes including the study of complex fluids[86],
concrete building materials[87], seed germination[88], drug release from tablets[89],
and food property characterization[90-93]. A PEMEFC has a heterogeneous material
composition, including semi-aqueous and aqueous components suitable for
investigation via NMR microscopy. The principles of NMR microscopy as related to
this Thesis are covered in Chapter 2.

1.2.  Thesis Objectives and Outline

The paramount objective of the research presented in this Thesis is to
establish the feasibility of using 'TH NMR microscopy to provide experimental
insight into the relationship between the water content in, and the performance of,
operating PEMFCs. Specific goals of the research were developed as the potential of
the technique was realized.

The first step of the project, as detailed in Chapter 4, was to design and
construct PEMFCs that would fit within the available imaging hardware, and to
determine if the PEMFCs would operate within the strong static and pulsed

magnetic fields required to perform the 'H NMR microscopy experiments. Images

6
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of the PEMFCs filled with water, presented in Chapter 5, were acquired to show the
perspective and dimensions of the inside of the PEMFCs. The effects of some
materials used in the PEMFCs on the TH NMR signal are evident and potential
limitations with respect to attainable resolution are considered. Presented in
Chapter 6 are results from the preliminary exploration of using 'H NMR microscopy
as a diagnostic tool to garner information about the distribution of water in
operating PEMFCs. The effects of gas flow rate and inlet/outlet configuration on the
in-plane distribution of water in the PEM between the operating catalyst layers and
the cathode flow channels are studied. In addition, the results are discussed with
respect to specific hypotheses, inferences, observations, and theoretical predictions
within the vast PEMFC literature. The use of H-D exchange to introduce contrastin
the 'H NMR microscopy images of water within the PEM is investigated (Chapter 7).
In Chapter 8, correlation between the integral intensities of 'H NMR microscopy
images and PEMFC operating conditions is explored and the potential of
quantifying the amount of water in the PEM of an operating PEMFC is discussed. A
brief summary of results and conclusions is provided in Chapter 9. The results
presented in this Thesis demonstrate that 'TH NMR microscopy is a valuable
technique to elucidate important information regarding the interdependence of
PEMFC water content, gas flow rates and configuration, and PEMFC performance.
Recommendations for future investigations and possible challenges are offered in
Chapter 10.
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Chapter 2. Background and Theory: NMR Microscopy

‘There is a wide variety of monographs available on the subject of MRI with
applications to both medicine and materials science. Over the last several years
numerous books have been of value, whether for an introduction to the
fundamentals of imaging[1-4], a qualitative overview[5,6], or applications in
materials science[7]. This chapter serves to introduce the concepts of NMR
microscopy as applied in this Thesis.

Portions of this chapter are reproduced with permission from Feindel, KW.,
Bergens, S.H., and Wasylishen, R.E. ChemPhysChem, 2006, 7, 67-75. Copyright 2006
Wiley Interscience.

21. The Zeeman Interaction and the NMR Response

The fundamental interaction between a magnetic field and the magnetic
dipole moment associated with the orbital angular momentum of a nucleus was
theorized by Hendrik Lorentz and first observed by Pieter Zeeman in 1896[8]. This
interaction is the source of the observable NMR response. The Zeeman Hamiltonian
describes the energy of interaction of the nuclear spin angular momentum vector, I#,

with an external applied magnetic field, Bo,

H, = —I1B, 21)

where vy is the magnetogyric ratio, # is the Planck constant 1 divided by 2x, and the
magnetic moment is represented by the product yIi. Tables of the nuclear spin
properties are available[9]. The largest component of the Bo column vector (B, By,
B:) defines the z-axis of the laboratory frame of reference. Typically, only the field
along this direction is considered and thus Bo= (0, 0, Bo). The potential energy of a
magnetic dipole moment in a magnetic field depends on the projection of the

magnetization vector with respect to the field. Considering a proton with nuclear
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Figure 2-1. Zeeman energy levels for a nucleus with I = ¥4 demonstrating the separation of the
nuclear spin states m: = +%2 as a function of Bo.

spin I = %3, eigenstates with different energies are obtained for the two possible
projections with respect to the applied field: parallel (mu: = %2) and antiparallel
(m1 = -Y4) (Figure 2-1). The frequency corresponding to the difference in energy
between the two states, AE, is defined by the Larmor equation,

VvV, = ————|le0 = AE—
Foon h (2-2)

where v, is referred to as the Larmor frequency. Both equations 2-1 and 2-2 show

the field-dependent nature of the NMR frequency. Herein we are concerned with
the NMR of water, which provides the option of investigating 'H, 2H, or VO, but 'H
is the most suitable with the highest natural abundance and the largest y. The
Larmor frequencies of protons in commercial superconducting NMR magnets are on
the order of 108 Hz, or in the radio frequency, RF, range. The experiments to obtain
the results presented herein were completed at Bo = 7.05 T, and for a proton y =

26.7522128107 x 107 rad s T, thus v; is ~300.17 MHz. If one assumes that an

ensemble of isochronos protons in a bulk sample subject to Bo experience the same

local magnetic field, they will exhibit a single coherent resonance at v;. To generate

a detectable NMR response the equilibrium magnetization is disturbed by applying

an oscillating magnetic field, By, transverse to the z-axis, with frequency that
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matches v,. The duration and amplitude of the B: field determines the extent to

which the magnetization rotates about the B: field away from the z-axis. Often to
facilitate simple vector model diagrams of the magnetization, the lab-frame
coordinate system (x, y, z) is transformed to a frame where the oscillatory B field
appears stationary (x',y’,z’), i.e., the coordinate system rotates at the frequency of the
RF transmitter.

The 'H NMR response to an RF pulse contains a wealth of information
regarding the local and long-range eﬁvironment of the protons within a sample. For
example, differences in chemical environment, diffusion, and the magnetic
susceptibility of the sample influence the resulting frequencies that are encoded in
the NMR response or free-induction decay, FID, and their rates of relaxation. Many
of these effects are related to the strength of the applied static magnetic field, Bo, and
provide different mechanisms from which molecular interaction based image
contrast can be obtained[1,3,10]. This diverse sensitivity has facilitated the
establishment of NMR techniques as some of the most powerful methods for
molecular structural elucidation[11], characterization of materials[7,12], and for
diagnostic medical imaging[13,14].

2.2. Birdcage RF Coils

The static applied magnetic field, Bo, experienced by the sample must be
homogeneous to prevent a spread in v;. In continuance, the pulsed magnetic field,
By, applied transverse to the static applied magnetic field, that generates the
measurable NMR response must also be homogeneous. To achieve greater RF
uniformity over larger volumes typically required for imaging, a design called the
birdcage resonator is often used (Figure 2-2)[15-18]. In principle a standing wave s

formed around the cylinder and in the lowest frequency mode will resultin a single
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Figure 2-2. Representation of a quadrature high-pass birdcage RF resonator. The circuit design
results in a sinusoidal variation of current and voltage around the cylinder and creates an
oscillating Bi field in an approximately spherical volume.

wavelength sinusoidal variation in current and voltage around the cylinder[1].
Birdcage resonators are quadrature coils and the magnetization of the RF pulse
rotates in a full circle with the proton spins (in contrast to a typical solenoid where
the RF pulse is varied only along one axis). Quadrature coils result in reduced RF
power deposition and in an increased signal to noise ratio[15].
2.3.  Spatial Localization

In general, three independent parameters of the NMR response are used for
'H NMR microscopy: the amplitude, frequency, and phase. The amplitude of the
FID is related directly to the number of protons, i.e., '"H nuclei, which provides the
fundamental image contrast. By introducing controlled inhomogeneities into Bo,
spatial information about the sample is encoded into the frequency and phase
associated with the source FID. For example, when a magnetic field gradient, Gy, is
applied across the sample, the total magnetic field experienced by protons varies
with respect to their position within the applied gradient (Figure 2-3). Note that the
direction of the magnetic field created by the gradient is in the z-direction; the

subscript y denotes the axis along which the gradient is positioned. The
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Figure 2-3. A magnetic field gradient along the y-axis, Gy, modulates the static applied magnetic
field along the z-axis, Bo. The change in magnetic field is related to the strength of the gradient
and the distance from the origin of the axis along which the gradient is applied such that Bita = Bo
+ Gyy. Asaresult the resulting resonance frequency of a spin, vy, can be related to its position in
space with respect to the gradient axis.

corresponding change in resonance frequency, Av, can be described as a function of
the applied field gradient and therefore of position in space, y: Av(y) =yGy. To
generate the uniform spatially dependent magnetic fields a set of three actively
shielded[19] gradient coils surround the RF coil assembly. The magnetic field
gradients either add to, or subtract from, Bo, and the gradient units are designed
such that the pulsed magnetic fields increase with distance from the centre of the
device. The magnetic field is generated along the z-axis (Gz) using a Maxwell
pair[20], and in the mutually orthogonal x- and y-directions (G, Gy) using concentric

saddle coils[21,22] (see Figure 2-4).

Figure 2-4. Representation of the coils used to create magnetic field gradients that vary linearly
through space. A Maxwell pair creates the longitudinal gradient field along z, and a Golay coil
configuration creates the transverse x and y gradient fields.
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2.3.1. Slice Selection

One of the major benefits of NMR microscopy as a diagnostic tool is the
ability to investigate non-invasively objects in specific regions of interest by defining
image slices. This technique, first demonstrated by Mansfield in 1974[23], was one
of the critical advances in MRI warranting his receiving the 2003 Nobel Prize in
Medicine or Physiology. The slice selection process relies on a magnetic field

gradient across the sample creating a spread in v,. The amplitude of the RF pulse

used to generate the detectable NMR signal is often shaped in the time domain such
the frequency profile of the B field is approximately square. Shown in Figure 2-5
are the time and frequency domain profiles for a sinc-3 pulse, where sinc = sin(t)/¢
and the 3 indicates the number of zero crossings. The pulse BW =1/t., where tzc is
the time from the centre of the RF pulse to the first zero crossing. The BW of the
shaped RF pulse in combination with the applied field gradient defines the region
from which the NMR response is generated. For example, if a slice is to be defined
using an RF pulse BW of 5 kHz, from Eq. 2-2 the required change in magnetic field
over the thickness of the slice is ~1.174 x 104 T. The BW of the RF pulse and the
maximum gradient strength available determines the minimum slice thickness. For
example, with a maximum gradient of 1 T m (for the hardware used in this

research) and an RF pulse BW =5 kHz the minimum slice thickness is ~117 um. As

sinc-3 M
FT BW = 1/,

> [« >
- »~

&

N s N\ N viHz

Figure 2-5. Time and frequency domain profiles of a sinc-3 RF pulse. Shaped time domain RF
pulses are used to provide an approximately square frequency profile of the B: field used for
slice-selective excitation.
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Figure 2-6. Representation of the effect of a slice-select gradient, Gss, on the NMR response
during a 90° RF pulse showing the necessity of a refocusing gradient. The time domain of the RF
channel and field gradient are shown on the left, and the corresponding Bloch diagrams depicting
the magnetization are on the right. The RF pulse (A-C) rotates the magnetization into the x’,y’
plane. The slice-select gradient (A-C) is used to create a spread in Larmor frequencies, but also
causes the magnetization to lose phase coherence. A field gradient of opposite sign refocuses the
in-plane magnetization (C-E).

shown in Figure 2-6, a consequence of the slice selection gradient, Gss, is a spread in
the precession frequencies of the nuclear spins and a loss of phase coherence, and
therefore of detectable NMR response. To reverse this dephasing, Gssis reapplied in
the opposite direction to bring the precession of the nuclear spins in the slice back
into phase.

The profiles of the RF pulses used for slice excitation are imperfect (i.e., are
not rectangular) and for multi-slice acquisition imperfect slice shapes can lead to
inadvertent excitation of protons outside the intended image slice. To reduce this
effect gaps can be left between neighbouring slices or excitation of the slices can be
interlaced to maximize the time elapsing between excitation of adjacent slices.
2.3.2. Nuclear Spin Relaxation

At thermal equilibrium the magnetization, Mo, is in the direction of Boalong
the z-axis. Application of an RF pulse that rotates the magnetization away from the

z-axis and into the x,y plane disturbs the equilibrium of the spin system. Over time
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the equilibrium will be restored, and the magnetization along the z-axis at time ¢,

M:(t) can be described using the classical equation of motion derived by Bloch[24]:
t

M, (t) - M, = [M,(0) —Mo]exp[—— f) (2-3)

where M:(0) is the magnetization remaining along the z-axis after the RF pulse and

T, is the spin-lattice or longitudinal relaxation time. Similarly, the nuclear spins

forming the magnetization rotated into the x,y plane, Mxy, will come to thermal
equilibrium resulting in no net transverse magnetization. For liquid-state molecules
this relaxation process and transverse magnetization at time ¢, Mxy(t), can generally
be treated using the theory of Bloembergen, Purcell, and Pound[25] and described
by Eq. 2-4:
t

Mx,y (t) - Mx,y (0) exp(_ ij (2_4)

where Mx,(0) is the transverse magnetization immediately following the RF pulse

and T, is the spin-spin or transverse relaxation time. In general, T2 < T1. In the

absence of paramagnetic materials, aqueous or semi-solid systems containing water
with a homogeneous composition tend to exhibit 1H T2 values on the order of 10! s
or longer.

As described in §2.3.1, application of a magnetic field gradient will dephase
magnetization in the transverse plane, which can be refocused with a gradient of
opposite sign. However, if the spins are diffusing the two gradients experienced by
the spins will be of different magnitude and an overall attenuation of the transverse
magnetization will result. Stejskal and Tanner[26] demonstrated that this principle
could be applied to obtain the bulk rate of diffusion, D, of the species. In the

absence of other relaxation mechanisms (i.e., T2), the attenuation of transverse
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magnetization due to unrestricted translational diffusion as measured by a pulsed-

gradient spin-echo experiment can be expressed as[2]:
_ 2~27ys2 0
M, ) =M, ,0) exp[— v°G°Dd (A - -éﬂ (2-5)

where G is the strength of the applied gradient, 6 is the duration of the gradient
pulse, and A is the time between application of the two gradient pulses.
2.3.3. Spin-Density, k-space, and Spatial Encoding

The amplitude of the NMR signal acquired as a function of time is denoted
5(t). In NMR microscopy, the frequency of the signal from a volume of spins at
position 1, i.e., the spin density, p(r), is a function of the position with respect to the
gradient vector, G. The signal amplitude integrated over volume has the form of a
Fourier transform, FT, and assuming mixing with a reference frequency, can be

expressed as[1]:

S(t) = j” p(r)expliyG - rt|dr (2-6)
Mansfield introduced the concept of a reciprocal space vector, k, of the form{27-29]:
Gt
k=7
2n (2-7)

which shows that k-space can be traversed by gradient magnitude or by time, and
that the dimensions of k-space are cycles per meter. That is, low spatial frequency
information is contained in the centre of k-space, such as intensity and contrast, and
toward the edges of k-space high spatial frequency information is contained, i.e.,
information about features providing fine detail. The fundamental relationship of

NMR microscopy is that the signal, S(k), and p(r) are an FT pair:

S(k)= I”p(r)exp[ian ‘rldr (2-8)
p(r)= I”S(k)exp[— i2nk - rldk (2-9)
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Subjecting k-space to a multi-dimensional FT converts the data into an image, i.e., a
map of signal intensity as a function of frequency, and therefore physical space.

The FIDs acquired from an image slice are mapped onto k-space (see Figure
2-7). Herein we will be concerned primarily with two-dimensional Fourier Imaging,
FI, where each FID is stored along a single line in k-space. For a two-dimensional
image there are two axes in k-space, typically referred to as the frequency and phase
encode axes, and herein denoted kx and ky, respectively. In a two dimensional
Cartesian axis system the FT pair becomes:

Slk,. k, )= 0] wfp(x,y)eXp[iZW(kxx + K,y Ky (2-10)

~00~-00

olx,y)= Q] (]‘S(kxx,kyy)exp[- i2n(kxx + kyy)]dkxdky (2-11)

—00—00

Slice selection determines the region of a sample which contributes to the
observable NMR response and each line along kx contains an FID. In the absence of
gradients, all protons in a slice precess at identical frequencies (assuming a
homogeneous magnetic field and the absence of chemical shift differences), and the
signal obtained is at the centre of k-space. Each complex point sampled from the
FID constitutes a point in k-space along ks, i.e., if 128 complex points are sampled,
the dimension of kx is Nx=128. Herein, the dimensions or size or the k-space matrix
is denoted MTX. Thus, each point in k-space originates from the NMR signal from
the entire slice. The axes of k-space do not correspond directly to physical space;
however, the number of points along a given axis of k-space corresponds to the
number of pixels along that axis of the image. Asusual, the duration between point
acquisition (i.e., the dwell time), At, is determined by the sampling BW of the

receiver. For example, if the receiver BW is 100 kHz the sampling time between
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Figure 2-7. A sample two-dimensional GE imaging pulse sequence (top) and corresponding k-
space representation (bottom). Following slice selective excitation (A) the NMR signal is located
at the origin of k-space. The FE gradient, Gy, is applied (A-B) to traverse along the kx axis of k-
space to point B. Application of a PE gradient, Gy (A-C), enables traversing along the ky axis of k-
space to point C. Applying both Gx and Gy traverses k-space from point A to D. Reversal of Gx
(D-E) then results in traversal along kx during which the FID is sampled (1-8). The number of
points sampled is determined by the dimension of the FE axis, N, and this procedure is repeated
as determined by the dimension of the PE axis, Ny.

complex points is 10 ps, and the acquisition time, Ta, for a single line along kx with
Nx=1281s 1.28 ms.

Applying a magnetic field across the sample imparts a modulation in the
precessional frequency of the spins relative to their position in the gradient and
therefore the position in the sample. If a gradient is applied along one axis of the
imaging plane variations in the signal frequency (or phase) are created along that

gradient axis; the spatial location of protons is defined based on their position along
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the gradient axis (see Figure 2-3). In practice, the data points are sampled as the FID
evolves under the influence of a gradient of fixed strength (Figure 2-7 (D-E)) applied
across the sample and the overall NMR response contains spatial information (phase
as a function of position). This technique is called frequency encoding, FE. To
compensate for the loss of phase coherence due to the field gradient (as mentioned
when discussing slice selection in §2.3.1), a dephasing gradient (Figure 2-7(A-B)) is
typically applied prior to measuring the NMR signal, and therefore when the signal
is measured the phase of the spins is refocused. Following the excitation pulse,
successive magnetic field gradients of equal magnitude and opposite sign are
applied to create the echo; hence, this technique is referred to as a gradient echo, GE.

Thus the distance between points along the FE axis, Akx can be described by:

_yG,At
* 2n (2-12)

The second in-plane axis of the image (and third axis for three dimensional

Ak

imaging) can be localized by phase encoding, PE, which relates the location of the
NMR signals to differences in their phases at readout[30]. Typically, a gradient is
applied for a short, fixed time-period, trt, perpendicular to the axes of slice selection
and FE (Figure 2-7(A-C)). During the brief application of the gradient, the spins
precess at different frequencies along the axis of the gradient which introduces a
phase shift. After the gradient pulse has ended, all the spins once again precess at
the same frequency but the phase shift remains; therefore, the signal acquired
during readout contains a phase difference caused by the PE gradient. By
incrementing the strength of the gradient the magnitude of the phase change
imparted on the FID is modified. Thus the distance between points in along the PE

axis, Aky can be described by:
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_YAG, by
¥ 2m (2-13)

where AGy is the change in gradient strength.

Ak

2.4. Gradient-Echo and Spin-Echo Experiments

The fundamental pulse sequence required for NMR imaging, the gradient
echo, was introduced in §2.3.3 (see Figure 2-7). Often the apparent transverse
relaxation time, T2%, is shorter than T2 due to dephasing of the magnetization caused
by inhomogeneous interactions (e.g., chemical shift) or an inhomogeneous magnetic
field (Figure 2-8). The GE is adequate for aqueous samples with long T>* relaxation
times, for rapid image acquisition, or for introducing Tz* contrast. If T>* << T2 and
results in rapid loss of detectable magnetization, the phase coherence can be
recovered by application of an RF refocusing pulse. Although both GE and SE
experiments were used for the research presented herein, due to the heterogeneous
composition of a PEMFC, most results were obtained with SE experiments. Figure
2-9 shows an example of a SE pulse sequence with a FE gradient and the

corresponding Bloch diagrams. In general, the time between signal excitation and

echo acquisition, T, is shorter for a GE than a SE experiment, due to the second RF
180° 180° 180° 180°
a0°
. &) A A A
pulses vy Y ¥y vy

exp(-/T;)

FID

Figure 2-8, Comparison of the apparent transverse relaxation, exp(-t/T2*), after a 90°RF pulse and
the use of a 180° RF pulse to refocus the magnetization dephased by inhomogeneous interactions.
A train of 180° pulses, typically called a CPMG sequence, will yield a series of echoes, the
envelope of which is representative of the transverse relaxation, exp(-t/T2).
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Figure 2-9. Representation of a SE sequence showing the effect of a field gradient, G, and 180° RF
refocusing pulse on the NMR response after a 90° RF pulse. The time domain of the RF and
gradient channels are shown on the left, and the corresponding Bloch diagrams depicting the
magnetization are on the right. The RF pulse (A-B) rotates the magnetization into the x’,3’ plane.
The field gradient (B-D) forces the in-plane magnetization to lose coherence resulting in a decay
of the signal. The 180° RF pulse (D-E) flips the transverse magnetization about the y’-axis to
refocus inhomogeneous dephasing (e.g., chemical shift). A field gradient of same sign refocuses
the in-plane magnetization (E-G) and the continued presence of the field gradient once again
dephases the magnetization (G-I).

pulse used in a SE experiment. A train of RF refocusing pulses will yield a series of
SEs, the envelope of which can be described by T2 (Figure 2-8). This method,
referred to as the CPMG experiment, after Carr and Purcell[31], and Meiboom and
Gill[32], is often used to measure T>.
2.5. Resolution and S/N

The image pixel size is determined by the number of points in k-space and
the physical dimensions of the region to be imaged, typically called the field-of-
view, FOV. The pixel size for the FE dimension can be described by:

_FOV,
N

Ax (2-14)

where N, is the number of points acquired. Many images presented herein were
obtained with a 30 mm % 30 mm FOV and a 128 * 128 point k-space (i.e., MTX =
1282), which results in an image pixel size of 234 um x 234 um. For experiments
using FE, the achievable spatial resolution, 1/Ax, as described by Equation (2-15), is

limited by the spread in observed frequencies or linewidth at half-height of the

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NMR peak, vy, and the strength of the applied gradient, G«[7]:

1 | G,

[Ax] |27y, (2-15)

In practice, the maximum strength of the applied gradient is limited (e.g., the
maximum commercially available gradients for NMR microscopy are approaching 3
T m? (Bruker Micro-5)). The linewidth is related to the time required for the NMR
signal to decay; as a result of inhomogeneities in the magnetic field experienced the
linewidth is related to the shorter apparent spin-spin relaxation time, 12", such that
viz=(nT2")". Inaddition, if the total signal readout is long compared to the T>* of the
signal, the ends of the FE axes in k-space contain mostly noise which also results in
image blurring.

Each pixel in a two-dimensional image slice is a projection of the signal
contained within the volume defined by the width of the pixel and the slice
thickness. This three-dimensional volume element is called a voxel. Larger slice
thicknesses and larger pixel sizes increase the signal to noise ratio, S/N; however,
fine detail may be obscured by averaging of the signal within a voxel. Typically to
increase the S/N of an NMR experiment one can either average the signal (S/N «
[number FIDs acquired]®) or use a stronger applied magnetic field (ideally, S/N =
Bo’#, however, in practice S/N « Bo)[33]. With the availability of commercial wide-
bore superconducting magnets with applied fields greater than 15 T, the use of
higher fields to increase S/N is common; however, higher applied magnetic fields
require the use of stronger gradients and higher frequency excitation pulses. The
S/N is also related to the filling factor of the RF probe with respect to the volume

from which signal is acquired[2]:
S / N Vvoxel

probe

(2-16)
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where Vvoxel and Vprobe are the volumes of the voxel and RF coil, respectively. For this
research, birdcage resonators of 10 mm and 30 mm diameter were used. Assuming
that the height equals the diameter of the coil and the same Vvoxel, using the smaller
coil would increase the S/N by a factor of ~25.
2.6. Contrast

NMR microscopy is a robust technique with vast application in medical and
materials science due to the multitude of molecular based image contrast
mechanisms that can be invoked. For example, image contrast can be related to
relaxation of the nuclei, molecular motion (e.g., diffusion, flow), chemical shift
variations, magnetic susceptibility variations, and relaxation of the nuclei[1-3,10].
The potential of using relaxation as a basis for image contrast was reported in 1971
by Damadian[34], who noted that the 'TH NMR signals from healthy and cancerous
tissues exhibited different NMR relaxation times. Although this dependence is
exploited daily in MRI, the fundamental concepts to attain spatial localization using
NMR were not developed by Damadian and he was passed over for the 2003 Nobel
Prize in Medicine or Physiology awarded to Lauterbur and Mansfield for their
discoveries concerning MRI.
2.7.  Image Artefacts

The highest frequency that can be sampled unambiguously is one-half of the
receiver BW; this is the Nyquist frequency. If the object is beyond the FOV of the
acquired image, signal from outside the region may fold into the opposite side of the
image. In the FE direction, signals with frequencies outside the desired range are
eliminated with a digital filter; however, the FOV in the PE direction must
encompass the entire sample. For PE, the magnetic field gradient is applied for a
short, fixed time-period and the phase evolution of all spins due to field

heterogeneity is constant except for the phase-shift introduced by the gradient.
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However, sample motion introduces a phase shift term which causes frequency
components to be misregistered resulting in a ghosting artefact.

There are several effects that different receiver BWs can impart. A larger BW
facilitates faster data acquisition (i.e., reduced dwell time), reduced artefacts due to
chemical shift differences, magnetic field inhomogeneities, and motion, but also
results in lower S/N. Assuming a constant FOV, a larger BW requires stronger FE
gradients due to the decreased time between sampled points. A smaller BW
increases the time required to sample each echo, which significantly increases the
echo time, Tz, and may introduce unwanted Tz or T2* contrast. As well, if the
readout is long compared to T2* the images may be degraded by blurring. Ata
given field strength, the difference in frequencies between protons with different
chemical shifts is constant. With a smaller BW, weaker FE gradients are used and
the frequency difference between pixels is reduced; therefore a difference in
frequency due to chemical shift causes a shift over more pixels when the sampling
BW is reduced. In practice, the signal strength is proportional to field strength,
whereas the S/N increases only as the square root of BW reduction; therefore, one
may effectively compensate for the increase in severity of chemical shift artefacts or
motion at higher fields with an increased BW and still provide greater signal overall.

Interference from RF noise can result in stripes in images called zipper
artefacts[6]. Such artefacts commonly occur along the PE axis at the point of zero
frequency but extraneous RF noise may also result in artefacts elsewhere.
Truncation artefacts are caused by incomplete sampling of the wave forms and upon
Fourier transformation, edge or Gibbs ringing can result in alternating light and
dark bands[4]. Magnetic susceptibility differences can result in image distortion
from incorrect FE[7], and at higher applied fields the frequency shift introduced

becomes larger. Such artefacts can often be reduced by using a SE technique with a
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short T, however, if the field distortions become very large (or the sampling BW
small) susceptibility inhomogeneities can result in complete loss of signal.
Understanding the origin of artefacts introduced into NMR images by conductors
and susceptibility differences is of interest for both materials and medical
imaging[35,36]. For example, magnetic susceptibility differences due to blood
oxygen levels are responsible for the contrast observed in functional MRI[36].
2.8. Summary

This chapter introduced the concepts of NMR microscopy as applied in this
Thesis. The fundamental Zeeman interaction results in an energy splitting between
nuclear spin states in the presence of an external applied magnetic field, Bo, and the
frequency corresponding to this difference in energy is the Larmor frequency, vL.
The Larmor frequency is proportional to both the magnetogyric ratio, v, and to Bo.
By introducing linear field gradients that either add to, or subtract from, Bo, the
time-dependent NMR signal can be related to position in space via a Fourier
transform. The attainable resolution of the resulting image is related to the
relaxation time of the NMR signal, and effects such as diffusion, magnetic
susceptibility variations, and RF interference may introduce artefacts into the image.
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Chapter 3. Background and Theory: PEMFCs

This chapter serves to introduce the fundamental components and theory of
PEMFCs as related to the research presented in this Thesis. An overview of proton
transport properties in Nafion is also provided, followed by a brief review of typical
PEMFC diagnostic techniques. Several monographs on fuel cells have been useful
for outlining the fundamental concepts and recent state of PEMFCs[3-5], in
particular the text edited by Hoogers[4] contains an abundance of primary
references.

3.1. PEMFC Components and Reactions

The main components of a typical PEMFC are the PEM, catalysts/electrode,
gas diffusion layer, gas flow channels, and the current collector plate (Figure 3-1)[3].
The fundamental requirements of a suitable PEM are to: exhibit high proton
conductivity, be impermeable to reactants (e.g., Hz(g), O2(g), MeOH(aq)), and be
chemically and mechanically stable in a PEMFC environment. The industry
standard for PEMs is Nafion, introduced by DuPont in 1972[7,8], although similar
products have been developed (e.., Flemion, Aciplex). These PEMs are made from
a perfluorocarbon-sulfonic acid ionomer, which is a copolymer of

tetrafluoroethylene (TFE, CzFs) and perfluorosulfonate monomers. Asshownina

Figure 3-1. Schematic of the components of a typical PEMFC. The catalyst is between the PEM
and electrode/GDL. The spaces in the collector plate represent the flow channels.
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Figure 3-2. Representation of the chemical composition of Nafion. The backbone is composed of
tetrafluoroethylene and perfluorosulfonate monomers which form the pendulum-like side chains.
Water molecules associate with the SOsH groups, and for Nafion-117 the H20/SOsH ratio, A,
ranges from ~2 to 22[2,6].

representation of the structure of Nafion in Figure 3-2, the hydrophobic TFE
components form a backbone along which sulfonate terminated side chains are
distributed. The sulfonic acid head group, composed of an SOsH moiety, is
hydrophilic and facilitates the absorption of water. The exact morphology of Nafion
at various levels of hydration is unclear. At low levels of hydration water exists in
isolated domains, and as the amount of water increases percolation pathways are
formed which creates an extended phase of water. A recentreview by Mauritz and
Moore[10] is an excellent source of primary references to research on Nafion.
Nafion membranes are typically referred to by a characteristic three-digit
number; the first two digits indicate the equivalent weight, EW, of the polymer, and
the last digit the thickness of the membrane. For example, in this research Nafion-
117 is used, which has an equivalent weight, EW ~ 1100 g eq! and a thickness of 7
mils (i.e., 0.007 inches or 178 pm). Equivalent weight is the measure of the ionic
concentration (i.e.,, H*) within the ionomer. The length of the polymer backbone

between adjacent side chains can be related approximately to the EW by the relation
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EW =~ 100M + 446, where M is the number of TFE groups between the side chains.
Typically, Nafion membranes with EW = 1100 are used for PEMFC applications and
are available in a range of thickness from 50 (Nafion-112) to 254 pm (Nafion-1110).
The thinner PEMs are generally used for hydrogen PEMFCs in an attempt to
maintain a uniform distribution of water in the PEM, and thicker membranes are
used for direct-methanol fuel cells to slow the diffusion of methanol from the anode
to the cathode. For acid-form Nafion-117, the number of water molecules per
sulfonic acid head group, 2, ranges from a low of ~2 to 14 depending on relative
humidity, and when in contact with H2O(l), A = 22 [2,6]. The water content of Nafion
is often reported as a wt% relative to the dry membrane where 1.66 wt%
corresponds to approximately one H20 molecule per SO:H moiety (i.e., A =1).
3.1.1. Proton Transport in Nafion

The protonic conductivity, o, of Nafion-117 ranges from ~0.4 to 10 Sm- as A
increases from ~2.5 to 22 (see Table 3-1)[2,6]. For comparison, the electrical
conductivity of Agis 63.0 x 108 Sm™ and of sea water is 55 m™. Proton transportin
Nafion may occur via a combination of mechanisms[11,12] including translational

self-diffusion, Fickian diffusion[13], Grotthuss-type transport[14], and electro-

Table 3-1. Protonic conductivity of acid-form Nafion-117 as a function of water content at 30
°Ca

nH>0O/SOsH conductivity (S m?)
25 04
3.0 1.0
49 1.7
5.7 ' 35
6.2 3.0
9.0 4.2
10.0 4.8
13.3 6.2
21.9 10.0

a) The values were obtained graphically from Figure 7 in Ref[2].
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+ + + +

Figure 3-3. Proton transport in Nafion occurs via numerous mechanisms: (A) translational
diffusion due to Brownian motion, (B) Grotthuss hopping, (C) Fickian or concentration gradient
driven diffusion, and (D) electro-osmotic drag where water associated with protons is dragged
through the PEM from anode to cathode in the presence of an electric field.

osmotic transport introduced by the electric field from anode to cathode[15] (see
Figure 3-3).

Translational self-diffusion is the displacement of molecules due to Brownian
motion in a system of uniform chemical composition [16]. For random motion, the

displacement of the molecules diffusing at rate D typically follows a Gaussian
1
distribution function, such that the root mean square displacement, <r7'>/2 ,inatime,

t, is approximately (6Dt)'2 [17].

Diffusion that occurs in the presence of a concentration gradient was
recognized in 1855 by Fick[13] who adopted the mathematical equation of heat
conduction derived previously by Fourier. For an isotropic medium, the rate of
transfer of the diffusing substance through a unit area is proportional to the

concentration gradient, and is described by Fick’s first law:

oC
J="P% 1)

where i is the rate of transfer per unit area or flux, C is the concentration of the
diffusing substance, i is the space coordinate measured normal to the area, and D is
the diffusion constant.

The transport of protons in water vig an incoherent hopping mechanism was

first postulated in 1806 by von Grotthuss[18]. Although the exact molecular
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mechanism of Grotthuss transport remains unclear, the rate-limiting step is thought
to involve cleavage of a hydrogen bond and a periodic series of isomerisations
between HsOs* and HsO2*[14].

Electro-osmosis is an electrokinetic phenomenon in which the flow of liquid
tangential to a stationary interface is caused by an applied electric field[19]. The first
mathematical theory was provided by Helmholtz[20], and for a given liquid in
contact with a certain solid, the rate of liquid transport is determined solely by the
current[21].

The water content, translational self-diffusion rate, electro-osmotic drag
coefficient, and ionic conductivity of Nafion-117 are known to be higher when the
PEM is in contact with HO(]) versus water vapour[2,22,23]. As discussed in§2.3.2,
by applying strong magnetic field gradients, the variation in the local magnetic field
experienced by an ensemble of spins can be controlled and the subsequent
attenuation of the detected NMR signal can be described as a function of
motion[24,25]. A summary of 'H translational diffusion constants, D, for water in

acid-form Nafion-117 as determined by 'H NMR spectroscopy is provided in Table

Table 3-2. Summary of 'H translational diffusion rates for pure H20(I) and H:O in acid-form
Nafion-117, as determined by NMR techniques at atmospheric pressure.

Method? T [K] Condition® D [101°m?s?] Reference
H20()) SGSE 298 23.0 +0.2 [1]
Nafion-117 PGSE 303 3.3 wt% 0.60 + 0.06 [2,6]
PGSE 303 5.0 wt% 1.20 £ 0.08 [2,6]
SGSE 288 6.6 wt% 0.83 [9]
PGSE 303 6.6 wt% 2.10+0.06 [2,6]
PGSE 303 10.0 wt% 3.70+0.15 [2,6]
PGSE 303 15.0 wt% 4.40+0.07 [2,6]
SGSE 288 22.0 wt% 5.56 [9]
PGSE 303 232 wt% 5.80+0.21 [2,6]
PGSE 303 36.5 wt% 7.38 [2]¢

a) SG = static gradient, PG = pulsed gradient, SE = spin echo
b) 1.66 wt % = A =1, where A = nH20/SOsH
c) Measured graphically from Figure 5 in Ref. [2].
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3-2. For Nafion with a high level of hydration, proton transport by Grotthuss
hopping is expected to be significant because the rate of proton transport across the
membrane is higher than the rate of water diffusion[6]; however, as Nafion becomes
dehydrated the rate of proton conductivity and bulk diffusion coalesce[6]. The
diffusion coefficient for H20 in maximally hydrated Nafion-117 (~36 wt%, A =22) at
298 Kis ~7.4 x 10° m? s7[2,6]. In an operating PEMFC approximately one to three
water molecules per H are co-transported from the anode to cathode through the
electric field via electro-osmotic drag, which diminishes with decreasing PEM water
content[2,15,26]. Often a water concentration gradient is established across the PEM
from anode to cathode due to electro-osmotic drag and the production of water at
the cathode. Non-uniform distribution of water in the PEM results in Fickian
diffusion from the cathode to the anode, which is called back-diffusion.
3.1.2. Catalysts and Reactions

The region where the catalysts reside between the PEM and the gas diffusion
layer is considered the electrode. The electrochemical reactions take place at the
interface of the catalyst, PEM, and gas diffusion layer - the so called three-phase
boundary. For hydrogen fuel cells platinum is the most common catalyst for both
oxidation of hydrogen at the anode and reduction of oxygen at the cathode[27].
Hz(g) is oxidized at the anode over the nanoparticle electrocatalyst to produce
protons and electrons:

H,(g) - 2H" +2¢” (3-2)

The protons are transferred to the cathode through the PEM while the electrons pass
through the external circuit. At the cathode, the protons and electrons reduce
oxygen over the electrocatalyst to produce water:

1%0,(g)+2H" +2e” — H,0(l) (3-3)
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The total reaction, with the resulting molar Gibbs’ free energy, AG®, is:

H,(g) + %0,(g) » H,0() AG; =-237.34k] mol ™! (3-4)

Therefore, the theoretical maximum electrical potential for a PEMFC fuelled with

hydrogen and producing H20()) is:

AG; _ 1.2299V
2F (3-5)

where F is the Faraday constant, 96 485 C mol-.

Within the last decade the use of supported catalyst structures and
improvements in preparative techniques have reduced the amount of platinum used
by three orders of magnitude to < 0.5 mg ¢cm?[5,27]. For example, to increase the
three-phase boundary, the catalyst is often prepared with a solution of the PEM.
Unfortunately, platinum has an Achilles heel - poisoning. Besides being a clean
alternative energy source, hydrogen PEMFCs are often promoted as a way to reduce
our reliance on limited fossil fuel resources. In reality, most commercial Hz(g) is
obtained by steam reforming natural gas, and the reformate gas may contain CO,
unconverted fuel, other hydrocarbons, and by-products such as hydrogen sulphide
and ammonia[3,4,28]. Platinum has a higher affinity toward CO than toward Hz2and
as a result the catalyst sites can become occupied with CO[29], even at
concentrations as low as 100 ppm. Pt-Ru catalysts have a higher tolerance to
CO[30], and show a marked improvement in cell performance relative to Pt. Ruis
thought to aid with the electrooxidation of CO on neighbouring Pt atoms[31}], or
weaken the Pt-CO bond strength[29].

A gas diffusion layer, GDL, typically a partially wet-proofed carbon-fibre
material, in either paper form or woven into a cloth, is pressed between the catalyst
surface and the current collector plates. The current collector plates are typically

electrically and thermally conductive, and impermeable to gases. They are often
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machined from a graphite based material such as a thermoplastic composite or
metallic materials coated with e.g., graphite, noble metals, metal nitrides, etc., to
prevent corrosion.
3.2. Water and PEMFCs

Water is present in the PEM, GDLs, catalysts, and flow fields of an operating
PEMFC[32]. The performance and longevity of an operating PEMFC is related to
the amount of water present in the different components of the cell[33]. For
example, catalyst sites can be blocked by water that has pooled on the surface of the
electrodes; subsequently, the catalyst is deprived of hydrogen or oxygen which
reduces the performance of the cell and in the long-term can cause degradation of
materials[33]. Related to electrode flooding is the behaviour of water within the
GDLs. The GDLs serve a multitude of functions: to make contact between the
electrode surface and the external electrical circuit that collects power from the fuel
cell; to provide a pathway for the reactant gases or water to the catalyst layers; to
transport excess product water from the cathode to the flow channels; and to
prevent the PEM from sagging into the flow channels[27]. The rates that gases and
water diffuse through the GDLs strongly affect the performance of the fuel cell, and
the diffusion is impeded or blocked by water accumulated within them. Excessive
water build-up also blocks the channels through which the Ha(g) and O2(g) flow,
thereby reducing the overall efficiency of the fuel cell. When fuel cells are bundled
to operate together in stacks, water accumulation causes differences in cell-to-cell
performance and variation in the pressure drops across the individual cells[34,35].
In addition, the amount of water present at the three-phase boundary between the
PEM, carbon sheet, and gas flow channels at the catalyst sites must also be
optimized[36]. Finally, anode catalysts that operate onimpure hydrogen, typically

containing CO, require water to oxidize the impurities[28].
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3.3.  Fuel Cell Diagnostic Techniques

Traditional fuel cell diagnostic methods provide critical information
regarding global performance characteristics through numerical fitting of
experimental polarization curves, and using techniques such as current interrupt
and AC impedance spectroscopy[37]. These techniques do not, however, provide
information regarding local water content or distribution. Animportant method by
which insight into the amount and distribution of water in operating PEMFCs is
obtained is through theoretical modeling. Many theoretical models to describe the
thermo- and electrochemical operation of PEMFCs have been developed to
reproduce and predict experimental outcomes in an effort to engineer more efficient
and reliable PEMFCs. An introduction to PEMFC modeling and representative
examples can be found in a text by Barbir[3] and a more thorough summary in
recent reviews[38-41]. Theoretical models are validated and improved with
experimental data, and thus the capability of models is often impeded by a lack of
detailed experimental information regarding what happens inside an operating
PEMEC. To thoroughly understand, model, and optimize a PEMFC the distribution
of water within the cell must be known.

During the past decade numerous experimental techniques were developed
to measure or observe in situ various phenomena within an operating PEMFC.
These methods include electron paramagnetic resonance investigations of PEM
degradation[42,43], the construction of PEMFCs using transparent materials[44-54],
and the use of neutron imaging[55-63]. For example, numerous studies have used
transparent PEMFCs to investigate the formation of CO2(g) in the anode flow field of
direct methanol fuel cells[44], and the behaviour of water in gas diffusion layers[50].

Neutron imaging techniques are inherently sensitive to observing protons whilst

insensitive to many materials typically used for constructing fuel cells (e.g., Al,
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graphite)[61], and have been applied to measure the total distribution of water.
Also, Schneider et al.[59] have developed a method to simultaneously perform
neutron imaging and locally resolved impedance spectroscopy. Both neutron
imaging and now, '"H NMR microscopy (vide infra)[64-70], have enabled the
visualization of areas within an operating PEMFC not observable by direct optical
methods.

In parallel with our research, several other groups have also been
investigating the application of 'H NMR microscopy to operating PEMFCs. This
research is briefly summarized. Teranishi ef al. commenced investigations using 'H
NMR microscopy to measure water distribution across the PEM from anode to
cathode during fuel cell operation[68]. The majority of their studies have focused on
the Aciplex 5-1112 PEM with a thickness of 340 pm[68,70,71], although the use of
Aciplex 5-1104 and S-1102 PEMs (thickness 178 and 56 um, respectively)[69,72],
Nafion-117, and Flemion PEMs has been reported[73]. The membrane electrode
assemblies used for these investigations appear to be constructed with the PEM
sandwiched by gas diffusion electrodes upon which platinum is dispersed[73,74].
Using a SE imaging experiment to obtain signal from a large 50 pm x 800 um x 2.5
mm voxel, changes in water content in the S-1112 PEM during fuel cell start-up were
monitored with a temporal resolution of 50 s[74]. A drop in cell voltage was
correlated with an overall decline of water in the PEM during the first 200 s of
operating with a small circuit resistance, and the anode side of the PEM dehydrated
more rapidly than the cathode[74]. Their reports demonstrate that the overall water
content in the PEM decreases with increasing current[68-70,73,74]. Also, this group
previously observed that under certain circumstances a direct supply of water to the
PEM of an operating PEMFC improved performance[75]. In recent conference

proceedings[67], they reported the use of 'TH NMR microscopy to determine water
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distribution in the 5-1112 PEM, with and without direct water supply. Using an in-
plane resolution of 800 x 25 um with a slice thickness of 5 mm, the region of the PEM
in contact with H20(l) was found to be swollen relative to other areas of the PEM.
Teranishi et al. have also used the results from their 'H NMR microscopy
experiments[69] to parameterize a one-dimensional model for water transportin a
PEM][70,71]. Recently, Minard et al.[76] reported preliminary results from :H NMR
microscopy experiments used to investigate the distribution of water in the plane
(i.e., from gas inlet to outlet) in a operating fuel cell.

The research presented in this Thesis provides, for the first time, images of
the in-plane distribution of water in the PEM between the operating catalyst layers
and of H20O(!) in the cathode flow channels, and investigates their interdependence
on fuel cell operating conditions.

3.4. Summary

In this chapter, the components of a typical PEMFC were introduced. The
structure and properties of Nafion, and the mechanisms of proton transport within
the PEM were discussed. The fundamental reactions for hydrogen fuelled PEMFCs,
which occur over electrocatalysts, were shown to provide a source of electrical
current and a theoretical maximum potential for a single cell. The impact of water
content on the conductive properties of Nafion, and the potential effects of H20O(!)
accumulation in the components of a PEMFC were emphasized. The inability of
traditional PEMFC diagnostic techniques to measure the distribution and content of
water within the cell, and the necessity of this information to achieve robust, stable,
and high-performance PEMFCs has lead to the development of techniques to study

in-situ the distribution of water in operating PEMFCs.
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Chapter 4. PEMFCs and Experimental Setup

Portions of this chapter are reproduced with permission from: Feindel, KW.,
Bergens, S.H., and Wasylishen, R.E., ChemPhysChem, 2006, 7, 67-75 (Copyright 2006
Wiley Interscience); Feindel, KW., Bergens, S.H., and Wasylishen, R.E., ]. Am. Chem.
Soc., 2006, 128, 14192-14199 (Copyright 2006 American Chemical Society).
4.1.  Construction of PEMFCs

The basic design requirements of the PEMFCs for use in 'H NMR microscopy
investigations were produced in a joint venture with Prof. 5. H. Bergens, and D.
Starke (Department of Chemistry Machine Shop). Instructions and tips for assembly
and maintenance of the PEMFCs are in Appendix B.
4.1.1. 30 mm PEMFC

The first PEMFC for NMR microscopy experiments was designed to fit within
a 30 mm outer-diameter glass sample holder. A fundamental requirement for the
materials used is that they be non-magnetic. Commercial fuel cells are generally
constructed with conductive materials into which the gas flow channels are
machined, such that the ribs of the channels can function as a current collector.
However, pulsed RF or magnetic fields can induce currents or large voltages (10? V)
in conductors, and conductors attenuate RFs in the MHz region. Therefore only
those conductive materials essential to the operation of the fuel cell were retained
(i.e., GDL/current collector and Au wire). A schematic of the design and
photographs of the PEMFC are shown in Figure 4-1. Non-conductive
polyoxymethylene (Delrin) was selected to machine the fuel cell housing for its
hard, durable, and acid resistant properties. The fuel cell assembly consists of two
half cylindrical blocks which can be attached with screws. A gasinlet and outlet are
machined through the top of each half of the PEMFC body and lead to a

combination of channels machined into the flat face of the cylinder half, which
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Figure 4-1. (a) Representation of the assembled PEMFC indicating the orientation and location of
the flow fields and (b) assembly schematic and photograph indicating the components and their
location. Photograph courtesy of S.H. Bergens.

constitutes the gas flow field. The gas tubes are fed through screws that have a
channel machined through the centre and a Viton (copolymer of vinylidene fluoride
and hexafluoropropylene) O-ring is placed on each gas tube between the screw and
the cell assembly to create a gas-tight seal. The planes of the MEA and the gas flow
fields are oriented parallel with the direction of the applied magnetic field, Bo. The
faces of each flow field presses against a GDL and sandwiches the MEA. A Simriz
(copolymer of TFE and perfluorovinyl ether) O-ring is seated around each flow field
and creates a gas-tight seal against the PEM when the two halves of the fuel cell
assembly are screwed together. Figure 4-1b shows a view of the disassembled
PEMFC and a photograph of one half of the cell that illustrates some of the
components. Au wire, used as the electrical circuit contact, enters through the
rounded side of each cylinder half (see Figure 4-2a) and forms an unclosed ring
around the flow field. A photograph of the assembled PEMFC with gas-feed tubes
and RF shielded cables attached and supported in the scaffold is shown in Figure 4-
2b. Either RG-6U or Belden 9264 RF shielded cables were used; numerous other

cables were found to be magnetic.
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Figure 4-2. Photographs of (a) the disassembled PEMFC with the MEA suspended between the
two halves of the cell and the discs of Toray TGP-H-060 and (b) the assembled PEMFC and the
scaffold constructed to support the gas feed tubes and RF shielded cables. Photographs courtesy
of S.H. Bergens.

4.1.2. 10 mm PEMFC

A second PEMFC was designed and constructed to fit within a 10 mm
birdcage resonator. A schematic of the design and photographs of the PEMFC are
shown in Figure 4-3. If the birdcage is entered from the bottom, an object with
maximum diameter 10.9 mm can be accommodated. In this design, the MEA is
oriented perpendicular to Bo. One half of the PEMFC was machined from a single
cylinder; the gas inlet/outlet and channel for the Au wire were machined from one
end of the cylinder through to a threaded pedestal into which the horseshoe-shaped
flow channel was machined. The other half of the PEMFC was machined in two
parts: an inner cylinder containing the flow field and the channels for the inlet/outlet
and Au wire, and an outer sheath with threads machined into the inner surface. The
gas tubes were sealed as for the 30 mm PEMFC, however the O-rings were punched
from the top of latex septa using machined stainless steel dies (see Appendix B). The
channels through which the Au wire is placed are sealed in a similar manner. A

Viton O-ring is seated around the Au ring and flow channel to create a gas-tight seal
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Figure 4-3. The assembly schematic (top) and photographs (bottom) show the orientation of the
MEA with respect to Bo and the various components of the 10 mm PEMFC. Photographs courtesy
of S.H. Bergens.

against the PEM when the cell is assembled. The assembly design of the PEMFC is
similar to the commonly used Swagelok fittings.
4.1.3. Preparation of the Membrane Electrode Assemblies

The MEAs used in preliminary investigations with the 30 mm PEMFC were
prepared by L.P.A. LaRocque, at the time an undergraduate student completing
research under the supervision of Prof. Bergens. Since January 2005 I have prepared
all MEAs used in this research.

The MEAs were prepared according to a modified decal transfer method with
materials typically used for PEMEFCs fuelled with H2(g) or MeOH(ag)[5]. The PEM is

Nafion-117, i.e., 1100 equivalent weight with an as-received thickness of 7 mils. The
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Nafion was prepared by boiling in 3% H202 for 1 h, followed by boiling for2hin 0.5
M H:z504 (99.9999%). Subsequently, the Nafion was boiled in triple distilled H20(])
for 2.5 h, changing the H20O(]) after the first 30 min and again after a further 1 h.
Immediately before the catalysts were to be pressed, the Nafion was placed in a
vacuum oven at 60 °C for 45 min. The catalysts were prepared as an ink. First, a
mixture of 11.5 uL of triple-distilled water per mg of catalyst was sonicated for 45
min. Unsupported HiSpec 1000 Pt black (specific surface area 27 m?-g-') and HiSpec
6000 Pt-Ru black (specific surface area 70 m?-g) were used for the cathode and
anode catalyst, respectively. Second, 5 mg of 5 wt% Nafion solution (ElectroChem
Inc. EC-NS-05) per mg of catalyst was added and the solution was sonicated for 3 h.
Once the catalyst inks were prepared they were painted onto Teflon tape that had
been lightly sanded with 400-grit sand paper. Templates were used to position the
catalyst decals and to restrict the catalyst paint to a circular region of diameter equal
to that of the flow field. The Teflon tape was heated to 60 °C, cleaned with acetone
and then with dichloromethane prior to painting with the catalysts. The catalyst
decals were aligned on the dried Nafion and the components were hot-pressed at a
temperature of 126 + 1 °C for 60 s at a pressure of ~10 MPa. The geometric area of
the catalyst decals for the 30 mm PEMFC was ~ 0.5 cm?, with catalyst loadings of ~2-
3 mg cm2. The MEAs for the 10 mm PEMFC had geometric areas of ~0.2 cm? and
catalyst loadings of ~2-3 mg cm2. Toray TGP-H-060 carbon paper (thickness ~190
pm) cut into discs of diameter equal to that of the Au ring, were employed as the gas
diffusion layer and current collector.

4.2. Experimental Methods

4.2.1. Gas Supply and Measuring PEMFC Performance

Pre-purified Hz(g) (99.995 %) and industrial grade O2(g) (99.0 % ) obtained

from Praxair were supplied at ambient pressure to the PEMFC from compressed gas
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cylinders. Gas flow meters were used to control the rate at which pure, humidified
Hz(g) or dry Dz(g) and Oz(g) were fed through Teflon tubing to the PEMFC. If
necessary, the Hx(g) stream could be humidified by flowing the gas through a
bubbler containing triple-distilled H20(l) at temperatures up to 90 °C. The PEMFCs
were typically operated at 20 °C with dry Hz(g) and O:(g) in a counter-flow
arrangement. An example gas inlet/outlet configuration for the 30 mm PEMFC is
shown in Figure 4-4a and the direction of gas flow in the anode and cathode
channels for this configuration, viewed from anode to cathode, is illustrated in
Figure 4-4b. An SSI model 300 LC systolic pump was used to flow either triple
distilled H20(l) or D20(J) through the Teflon tubing into the PEMFC. The current
drawn from the cell was controlled with a Bourns 500 Q2 variable resistor, and the
current and voltage were monitored using Radio Shack 22-805 multimeters. Ata set
external resistance the current and voltage were unrestricted and allowed to self-
adjust to changes in operating conditions. Shown in Figure 4-5 is an example of the
current, voltage, and power response to a change in O2(g) flow rate. The maximum
power output from the 30 mm and 10 mm PEMFCs was ~40 mW (75 to 140 mA, 0.50
to 0.25 V) and ~25 mW (40 mA, 0.63 V), respectively. Typical polarization curves
measured from the 30 mm and 10 mm PEMFCs are shown in Figure 4-6.

a)

counter-flow configuration anode cathode

(top view)

anode W

Figure 4-4. Representation of (a) the top of the 30 mm PEMFC showing the typical counter-flow
configuration of the gas inlets and outlets, and (b) the direction of gas flow in the anode and
cathode flow channels as viewed from the anode side of the PEMFC.

side view from anode to cathode
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Figure 4-5. Plot of power, potential, and current versus time for the 30 mm PEMFC showing a

mutual response of the potential and current. Power(®), potential(V), current(I).
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Figure 4-6. Example polarization curves showing the range of current and voltage of the

operating 10 mm (top) and 30 mm (bottom) PEMFCs.
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We incorporated some practical considerations with respect to the gas flow
rates and the current drawn from the cell. The amount of water required to
humidify a gas or the humidity ratio, y, (gwater/ggss), can be calculated according to:

M, _op
w vs 4_1)
Mgas (P —op vs) (

X:

where Mw is the molecular weight of water, Mgas is the molecular weight of the gas
being humidified, ¢ is the relative humidity, pvis the saturation pressure (readily
found in tables of thermodynamic properties[6]), and P is total pressure. For our
PEMFCs a constant operating temperature of 20 °C was assumed, and the gases
were supplied at ambient pressure, therefore pvs = 2.339 kPa and P = 100 kPa. To
achieve 100 % relative humidity (i.e., ¢ = 1) of H2(g) and Ox2(g), 0.2140 guwater/ghydrogen
and 0.0135 gwater/goxygen are required. We typically operated our PEMFCs with dry
Hz(g) at 5.0 mL min-! and dry Oz(g) at 2.5 mL min, and thus 1.475 x 106 and 7.373 x
107 gwater 57, a total of 2.212 x 107 gwater 5 were required to fully humidify the Hz(g)
and Ox(g), respectively. The rate of water production, mwatr (mol s1), produced by
the reduction of oxygen in a fuel cell can be calculated from Eq. 2 according to

Faraday’s law:

I
Myater = ﬁ

(4-2)
where Iis the operating current and F is the Faraday constant, 96 485 C mol-'. Thus,
to produce 2.212 x 106 gwatr s a total cell current of 23.7 mA is required,
corresponding to a current density of 47.4 mA cm? for the 30 mm PEMFC. Note
that all of the water produced by the reduction of oxygen at this current is required
to humidify fully both gases and, at the indicated flow rates, the amount of water

required to humidify fully the anode gas stream is twice that required for the

cathode gas stream. Since water is only produced at the cathode, and water is
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required for proton transport from the anode to cathode, a large concentration
gradient from cathode to anode is required to enable back-diffusion of water and
facilitate humidification of the anode gas stream.
4.2.2. "H NMR Microscopy: Setup

'H NMR microscopy experiments were performed using a 7.05 T vertical
wide-bore (89 mm) superconducting magnet (*H frequency = 300 MHz), Bruker
Avance 300 console, and Micro-2.5 imaging accessory. The Bruker water-cooled
gradient unit which can produce maximum 1.0 T m (100 Gauss cm™) gradients was
maintained at 20 °C, and this was assumed to be the operating temperature of the
PEMFC. The schematic for a typical "H NMR microscopy experiment performed on
an operating PEMFC in our lab is illustrated in Figure 4-7. Bruker 30 mm or 10 mm
inner-diameter 'H-tuned birdcage resonators were used for both excitation and

detection of the FID. The design of the resonators is similar to that reported by

flow meters exhaust

multimeters

O4N3d

Figure 4-7, Schematic of a typical setup used to perform NMR microscopy studies of an
operating PEMFC in the vertical wide-bore 7.05 T magnet. The bubbler was filled with pure
H20(l) and could be used to humidify the Hz(g) stream at temperatures up to 363 K. GCU =
gradient cooling unit.
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Figure 4-8. Example polarization curve measured from the 30 mm PEMFC operating in- and
outside the external applied magnetic field.

Crozier et al.[7,8] with the rungs electroplated on a TFE substrate, a distributed
capacitor design with inter-rung feeding, and a co-cylindrical RF shield. Each Au
lead exiting the PEMFC was attached to two RF shielded cables which, along with
the gas lines, were supported by a scaffold (see Figure 4-2b) inserted through the top
of the magnetbore. As shown by the polarization curves for the 30 mm PEMFCin
Figure 4-8, the performance was not affected by the external applied static or pulsed
magnetic fields.
4.2.3. 'H NMR Microscopy: Considerations

Pre-treatment and the amount of water in Nafion are known to affect the '"H
NMR relaxation times[2-4,9]. A summary of 'H NMR T values for pure H20(]) at
various temperatures and for H20 in Nafion-117 is provided in Table 4-1. Thereisa
large spread in the T: values measured for Nafion. Neither Chen et al.[4] nor
Fontanella et al.[2] reported any membrane pre-treatment to remove possible
paramagnetic contaminants. MacMillan et al.[3] completed a procedure to convert

the Nafion to acid form, and to remove paramagnetics, raw polymer light weight
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Table 4-1. Summary of *H NMR spin-lattice relaxation times, T1, for pure H2O(I) and H20 in

Nafion-117.

T [K] Condition? T {ms] Reference

H20(]) 273 1730+ 35 [1]
293 3150+ 63  [1]
298 3570+ 71  [1]
373 12750+ 255  [1]

Nafion-117 298 4.0 wt% 42 [2]F
298 5.9 wt% 250 {3J
297 9.8 wt% 57 [4]4
298 10.4 wt % 84 [2]°
298 15.9 wt% 1300 [3]¢
297 18.0 wt% 124 [4]¢
298 20.8 wt% 110 (2

a) 1.66 wt % = A =1, where A = nH.0/SOsH

b) Values measured graphically from Figure 6 in Ref. [2].
¢) Values measured graphically from Figure 3 in Ref. [3].
d) Values measured graphically from Figure 3 in Ref. [4].

oligomers, and precursor fragments remaining from synthesis; however, their
procedure differs from that commonly used for fuel cell applications. Although
specific values are not reported, Zawodzinski ef al.[10] report that for purified, acid-
form Nafion-117, the 'H T values ranged from ~80 to 200 ms. In general, the PEM in
an operating PEMFC is not saturated with water and the T1is reduced significantly
when in contact with paramagnetics such as the catalyst layers or O2(g)[11,12]. As
well, hot-pressing was found to significantly reduce the ability of Nafion to take up
water[13]. In practice, Tr = 1.0 s was found sufficiently long to prevent significant
saturation of the 'H NMR signal from water in the PEM of a MEA.

For systems with short T2 values, small diffusion constants, or if weak
gradients are used, relaxation broadening will dominate the minimum achievable
physical resolution[14]. The longest 'H T2 reported for H20 in Nafion-117is 750 ms
(15.9 wt%, 293 K)[15]; however, the T2 values observed by Zawodzinski et al.[10]
were generally half their observed T1 values. To obtain Ax = 10 um with a typical

NMR microscopy gradient strength of 1.0 T m- a linewidth of vy, » 425 Hz would be
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required, and therefore T>* would have to be 7.4 ms or longer. In an operating
PEMEFC the 'H T2 is dependent on temperature, the water content of the PEM, and
the homogeneity of the magnetic field experience by the protons. Thus, T2* will vary
depending upon the conditions under which the PEMFC is operating, the materials
used, and the subsequent ability to make Bo homogeneous. In addition, the TH NMR
chemical shift for OH moieties in Nafion is known range over approximately 5 ppm,
increasing with decreasing water content (e.g., 8.5 to 11.9 ppm relative to external
TMS for A between 2.1 and 0.5, respectively)[16]. The resulting spread in 'TH NMR
frequencies may also result in imaging blurring.
4.3. Summary

PEMFCs were designed and constructed with components to facilitate their
operation within the available 10 mm and 30 mm birdcage resonators, and within
the strong magnetic fields and pulse RF fields necessary for 'H NMR microscopy
experiments. The PEMFCs were typically operated on controlled flows of pure dry
Hz(g) and O2(g), such that the gases were only humidified by the water produced at
the cathode. The cell power output was controlled with a variable resistor without
restrictions on the current or voltage. The T1 and T2 relaxation rates for water in the
Nafion-117, as prepared, are expected to be <200 ms.
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Chapter 5. ™H NMR Microscopy: Non-Operating PEMFCs
Portions of this chapter are reproduced with permission from: Feindel, K.W.,

Bergens, S.H., and Wasylishen, R.E., ChemPhysChem, 2006, 7, 67-75 (Copyright 2006
Wiley Interscience).
5.1.  Slice Selection and Image Content

To attain the objectives of this research the various regions inside of an
operating PEMFC need to be identified and differentiated. A major benefit of using
NMR microscopy is the ability to acquire images from specific defined regions.
Filling the anode and cathode flow fields with water allows rapid acquisition of
images to determine the alignment of the PEMFC within the gradients and to check
the system for leaks and blockages. Once the PEMFC was seated in the birdcage
resonator a set of images was obtained from three orthogonal slices. In practice
slices were defined and images acquired only from areas of interest, rather than
encompassing the entire PEMFC. Isolating small areas in the PEMFC requires
fastidious modification of the slice orientation, often down to fractions of a degree
and microns. For most experiments the areas of interest were the cathode and
anode flow fields and the area between them that contains the MEA.
5.1.1. 30 mm PEMFC

Shown in Figure 5-1 are the three basic classifications of slice orientations
relative to a representation of the 30 mm PEMFC. Figure 5-1a shows a vertical in-
plane slice through the PEMFC which was typically positioned to contain the plane
of the MEA or a flow field. The vertical slice orthogonal to the in-plane slice (Figure
5-1b) and the mutually orthogonal axial slice (Figure 5-1c) provided cross-sectional
views of the PEMFC. An example image obtained from the PEMFC when flooded
with water using each of the three slice orientations is also shown in Figure 5-1. The

image from the in-plane slice shows the design of the flow fields. The cross-
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cross-sectional axial

Figure 5-1. A schematic indicating the orientation of the three basic mutually orthogonal slices
relative to the 30 mm PEMFC and representative "H NMR microscopy images acquired using a SE
sequence. Image acquisition parameters: for all images, flip-angle (o) =90°, Te =5.2 ms, MTX =
128% experiment time = 3 h 24 min 48 s; a) slice = 750 um, Tr =2 5, FOV =30 mm % 17 mm (h x v;
PE x FE), pixel size =234 um x 134 pm, 4 echoes, 1 image, 48 averages; b) slice=1.0mm, Tr=3s,
FOV =30 mm x 17 mm (h x v; PE x FE), pixel size =234 uym x 134 um, 8 echoes, 1 image, 32
averages; c) slice=1.0 mm, Tr=3 s, FOV =17 mm X 30 mm (h % v; FE x PE), pixel size = 134 pm x
234 um, 8 echoes, 1 image, 32 averages.

sectional image was obtained from a slice positioned to include the feed tubes from
the top of the PEMEFC to the flow channels. Similarly, the image from the axial slice
contains the feed tubes, and the individual flow channels are visible as well as the
PEM between the flow channels. Figure 5-2 contains a series of images of the water-
filled PEMEC showing various orientations of a surface projection generated from a
three dimensional dataset acquired with a GE sequence. Visible in the images are
the pattern of the flow field, the inlet/outlets, and some of the surrounding PEM.
The physical dimensions of the areas of interest are shown in Figure 5-3.
Nafion-117 is known to swell to approximately 200 um when in contact with liquid
water[1], and each of the Toray-H-060 GDLs is 190 pm thick. The ability to align
slices accurately depends on both the resolution and S/N of the reference image. A

series of slices oriented axially most effectively facilitated alignment of an in-plane

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-2. A series of images acquired from the 30 mm PEMFC filled with water showing various
orientations of a surface projection generated from a three-dimensional GE sequence. Image
acquisition parameters: a = 30" (100 us, BW = 12.8 kHz), Tr = 200 ms, Te = 0.85 ms, FOV =30 mm x
30 mm x 60 mm, MTX = 1283, pixel size = 234 pm % 234 um % 469 um, 16 averages, experiment time

=14 h 33 min 49 s.
a b
) ) 200 pm
=
.................................................. Nafion-117
190 um & 700 pm
e =
i 800 pm
350 pm

K " y
1 TGP-H-060
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Figure 5-3. An axial image of the 30 mm PEMEFC filled with water and a schematic showing the
dimensions of the PEM, GDLs, and flow channels. Image parameters: SE, « =90° (1.0 ms, BW =6
kHz), Tr=1.5 s, Te = 4.7 ms, FOV =14 mm x 14 mm (h x v; PE x FE), MTX = 2562, pixel size=55 um
x 55 pm, 16 averages, experiment time =1 h 42 min 24 s.
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slice intended to include the MEA along the z-direction. The resolution needs to be
high enough (i.e., image pixels small enough) such that the boundaries between the
MEA and the flow fields are well defined. As mentioned previously each pixel
represents the average signal within the originating voxel. The resulting blurring
may misrepresent the location of an object by approximately a pixel.

The in-plane distribution of water is typically investigated with a set of in-
plane slices. In practice a slice thickness of 500 um is suitable to isolate the MEA
from the flow fields, and two neighbouring slices each of 500 um thickness are
required to encompass each flow field. The 'H NMR signal from water in the GDLs
was not detectable; therefore, the GDL beyond the central slice isolated the 'H NMR
signal in the MEA from that of water in the flow fields. Of particular interest for
these investigations was the distribution of water within the MEA and flow fields

and if it correlated with the operating conditions of the PEMFC. Shown in Figure 5-

b) c)

Figure 5-4. Images of the MEA (top) and cathode flow field (bottom) of the 30 mm PEMFC
obtained from slices of thickness a) 500 pm b) 650 um. Note that the slice thickness of 650 pm is
too large to isolate the MEA from the flow fields. c¢) Photograph of the region within the O-ring
(top) and image of a flow field filled with water. Image parameters: a) and b) SE, o.=90° (1.0 ms,
BW=6kHz), Tr=1.0s, Te=3.2 ms, FOV =30 mm * 30 mm (h x v; PE X FE), MTX =128, pixel size
=234 pm x 234 um, 8 echoes, 1 image, 1 average, experiment time =128 s,
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4 are images obtained from in-plane slices of 500 pm and 650 pm. The image
obtained from the 650 pum slice centred on the MEA reveals a consequence of
inappropriate choice of slice dimensions (Figure 5-4b) if one were to assume that the
slice contained only the MEA. The distribution of water in the MEA appears to
mimic the flow field pattern in the locations where H20(l) accumulates in the
cathode flow field. The image obtained from the 500 um slice, however, reveals that
the distribution of water in the MEA does not mimic the neighbouring flow field
pattern. In the absence of H20(!) in the flow fields such a misrepresentation would
not be apparent.
5.1.2. 10mm PEMEFC

Shown in Figure 5-5 are the two basic classifications of slice orientations
relative to a representation of the 10 mm PEMFC. Due to the placement of the MEA
plane perpendicular to Bo, any vertically positioned slice will provide a cross-
sectional view. Images obtained from the PEMFC when filled with water are shown
in Figure 5-5. Figure 5-5a shows a vertical cross-sectional slice through the PEMFC.
The plane of the MEA and flow channels were incorporated using axial slices
(Figure 5-5b). The image from the axial slice shows the design of the flow channels.
5.2.  Influence of Materials on the NMR Signal

As mentioned in §4.1.1, high-frequency electromagnetic radiation, such as RF
waves in the MHz range, are effectively attenuated by conductors[2]. The through-
plane conductivity of the TGP-H-060 carbon paper used in our experiments is 1250
S m?[3] which, for a thickness of 190 um, will attenuate a 300 MHz electromagnetic
plane-wave by approximately one-fifth. With the plane of the membrane electrode
assembly oriented parallel to Bo, the maximum signal achievable is dependent upon
the orientation of the PEMFC within the birdcage resonator. A quadrature-driven

birdcage resonator generates a circularly polarized B: field, which can be
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Figure 5-5. A schematic indicating the two basic slice orientations relative to the 10 mm PEMFC
and representative SE '"H NMR microscopy images. Image parameters: a) a=90" (1.0 ms, BW=6
kHz), slice =500 pm, Tr=1.5 s, Te=5.6 ms, FOV = 10 mm x 3.5 mm (h X v; PE x FE), MTX = 2567,
pixel size =39 um x 14 um, composite of 4 images from 4 echoes, 64 averages, experiment time=6
h49min 36 s; b) a=90" (1.0 ms, BW = 6 kHz), slice =550 um, Tr=1.0 s, Te =3.4 ms, FOV =10 mm
x 10 mm (h x v; FE x PE), MTX = 128?, pixel size = 78 pm x 78 um, 8 echoes, 1 image, 1 average,
experiment time = 128 s,
represented by two plane-polarized fields oscillating perpendicular to each other
and to Bo. The PEMFC was rotated to a position within the birdcage where
maximum 'H signal intensity was obtained; positions rotated by nn/2, where n is an
integer, yield equivalent signal intensity.

The image shown in Figure 5-4a was obtained from a 500 pm slice containing
the MEA; however, in practice we have found that the 'H NMR signal acquired
results from water in the PEM only, herein referred to as H2O(pem). This is also
visible in the axial image in Figure 5-3, where there is an apparent dead space
between the central line resulting from H2O(pem) and the flow channels. Figure 5-6

shows a SE image acquired of the 10 mm PEMEFC filled with water, obtained in the

10 mm diameter birdcage resonator with a vertical FE direction. The GDLs used in
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H,O(¢) in flow field
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Figure 5-6. Bottom: 'H NMR microscopy image of the 10 mm PEMFC filled with H20O(J) obtained
with a SE sequence from a 500 pm slice, o =90 ( 1.0 ms, BW = 6 kHz), Tr =777 ms, Te = 4.3 ms,
FOV =10 mm x 3.5 mm (h x v; PE x FE), MTX = 128?, pixel size = 78 pm % 27 pm, composite of 8
images obtained from 8 echoes, 32 averages, experiment time =53 min 4 s. The angled stripes at
the edges of the image are from H20(!) in the threads of the PEMFC housing. Top: Representation
of bottom image. Region 1: Indicates the area without Toray carbon paper; Region 2: ~200 pm
between the bright bands indicating the approximate thickness of the PEM; Region 3: Indicates
the area with Toray carbon paper; Region 4: ~700 pm separates the signal acquired from H20(]) in
the flow fields, larger than the ~580 um expected from the physical thickness of the Toray (2 x 190
pm) and Nafion-117 in contact with H20(1).

this case were ring-shaped pieces of Toray TGP-H-060 and the central part of the
image (Figure 5-6, Region 1) shows the regions of the MEA that were not in contact
with the GDLs. The cross-section of the PEM is shown in this region (Figure 5-6,
Region 2), with a thickness of ~200 pm (approximately the thickness of Nafion-117
when in contact with H2O(I)[4]). Dark lines are visible at the faces of the MEA that
are likely due to nullification of the 'H signal at the catalyst layers. The region of the
image in Figure 5-6, from which the apparent proton density is negligible (Region 3),
contains the Toray carbon paper. The thickness of this region (~700 um), however, is
larger than the physical thickness of the Toray and PEM (~580 um); the Toray

prevents detection of the tH NMR signal from most of the PEM and from the water-
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Toray interface (Figure 5-6, Region 4). Water contained in the catalyst layers or
GDLs is difficult to observe due to the effects of the properties of the material on the
"H NMR signal; rapid relaxation of the transverse magnetization (i.e., measurable
NMR signal) results from several influences including the magnetic susceptibility
differences, the electrical conductivity, and the paramagnetic nature of some
materials[5]. Magnetic susceptibility differences introduce inhomogeneity in the
local magnetic field, proportional to both the difference in magnetic susceptibility
and the applied external magnetic field. This inhomogeneity results in variations in
the NMR resonance frequency of nuclei in that area, and a rapid relaxation of
transverse magnetization. Except for simple geometries such as a sphere or
cylinder, however, the distortion imparted on a magnetic field by susceptibility
effects must be solved numerically[6]. As the carbon paper is conductive, eddy
currents could be induced by the applied magnetic field gradients, also disrupting
the local magnetic field. An immediate approach to avoid these deleterious effects
due to the carbon paper is to design model PEMFCs without carbon GDLs. With the
GDLs, however, 'H NMR microscopy can provide a unigue view of water within the
PEM between the operating catalysts, separate from other regions of the PEMFC.

For FE experiments, if the spin system is not stationary, image artefacts may
evolve due to the length of time that the read gradient is applied. As aresult of the
translational self-diffusion of water, the bulk 'H NMR signal in the flow fields is
attenuated over the duration of the NMR acquisition period. At restricted
boundaries, however, where the rate of diffusion is relatively slow, this attenuation
can be reduced resulting in bright bands at the boundary or so-called “edge-
enhancement”[7]. Such diffusive attenuation effects have been shown to become
significant when the root mean-squared displacement, (r3)%, over the acquisition

period, Ta, approaches the pixel size[7]. The bright horizontal lines above and
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below the PEM in Figure 5-6, although reminiscent of edge-enhancement, are
predominantly caused by a reduction of the H T at the catalyst surface; the NMR
signal from water away from this region is partially saturated due to the relatively
short delay between excitation pulses, Tr= 777 ms. For fast diffusion, linewidth
broadening may reduce the physical resolution of an image and incoherent
displacement beyond the voxel length scale to be resolved results in a fading of the
voxel contrast. In this case, the time between signal excitation and acquisition is
important; (r2)* can be crudely related to Tt such that (r2)* = (6DTz)*%. For water in
Nafion-117, with D =5.8 x 1010 m2 s1 (~23 wt%; 298 K)[8] and Te =5 ms, (r3)* = 4 pm.
5.3. Image Algebra — What is the Difference?

One of the primary objectives of this research was to obtain a visual
perspective on the distribution of water in operating PEMFCs. Observing
qualitative changes in the distribution of water in the flow fields was relatively
simple: there was either signal or no signal. However, variation in H:2O(pem) was
not as immediately apparent unless the change was drastic. This was in part a result
of the way the images are displayed, i.e., the depth of the gray or color scale, relative
to the actual range of the acquired NMR signal. Instructions and tips for displaying
images on the same intensity scale are in Appendix C. To facilitate better perceptual
acuity to changes in H2O(pem), the difference in the signal intensity between two
images was calculated and displayed. The images in Figure 5-7a were obtained
from the 30 mm PEMFC when H20(l) had accumulated in the cathode flow field
(bottom) and those in Figure 5-7b were obtained after the H2O(l) was purged with
an Oz(g) flow rate of 50 mL min!. Subtracting the images in (b) from those in (a)
yields the corresponding difference images that show the change in 'H NMR signal

and therefore water content.
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Figure 5-7. An example of the calculation of difference images to show the change in water
content the MEA (top) and the cathode flow field (bottom) of the 30 mm PEMFC. The images
were obtained when: (a) H2O(I) had accumulated in the cathode flow field, and b) after the HO(l)
was purged with an Ox(g) flow rate of 50 mL min?. The images in (c) show the result of
subtracting the images in (b) from those in (a). Image acquisition parameters: a) and b) SE, a=90°
(1.0 ms, BW = 6 kHz), slice =500 um, Tr=1.0 s, Te = 3.2 ms, FOV =30 mm x 30 mm (h x v; PE x
FE), MTX =128, pixel size =234 pm x 234 pm, 8 echoes, 1 image, 1 average, experiment time=128
5.4. Summary
This chapter presented "H NMR microscopy images acquired from the 30 mm
and 10 mm PEMFC:s filled with H2O(!). The images show the dimensions of the flow
fields and MEA and facilitated alignment of slices encompassing specific areas such
as the MEA. Influences of the materials used to construct the PEMFCs on the 'H
NMR microscopy signal were considered, and the carbon GDL was found to
prevent detection of the signal. In practice, the 'H NMR signal obtained from slices
containing the MEA and GDLs results from only water in the PEM, H2O(pem). As

well, the use of difference images was introduced as a method for observing changes

in the distribution and content of water between two images.
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Chapter 6. The Distribution of Water in an Operating PEMFC

Portions of this chapter are reproduced with permission from: Feindel, KW,
LaRocque, L.P.A,, Starke, D., Bergens, 5.H., and Wasylishen, R.E., J. Am. Chem. Soc.,
2004, 126, 11436-11437 (Copyright 2004 American Chemical Society) and Feindel,
K.W.,, Bergens, S.H., and Wasylishen, R.E., J. Am. Chem. Soc., 2006, 128, 14192-14199
(Copyright 2006 American Chemical Society).

6.1. Introduction

In an operating PEMFC water is in the PEM, catalysts, GDLs, flow fields, and
gas streams. One of the major benefits of using PEMFCs as a source of power is that
water is produced as exhaust at the cathode. Unfortunately, the effectiveness of the
most commonly used PEMs (i.e., perfluorosulfonated ionmers) depends critically on
water. As aresult, maintaining conditions such that PEMFCs can perform optimally
over a wide range of operating conditions (e.g., power demands, temperatures,
orientations, efc.) is a major obstacle delaying widespread manufacturing and
implementation of PEMFCs. Solving this problem has been particularly difficult
due to the lack of experimental information regarding the dynamic distribution of
water in operating PEMFCs. Proton NMR microscopy provides the opportunity to
investigate the impact of parameters such as gas flow rate or humidification,
temperature, and circuit resistance on the amount of water throughout a PEMFC,
and to correlate the observations with changes in fuel cell performance.

In this chapter, results from the preliminary 'H NMR microscopy
investigations of the operating 30 mm PEMFC[2] are presented first. During this
exploratory period of experiments, the ability of GE and SE experiments to reveal
the distribution of water in an operating PEMFC was investigated. Second, the

feasibility of using 'H NMR microscopy to monitor the distribution of water in the
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PEM between the catalyst layers (i.e, the MEA) was demonstrated[3]. The
interdependence of gas flow rates, gas inlet/outlet configuration, cell power output,
and MEA water content is investigated. In addition, the results from 'H NMR
microscopy experiments are discussed in relation to predictions from relevant
theoretical models.

6.2.  Experimental Details

Pre-purified Hz(g) (99.995%) and industrial grade Oz(g) (99.0%) were supplied
at ambient pressure to the 30 mm PEMFC from compressed gas cylinders via flow
meters. All gases were obtained from Praxair. Dry gases were used, and unless
otherwise stated, the Hz(g) flow rate was 5 mL min and O2(g) flow rate was 2.5 mL
min.

Unless otherwise stated, a typical slice-selective SE imaging sequence[4] was
used to obtain images from a 30 mm x 30 mm FOV. Five slices of thickness 500 pm
were oriented such that the entire PEM and most of each GDL were contained
within the central slice and the anode and cathode flow fields contained in the
neighbouring slices. The FE direction was parallel with the plane of the MEA and
Bo. 128 FE and 128 PE steps were used, yielding an in-plane pixel size of 234 um x
234 pm. In all experiments, the receiver BW was 101010.1 Hz, the time between 'H
NMR signal excitation and acquisition of the first echo, Tg, was 3.2 ms, and in total
eight echoes were co-added after each excitation. The length of the RF excitation
pulse was 1.0 ms with a BW of 6 kHz and a flip angle, a, of 90°. The repeat time
between successive 'H NMR signal excitations, T, was 1.0 s, resulting in a time of
128 s per experiment.

6.3.  Diffusion of Water away from the MEA
To initiate our investigations a baseline condition of the PEMFC was first

established. Prior to drawing a current from the PEMFC (i.e., prior to producing
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water), humidified Hz>(g) and dry Oz(g) were used to flush the flow fields until the
amount of water imaged in the PEM, H.O(pem), inside and around the MEA
appeared constant in the 'TH NMR microscopy images. The image shown in Figure
6-1A, acquired with the PEMFC at a potential of ~ 1 V, represents the amount of
water in the PEM as established by the humidified Hz(g) and dry Oz(g). To draw
attention to the region outside of the MEA, a GE imaging sequence was used. The
detectable NMR response in regions near the catalyst relaxes quickly due to the local
inhomogenieties in the applied magnetic field, and as a result only the "H NMR
signal from water in more homogeneous regions (i.e., the PEM surrounding the
catalyst region) was observed. Subsequently the PEMFC was operated at 52
mA-cm? and 0.73 V for 6 h. As shown in Figure 6-1B the amount of H20(pen)
surrounding the MEA and outside the O-ring seals increased.

The protons transferred from the anode through the PEM to the cathode are
co-transported with water via electro-osmotic drag. Thus, water enters the PEM at
the anode from the humidified Hz(g) to facilitate electro-osmotic drag. During the 6

h period of operation approximately 5.2 x 102 g of water was produced by the

Figure 6-1. 'H NMR microscopy images acquired with a GE sequence from a slice containing the
MEA of the 30 mm PEMFC, showing the PEM around the MEA: (A) before current was passed
through the cell and (B) after operating the fuel cell at ~52 mA cm? and ~0.73 V for 6 h.
Comparison of images A and B demonstrates the diffusion of water through the Nafion
membrane away from the MEA. Image acquisition parameters: o = 30° ( 1.0 ms, BW = 6 kHz),
slice = 700 um, Tr =200 ms , Te = 1.9 ms, FOV = 30 mm % 21 mm (h % v; PE x FE), MTX = 1282,
pixel size = 234 um * 164 um, 32 averages, experiment time = 13 min 39 s.
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reduction of oxygen at the cathode (see §4.2.1) and a portion of the water diffused
back into the PEM. Comparison of the images in Figure 6-1A and 6-1B reveals that
some of the water within the PEM also diffused radially down the concentration
gradient outward from the MEA. The apparent 'H spin density in areas where the
local magnetic field is inhomogeneous (e.g., near the MEA) appears negligible when
using a GE. GE experiments are generally used for homogeneous systems, or if
contrast due to small susceptibility differences is desired, e.g., imaging a plant
stem([5]. This observation suggests that such diffusion will reduce flooding of
cathode catalyst sites near the edges of MEAs and will decrease the amount of
H:O(pem) between the catalyst layers. The rate of proton transport through the PEM
via electro-osmotic drag is known to be higher with greater PEM water content([6,7]
and therefore, diminishing the amount of H2O(pem) between the catalyst layers may
decrease fuel cell performance. The relative effects of the counter-acting phenomena
on fuel cell performance is likely related to a number of physical factors including
the circumference and area of the catalyst decal, and the volume of PEM
surrounding the catalyst decals.
6.4. Water in the MEA and Flow Fields

As mentioned in Chapter 3, blocking of the gas flow channels by H20(]) is
problematic and is typically indicated by unexpected drops in power output and/or
pressure changes within the fuel cell. Many factors that influence the performance
of a PEMFC are interrelated. For example, decreasing the resistive load on the
circuit will increase the current and the larger number of protons transported
through the PEM from anode to cathode will co-transport more water from the
anode, and at the cathode more oxygen will be reduced to water.

As shown by the image in Figure 6-2A, less water appears to be contained in

the MEA than in the region of the PEM in direct contact with the H20(I) pooled
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Figure 6-2, '"H NMR microscopy images of the 30 mm PEMFC operating at ~52 mA cm?and ~0.73
V acquired with a SE sequence with a.=90°: (A) After operating for ~30 h, slice=1.0 mm, Tz=3.0
s, Te=5.0 ms, FOV = 3.5 mm % 30 mm ¢h x v; FE x PE), MTX =196 x 128, pixel size =15 pm x 234
um, 8 echoes, 1 image, 128 averages, experiment time = 13 h 39 min. (B) View of partially blocked
cathode flow field after operating for ~72 h; outside rings indicate pooling of water around the Au
ring; slice = 700 pm slice, Tr =2.0' s, Tt = 3.2 ms, FOV = 30 mm x 22 mm (h % v; PE x FE), MTX =
1282, pixel size =234 um % 172 um, 16 echoes, 1 image, 4 averages, experiment time = 17 min.

around the Au ring contact. If sufficient water does not diffuse back into the PEM at
the cathode or evaporate into the O2(g) flow, H20(I) will form in the GDL and
accumulate in the cathode flow field. Transient water blockages in the cathode flow
channels were observed (see Figure 6-2B), depending on the conditions under which
the PEMFC was operated, and resulted in fluctuations in fuel cell performance. A
rheostat was used to regulate the resistive load placed on the operating PEMFC and
the voltage and current were allowed to self-regulate. Thus any change in fuel cell
power output was observed as a variation in both current and voltage. To prevent
dehydration of the PEM at the anode due to electro-osmotic drag, the Hz(g) stream is
often saturated with water prior to entering the anode flow field. However, if
sufficient water is not transported into the PEM and across to the cathode, H2O(l)
may also accumulate in the anode flow field.
6.4.1. In-Plane Distribution of H20

In this section, the use of "H NMR microscopy to study the in-plane variation
of H:O(pem) between the catalyst layers of an operating MEA is demonstrated. In

particular, the dynamic interaction of cell power output, gas flow rates, and water
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content were investigated and visualized experimentally for the first time[3]. Such
information has long been sought, but continues to elude other methods currently
used for in-situ PEMFC diagnosis. The effect of co- versus counter-flow gas
configurations on the in-plane distribution of water in the PEM and the flow
channels of a PEMFC operating with dry Ha(g) and dry O2(g) was also investigated.
In addition, the effects of H20(I) accumulation in the cathode flow field on fuel cell
power output are described and the experimental observations are related to
predictions from relevant theoretical models.

To initiate our investigations a baseline condition of the PEMFC was first
established. We found that a practical method to observe changes in water content
and distribution in the operating PEMFC is to begin with no H>O(l) in the flow fields
and with the MEA at low water content. Using a 'H NMR microscopy image of a
low water content MEA as a reference allows separation of the effects of different
water sources on distribution. For example, the growth and distribution of water
from humidified gas streams can be observed if no current is drawn through the cell
while the gases are flowing. The only source of water, then, would be from the
humidified gas. In this study we use dry gas streams to observe the water produced
by the reduction of oxygen at the cathode. The following indicates how gas flow
rate, cell current, and 'H NMR microscopy are used together to determine in-situ the
effects of the amount of water on cell performance.

Prior to operating the PEMFC, the anode flow field was filled with H2O(l) to
fully hydrate the PEM. After purging H2O(]) from the anode, the flow rates of the
dry Ha(g) and O2(g) were set to 5.0 and 2.5 mL min?, respectively. The gas
inlets/outlets were in the counter-flow configuration shown in Figure 6-3. The

power output was set to 24.8 mW cm? (21.0 mA, 0.590 V) to allow the cell to
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counter-flow configuration
(top view)
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Figure 6-3. (a) Representation of the top of the PEMFC showing the gas inlets/outlets in a
counter-flow configuration, (b) the direction of gas flow through the cathode and anode flow
channels as viewed from the anode side of the PEMFC,

anode cathode

side view from anode to cathode

establish a self-determined steady-state of water in the MEA. Shown in Figure 6-4a
are 'H NMR microscopy images from 500 um slices containing the MEA and the
cathode flow field, acquired from the PEMFC after operating for 35 minutes.
During this period, a significant amount of H2O(l) accumulated in the cathode flow
field. The water originated from the fully hydrated PEM and from reduction of
oxygen at the cathode. To remove this H20(l) we typically operated the PEMFC at a
reduced current and increased O2(g) flow rate. In general, flushing H20(!) from the
cathode flow field was more difficult if the current drawn from the cell was not
reduced to decrease the amount of water produced. The current was reduced to 1.8
mA and at { = 0 the O2(g) flow rate was increased from 2.5 to 50 mL min-. The 'H
NMR microscopy images show that by ¢ = 5 min (Figure 6-4b) most of the H20(l)
was flushed from the cathode flow field, while the difference image indicates that
water was not removed from the PEM. The H20(]) removed from the cathode flow
field resulted in a slight increase in the cell voltage from 0.908 to 0.912 V at 1.8 mA.
Once H20(]) is removed from the cathode flow field, the time required to remove
H:O(pem) is affected by the current drawn from the cell. Specifically, we found that
higher currents typically dehydrate the PEM more rapidly. This effectis due to the
increase in water transported through the PEM from the anode to the cathode via

electro-osmotic drag[8,9]. The water produced at the cathode by reduction of
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Table 6-1. The corresponding power density, current, and voltage measured from the 30 mm
PEMFC for the images shown in Figure 6-4.

Signal Decline Image ~ Power Density / mW cm? Current / mA Potential / V
a 3.3 1.8 0.908
b 3.3 1.8 0912
C 31.8 21.6 0.736
d 28.6 20.5 0.698

MEA

MEA
difference
image

cathode
flow field

SN NI P B 5] R N Y

Figure 6-4. '"H NMR microscopy images of the MEA (top), MEA difference images (middle), and
cathode flow field (bottom) obtained from the PEMFC operating on dry Hz(g) and Oz(g). =0 was
when the Ox(g) flow rate was increased from 2.5 to 50 mL min. Image acquisition parameters:
slice =500 pm, Tr = 1.0 s, Te = 3.2 ms, FOV = 30 mm x 30 mm (h x v; PE x FE), MTX = 1282, pixel
size =234 um x 234 um, 8 echoes, 1 image, 1 average, experiment time = 128 s.
oxygen cannot replenish the H2O(pem) because of evaporation into the high flow of
O2(g). For example, after removing most of the H2O(l) from the cathode flow field,
at t =23 min the external circuit load was changed to increase the cell power output
t029.5 mW cm2(20.8 mA, 0.709 V). After a brief improvement in performance due
to complete removal of H20O(J) from the cathode flow field, subsequent dehydration

of the PEM resulted in a decrease in the cell power output. The images in Figure 6-
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4c, at t = 26 min, show that while there is still some H2O(pem), the dark area in the
central region of the difference image indicates that the amount of H.O(pem)
remaining is slightly less than the amount at ¢ =-2 min. Athigh O2(g) flow rates the
PEMEFC acts as a water pump, humidifying the gas stream with H2O(pem) and water
produced by the reduction of oxygen. Further operation over the following 16
minutes to ¢t =42 min (Figure 6-4d) dehydrates the PEM to the extent that the cell’s
performance is affected, causing a decline from 31.8 mW c¢m2 (21.6 mA, 0.736 V) at ¢
=26 min to 28.6 mW cm? (20.5 mA, 0.698 V).

The use of NMR microscopy in combination with monitoring cell
performance demonstrates that a high O2(g) flow rate can quickly remove H2O(l)
from the cathode flow field and initially improves power output. Subsequent
dehydration of the PEM and decrease in power output occurs when the MEA is no
longer in contact with H20(l) in the flow field. As well, for this counter-flow
configuration, the difference images indicate that the removal of H2O(pem) appears
uniform in distribution. The images in Figure 6-4b to 6-4d represent a snapshot of
the H2O(pem) in transition to a steady state. Prolonged operation of the PEMFC
with a high O2(g) flow rate ultimately dehydrates the PEM such that the
performance cannot be recovered without decreasing the gas flow rate and
humidifying the gas(es).

The "H NMR microscopy images shown in Figure 6-5 illustrate the recovery
of H:0O(pem) by water generated at the cathode of the operating fuel cell and the
accumulation of H.O(l) in the cathode flow field after the Ox(g) flow rate is
decreased. The images in Figure 6-5a were acquired 3 min prior to decreasing the
O2(g) rate from 50 to 2.5 mL min', and the top image therefore represents a low

water content PEM. Reducing the O2(g) flow rate slows the evaporation of water
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Table 6-2, The corresponding power density, current, and voltage measured from the 30 mm
PEMEFC for the images shown in Figure 6-5.

Signal Recovery Image = Power Density/ mW em?  Current / mA Potential / V
a 37.7 31.1 0.606
b 42.6 33.1 0.644
c 41.9 32.8 0.638
d 40.3 32.2 0.626

MEA

MEA
difference
image

cathode
flow field

Figure 6-5. '"H NMR microscopy images of the MEA (top), MEA difference images (middle), and cathode
flow field (bottom) obtained from the PEMFC operating on dry Hy(g) and O,(g). ¢ =0 is when the Oy(g)
flow rate was decreased from 50 to 2.5 mL min™'. See text for discussion.

from the cathode to enable hydration of the PEM. Beginning with the low initial
water content PEM facilitates the observation of this process. Seven minutes after
reducing the Oz(g) flow rate the amount of H2O(pem) has increased (Figure 6-5b).
This recovery is evident in the MEA image and in the bright area in the central
region of the MEA difference image. AsH20(]) begins to accumulate in the cathode
flow field the cell power output peaks at 42.6 mW cm? (33.1 mA, 0.644 V). Figures

6-5¢ and 6-5d show that the amount of H20(pern) continues to increase, but with
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sustained H20(l) accumulation in the cathode flow field, the cell power output
declines. The difference images indicate that the recovery of H:O(pem) is uniform
and that the accumulation of H2O(]) occurs in the outlet half of the cathode flow
field. This demonstrates that the PEMFC is effectively self-humidifying. These
experiments illustrate that TH NMR microscopy is an effective in-situ diagnostic tool
for optimizing fuel cell operating conditions.

As described in Chapter 3, proton transport in Nafion may occur via a
combination of mechanisms including translational self-diffusion, Grotthuss-type
transport, Fickian diffusion, and electro-osmotic transport introduced by the
electric-field from anode to cathode. Electro-osmotic proton conduction involves
the co-transport of water and, per proton, more molecules of water are transported
with increasing PEM water content[8]. The water content, translational self-
diffusion rate, and electro-osmotic drag coefficient in Nafion-117 are known to be
highest when the PEM is in contact with H20(l)[6,7]. An experimental study by
Biichi and Srinivasan[1] of a fuel cell operating on dry anode and cathode gasesina
counter flow configuration lead them to postulate a model for self-humidification of
the gas streams (Figure 6-6). Several theoretical models for water transport in a
PEMFC operating on dry reactant gases in a counter-flow arrangement predict
similar behavior[10-13]. According to these studies, a water concentration gradient
exists across the thickness of the MEA from the cathode to anode because water is
only produced at the cathode. This phenomenon was also previously observed with
'H NMR microscopy[14,15].

At the anode inlet/cathode outlet side of the cell, the water concentration
gradient is largest because the anode gas enters dry and the cathode gas exits
humidified by the water produced from the reduction of oxygen. Further, in our

cell, H20(]) produced at the cathode preferentially accumulates near the Ox(g) outlet.
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Figure 6-6. Schematic of the model postulated by Biichi and Srinivasan[1] for water flux across the MEA
in a self~humidifying counter-flow PEMFC. See text for discussion.

In this region the net flux of water across the PEM may be from cathode to anode;
the concentration gradient may facilitate sufficient back-diffusion to surmount the
water transported from anode to cathode via electro-osmotic drag. In addition, the
local electro-osmotic drag coefficient may be reduced if catalytic sites are rendered
inactive by the accumulation of H20(!) in the cathode flow field. Now consider the
anode outlet/cathode inlet side of the cell where the anode gas exits humidified and
the cathode gas enters dry. In this region the net flux of water is likely from the
anode to the cathode. A water concentration gradient across the PEM from cathode
to the anode remains, however, the magnitude of the gradient is smaller than at the
cathode outlet. Therefore, the amount of water transported by back-diffusion from
cathode to anode will be less than the amount of water transported from anode to
cathode via electro-osmotic drag.
6.4.2. Effect of Gas Flow Direction

The influence of the gas inlet and outlet configuration on the in-plane
distribution of H2O(pem), on the distribution of H20(l) in cathode flow field, and on

performance of the cell was also investigated. Starting from an initial dry MEA

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



condition as described in §6.4.1, the cell was operated with all four of the possible
gas inlet/outlet configurations shown in Figure 6-7 (left). The power output was
adjusted to allow the amount of H2O(pem) to reach a constant level and to facilitate
accumulation of H2O(J) in.the cathode flow field. For each configuration, images are
shown for two series of experiments.

Figures 6-7a and 6-7b show images acquired from the cell operating in the
two counter-flow gas configurations. As established by the difference images, the
in-plane distribution of H2O(pem) for both counter-flow configurations is uniform.
As discussed above, in the counter-flow configurations the distribution of H2O(pem)
remains relatively uniform because the dry gases enter the cell directly across the
MEA from the exiting humidified gases. This relatively uniform distribution of
H2O(pem) imparted by the counter-flow configurations will encourage more
homogeneous proton conduction and catalyst activity across the MEA. Now
looking at the cathode flow field, for both counter-flow configurations H20(l)
typically begins to accumulate in the outlet half of the cathode flow field. After
operating for several hours at higher currents, or when the cell is operated with the
PEM saturated with water immediately before operating the cell, H20(]) blockages
may also envelop central regions of the flow field.

Figures 6-7c and 6-7d show images acquired from the cell operating in the
two co-flow gas configurations. For both co-flow configurations the distribution of
H:O(pem), indicated by the difference images, is not uniform; the area of the PEM
near the gas inlets contains less water than the region of the PEM near the gas outlet,
as predicted by several theoretical models (vide infra). We propose that the dry
gases entering the flow fields in parallel on opposite sides of the MEA will draw

water from the same region, and this will dehydrate the PEM at the inlets. We note
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Figure 6-7. The four possible gas inlet/outlet configurations (left) and two representative examples of the
resulting water distribution for each. The MEA difference images show the distribution of H,O(pem)
relative to a low water-content PEM. The cathode flow field images show the location of H,O(l)
accumulation. The approximate power density and operating time of the PEMFC are shown on the right.
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that this non-uniform distribution of water from outlet to inlet will cause in-plane
diffusion of water from regions of high to low water content. With the co-flow
configurations we find that longer operating times and/or increased cell currents are
often required to facilitate H2O(I) accumulation in the cathode flow field. The
resistance to proton transport through the PEM is known to increase as the amount
of water in the PEM diminishes[16,17]. Therefore, regions of the PEM that contain
less water will exhibit reduced proton transport and, as a consequence the catalysts
over such a region of the PEM will operate less effectively. In addition, the resulting
non-uniform distribution of potentials across the MEA will likely result in an in-
plane proton current and an associated parasitic electron shunt current across the
catalyst/electrode plane. We postulate that, in the absence of H2O(!) in the cathode
flow field, the distribution of H:O(pem) represented by the NMR microscopy images
indicates the relative activity of the operating catalysts in the MEA. Now
considering the cathode flow field, in both co-flow configurations, H2O(]) typically
accumulates only in the outlet region. The second set of images for configuration #4,
however, show that the distribution of H2O(l) in the cathode flow field is more
central. In effect, the lower half of the PEM toward the gas inlets is more hydrated
in comparison to the same region in the first set of images for this configuration.
The performance of a PEMFC operating in a co-flow gas configuration with
dry feed gases is often poor and unstable, and therefore most investigations of co-
flow gas configurations typically incorporate humidification of one or both gas
feeds. In general, co-flow models predict a low current density in the inlet region of
low humidity reactant gases due to the low water content of the membrane in this
region[12,13,18-20]. Along the channel from gas inlet to outlet the current densities
and water content increase[18-20], but current densities may decrease at the outlet if

H20O(l) is present[12,21]. These results suggest that net water flux across the
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membrane is toward the cathode near the inlets and toward the anode near the
outlets[18]. A recent model investigating the effect of partial membrane drying
predicted that along-the-channel non-uniformity of H2O(pem) would generate a
parasitic in-plane proton current[22]. Our observations provide the first direct
experimental images of the non-uniform in-plane distribution of water in a PEMFC
operating in co-flow gas configurations. To summarize various observations from
experiment and predictions from theoretical models, the schematic in Figure 6-8
illustrates our postulated flux of water in a dry or low-humidity co-flow PEMFC.
Note, however, that in fuel cells with active areas of several 100 cm? with long gas
flow channels and high flow rates, convective transport inside the channel
dominates parallel diffusive fluxes in the GDLs or PEM[20].

Although H20(l) accumulates in the cathode flow field in both co- and
counter-flow gas configurations creating a large concentration gradient from
cathode to anode, we have not observed H20(!) in the anode flow field when using

dry gas feeds. Therefore, in either co- or counter-flow configurations, achieving

0, (humid) <=—— o S O, (dry)

H, (humid) - + H, (dry)
water content profile
cathode \ anode cathode anode
|
back diffusion |~ + | back diffusion
electro-osmotic electro-osmotic
drag « drag
direction of > < direction of
net water flux net water flux

Figure 6-8. Schematic of a model for water flux across the MEA in a self-humidifying co-flow PEMFC.
The darker shading indicates a region with low water content. See text for discussion.
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adequate back-diffusion to fully humidify the Hz(g) stream is unlikely. Thus, even at
currents below that theoretically required to fully humidify both gas streams (see
§4.2.1), cathode flooding may occur.
6.4.3. Effect of H:O(I) Accumulation in the Cathode Flow Field on Performance
The task of maintaining the delicate balance of H:O(pem) of an operating fuel
cell such that ionic conductivity is maximized, while preventing the accumulation of
H:0O(J) in the GDL and subsequently the cathode flow field is difficult. We have
often noted that the performance of our PEMFC is improved with a small amount of
H20(l) in the cathode flow field. Thus, for each of the gas inlet and outlet
configurations for our PEMFC we investigated the relationship between the onset of
H:O(l) accumulation in the cathode flow field and the power output of the cell
operated with a constant external circuit resistance. Figure 6-9 contains
representative 'lH NMR microscopy images of the cathode flow field and PEMFC
performance data for each of the four gas-flow configurations. Prior to acquisition
of each series of images, a high O2(g) flow rate of 50 mL min? was used to remove
H2O(I) from the cathode flow field and to reduce the amount of H2O(perm). The first
image in each series was acquired at, or shortly after, ¢ = 0 when the Ox(g) flow rate
was decreased to 2.5 mL minl. Thus, the water that subsequently hydrates the PEM
and accumulates in the cathode flow field is produced by the reduction of oxygen at
the cathode. In all gas flow configurations (Figure 6-9a to d) the second NMR
microscopy image in each series corresponds to the time at which H20(]) is first
visible in the cathode flow field. For all configurations, the power output from the
cell is highest at this time. The water content in Nafion-117 is known to be higher
when in contact with H20(l) versus water vapour, and results in a corresponding

increase in ionic conductivity[6,7]. Before H20O(l) is visible in the image of the
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Figure 6-9. '"H NMR microscopy images summarizing the effect of the onset of H,O(/) accumulation in the
cathode flow field and the subsequent impact of further water build-up on the cell power output. At#=0the
0O,(g) flow rate was decreased to 2.5 ml/min. Note that the maximum performance observed for each
configuration occurs at the onset of H,O(/) accumulation (second image), followed by a slow decline in
performance as water continues to build-up in the cathode flow channels.

cathode flow field, flooding of the catalysts and GDL must be occurring. As
mentioned earlier, the NMR microscopy methods used herein do not reveal water at
the catalyst surface or in the GDLs, however, a novel fluorescence microscopy
technique for the ex-situ visualization of H20(!) transport in GDLs has recently been
developed[23]. AsH20(]) continues to build up in the cathode flow field (third and
final images), the power output from the cell slowly declines. Only with more
severe flooding of the cathode does a substantial decrease in cell performance occur.

A plethora of models have been developed to investigate the impact of gas
flow configuration and/or gas humidification on the performance of fuel cells and

along-the-channel water distribution (i.e., inlet to outlet)[18,19,21,24-29], including a
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number of studies investigating the impact of using both dry anode and dry cathode
feed gases[10-13,30]. Variable water content in the PEM, and related properties, are
often tied to the amount of water present in the gas along the flow channels. A
recent study of water management in PEMFCs by Berg et al.[13] noted that capping
the membrane water content in their model at a value below that expected for a
PEM in contact with H20(I) may have contributed to some deviations of their model
from experimental data. Few along-the-channel models, however, have
incorporated the effects of the presence of H20(]) in the catalyst layer, GDL, or flow
channels[11,12,18,28]. A two-phase model developed by Pasaogullariand Wang[18]
predicted that for low humidity cases the oxygen concentration decreased sharply at
the onset of flooding in the GDL; however, at this point the cell also exhibited the
highest current density for both of the under-humidified cases. Similarly, Sena et al.
found that for a PEMFC operating between 298 K and 310 K on dry Hz(g) and
humidified Oz2(g) or O2/N2mixtures at atmospheric pressure, limiting effects due to
oxygen diffusion to the catalyst were minimal. For Nafion-117, water transport
through the membrane was found to become a limiting effect at high current
densities[31]. Thus, at this juncture, in combination with our observations from
experiment, we infer that for a low-humidity PEMFC operating at low current
densities any detrimental effect on performance due to minimal accumulation of
H20(l) at the catalyst layer or GDL is superseded by the improved ionic conductivity
of the PEM when in contact with H20(J).
6.5. Conclusions

Using 'H NMR microscopy, images of the in-plane distribution of water
within the PEM of an MEA in an operating PEMFC were revealed for the first time.
When the self-humidified PEMFC was operated with a high Ox(g) flow rate of 50 mL
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min*, the 'H NMR microscopy images revealed that following removal of H20(l)
from the cathode flow field, dehydration of the PEM ensued resulting in a decline in
the power output of the cell. Subsequent decrease of the O2(g) flow rate to 2.5 mL
min' resulted in an increase in content of water in the PEM, followed by
accumulation of H20O(l) in the cathode flow field. 'H NMR microscopy was also
employed to investigate the influence of co- versus counter-flow gas configurations
on the in-plane distribution of water in PEM of the operating PEMFC. The co-flow
configurations resulted in dehydration of the PEM at the inlets while the counter-
flow configurations effected a more uniform distribution of H2O(pem). Also, at the
onset of H20(I) accumulation in the cathode flow field the power output of the cell
peaks, while further build up of water results in a decline in power output. These
observations are qualitatively in agreement with numerous theoretical fuel cell
models.

This study demonstrates the unique ability of 'H NMR microscopy to
investigate in-situ the dynamic interplay of power output, gas flow rate, and water
content and distribution in an operating PEMFC. Clearly, 'H NMR microscopy will
continue to reveal critical information regarding the distribution of water inside
operating PEMFCs and is a powerful tool for diagnosing, understanding, and
optimizing the effects of fuel cell materials, components, and designs.
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Chapter 7.  Use of Hydrogen-Deuterium Exchange to Introduce Image
Contrast
7.1. Introduction

Variations in the amount or distribution of water in the PEM of an operating
PEMFC may be subtle. For example, if the PEMFC is operated with a constant
current output and constant gas flow rates, there may be little change in the water
content of the PEM. Thus, obtaining information about the redistribution of water
in a PEMFC operating under steady-state conditions or when the PEM is fully
hydrated may be difficult using 'H NMR microscopy. The use of H.0-D:20
exchange was found to introduce contrast in 'TH NMR microscopy images and
facilitate the study of water exchange in the roots of a maize seedling[1]. Similarly,
Ilvonen et al. studied water flow velocity and distribution in wood xylem using Hz0O-
D20 exchange[2]. '"H NMR microscopy was also used recently to investigate the
mutual diffusion of H20 and D20 in a Nafion ball[3].

In this chapter, the information that may be obtained by using H-D exchange
to modify the contrast in 'H NMR microscopy images of an operating PEMFC was
investigated. The methods employed reduce the 'H NMR signal by using either
D20(l) or D2(g) to achieve H-D exchange with water in the PEM. Subsequently, the
PEMFC was operated with Hz(g) and the recovery of the 'H NMR signal was
monitored.

7.2.  Experimental Details

Pre-purified Hz(g) (99.995%) or D2(g) (99.70%) and industrial grade Oz(g)
(99.0%) were supplied at ambient pressure to the 30 mm PEMFC from compressed
gas cylinders via flow meters. All gases were obtained from Praxair. D20(l) (99.9%)
was obtained from Cambridge Isotopes or General Intermediates of Canada. Dry

gases were used, and unless otherwise stated, the Hz(g) or D2(g) flow rate was 5 mL
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min’ and Oz(g) flow rate was 2.5 mL min-'. Typical operating currents and voltages
of the PEMFC were shown by the polarization curve in Figure 4-6. For this study
the PEMFC was operated at external resistances that, in the absence of flooding of
the catalyst by water, resulted in power densities ranging from approximately 15 to
50 mW cm2. Prior to cycling D20(]) through either the cathode or anode with a
systolic pump, any H20(I) accumulated in the cathode flow channels was purged
using a O2(g) flow rate of 50 mL min?. A flow of N2(g) (99.93 %) was used to remove
any Hz(g) from the anode gas lines and flow channels before D20O(I) was cycled
through the anode flow channels. D20(]) exiting the PEMFC was collected in a
container flushed with Oz(g) for subsequent reuse.

A typical slice-selective spin-echo imaging sequence[4] was used to obtain
images from a 30 mm x 30 mm field of view. Five slices of thickness 500 um were
oriented such that the entire PEM and most of each GDL were contained within the
central slice and the anode and cathode flow fields contained in the neighbouring
slices. The FE direction was parallel with the plane of the MEA and Bo. 128 FE and
128 PE steps were used, yielding an in-plane pixel size of 234 um x 234 um. In all
experiments, the receiver BW was 101010.1 Hz, the time between 'H NMR signal
excitation and acquisition of the first echo, Tk, was 3.2 ms, and in total eight echoes
were co-added after each excitation. The length of the RF excitation pulse was 1.0
ms with a BW of 6 kHz and a flip angle, a, of 90°. The repeat time between
successive 'H NMR signal excitations, Tr, was 1.0 s, resulting in a total time of 128 s
per experiment.

7.3.  Contrast Introduced via Use of D20(I)
The configuration of the gas inlets/outlets is shown in Figure 7-1a and in

Figure 7-1b the direction of gas flow in the anode and cathode flow fields for this
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a) b)
counter-flow configuration
(top view)

anode W

Figure 7-1. (a) Representation of the top of the PEMFC showing the gas inlets/outlets in a
counter-flow configuration, (b) the direction of gas flow through the cathode and anode flow
channels as viewed from the anode side of the PEMFC.

cathode anode

side view from anode to cathode

counter-flow configuration are indicated relative to the perspective of the images
herein, i.e., viewed from the anode side of the PEMFC. Figure 7-2a shows alH NMR
microscopy image from a 500 pm thick slice containing the MEA, acquired after
operating the PEMFC on dry Hz(g) and dry Oz(g) for ~4 h at ~14 mW cm?2 (11 mA,
0.63 V, electrode area ~0.5 cm?) and four minutes prior to pumping D20(]) into the
cell (i.e., t=-4min). This image represents a steady-state amount and distribution of
water in the PEM (Nafion-117) which was determined by the gas flow and the water

produced from the reduction of oxygen at the cathode. At t=0 the circuit with the

MEA

MEA
difference
image

Figure 7-2. '"H NMR microscopy images from a 500 um slice containing the MEA (top) and MEA
difference images (bottom) acquired from the PEMFC (a) while operating on dry Hz(g) and Ox(g)
four minutes prior to pumping D20(!) in the cell, (b) and (c) when D20(l) was cycled through the
cathode flow field starting at t = 0, and (d) after the D20(I) was purged from the PEMFC with
O2(g). The MEA difference images show the decline in 'H NMR signal.
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external resistance was disconnected (i.e., I=0 mA). The Hz(g) and O2(g) flows were
stopped and D20(l) was pumped into the cathode flow field. The images in Figure
7-2b to d show the decline of the 'TH NMR signal as D20 replaces H20 in the PEM.
Changes in image contrast occur in areas of the PEM that contain Hz0; a dry PEM
will show no change in "H NMR signal upon hydration with D20O(l). Each MEA
difference image shows the loss of 'H NMR signal relative to the image in Figure 7-
2a. The 'H NMR signal decreases rapidly in the MEA region within the O-ring, such
that by ¢ =3 min there is little signal remaining. When no further reduction in the 'H
NMR signal from the MEA region was noticeable, the D20O(l) was purged from the
cathode flow channels with Oz(g) at a flow rate of 50 mL min? and the image in
Figure 7-2d was acquired. |

After being in contact with D-0O(l) the PEM is expected to be completely
hydrated. Shown in Figure 7-3a is an image acquired after purging the D20([) from

the cathode and three minutes prior to starting the Hz(g) flow or drawing a current

MEA

MEA
difference
image

Figure 7-3. "H NMR microscopy images from a 500 pm slice containing the MEA (left) and MEA
difference images (right) acquired from the PEMFC (a) after purging D20(l) from the cathode flow
field with Oz(g), and (b) to (d) after operating on dry Hz(g) and Oz(g) for the indicated time. Att=
0 the Hx(g) flow was started and current was drawn from the PEMFC. The MEA difference
images show the increase in 'TH NMR signal as H20 replaces D20 in the PEM upon operating the
cell with Hz(g) as fuel and a faint dark ring from D20 diffusing away from the MEA.
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from the PEMFC. This image represents a high water (D20) content, but low 'H
density PEM. At t=0 the Hz(g) and O2(g) flow rates were set to 5.0 and 2.5 mL min-,
respectively. The external resistive circuit was reconnected and the PEMFC power
output adjusted to ~25 mW cm2 (19.5 mA, 0.623 V). The power output of 25 mW
cm? indicated that the cathode flow field was flushed sufficiently with O2(g) to
remove D20(]) from the GDL and the surface of the catalysts. Often, after cycling
H20(l) or D20(]) through the flow channels only a low power output was attainable
(e.g.,<5mW cm?). The expected performance was not achieved until high gas flow
rates of 25 to 50 mL min! were used, which likely removed excess H2O(]) from the
GDL and catalysts. After operating the cell with Hz(g) as fuel for 10 min (Figure 7-
3b), the recovery of the 'TH NMR signal was evident in the central region of both the
image of the MEA and the difference image. The 'H NMR signal continued to
strengthen, and after operating for ~90 min there was a relatively uniform
distribution of water in the PEM of the MEA and water is evident along the Au-ring.
The difference images in Figure 7-3b to d also reveal a faint ring-shaped region
beyond the MEA. This darker region indicates that D20 is being transported from
the MEA region into the surrounding PEM. Diffusion radially outward from the
MEA was also observed during fuel-cell start-up with a dry membrane (§6.3)[5].
The H-D exchange in the D20-saturated PEM is expected to be facilitated by
operating the PEMFC, as Hz(g) is oxidized at the anode and protons are transported
through the PEM to the cathode. Several reactions describe the exchange process:
D,0+H" &+HOD+H" (7-1)
HOD +H" <> H,0+D" (7-2)
The rate constant at 28 °C for proton exchange in pure H20O(l) is 7.1 + 0.4 x 10° L mol*

s and for deuteron exchange in D20(]) is 4.3 + 0.5 x 10° L mol* s'[6]. The mean
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lifetime of a water molecule in solution is related to pH, and for acidic environments
the mean lifetime (in seconds) can be approximated by the relation 10pH985[6]. Acid-
form Nafion is a very strong Brensted acid, with strength comparable to that of
CFsSOsH[7]. Thus, H-D exchange in water saturated Nafion will be fast on the NMR
timescale (i.e., <ps). If current is not drawn from the cell, H-D exchange with water
in the PEM will only occur via contact of the gas at the surface of the PEM or by
permeation of Hz(g) into the PEM. The permeability of fully humidified Hz(g)
through Nafion-117 at 273 K is ~8.5 x 100 mol m s7[8], whereas the rate of proton
consumption for a current of 20 mA is ~2.1 x 107 mol s™'. Therefore, flowing H2(g)
through the anode flow channels without drawing a current from the PEMFC is not
expected to lead to significant exchange.

As described in §3.1.1, water transport in Nafion can occur via translational
self-diffusion, Fickian diffusion, and in an operating PEMFC via electro-osmotic
drag. After cycling D:0(]) through the flow channels the MEA should be near
maximal hydration; however, the PEM surrounding the MEA may not be saturated.
Thus, the diffusion of D20 outward from the MEA will occur via a combination of
mechanisms. The diffusion coefficient for H2O in Nafion-117 (~36 wt%, A =22) at 298
Kis~7.4x 1019 m?s1[9]. A preliminary "H NMR microscopy investigation of a ball
of Nafion saturated with H20 and subsequently placed in D2O(l) determined a H20-
D20 mutual diffusion coefficient in Nafion of 2.5 x 109 m? s [3]. For comparison, at
298 K the self-diffusion coefficients of H-O(l), 50 mol % H20-D20(]), and D20(l) are
23.0 + 0.2 x 10° m? s7[10], 20.29 + 0.04 x 10° m? s, and 18.72 + 0.04 x 10° m? s
1[11,12]. Assuming that the diffusion coefficients of D20 and H:0 in Nafion-117
scale as for the pure liquids, an estimation of the upper limit for the diffusion

coefficient of D20 in Nafion-117 is ~6 x 10 m? s. The mean square displacement,
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1
<r2>/2 , of a particle with diffusion coefficient, D, after a time, ¢, can be treated as a

1
random walk process[13], where in one dimension <r2 >/2 = (2Dt)y2 . The maximum

rate of linear displacement of D:0O due to diffusion in Nafion-117 is then calculated
to be ~1.2 um s or ~4.3 mm h-'. As a result, H-D exchange in the PEM beyond the
region in contact with D20(]) (i.e., outside the O-rings) is expected to be on the order
of hours. The dark ring visible in the MEA difference image shown in Figure 7-3d
extends approximately 7 mm beyond the O-rings, ~100 min after D0O(]) was cycled
through the cathode flow field.

A summary of the influence of co- and counter-flow gas configurations on
exchange-contrast introduced using D:0(l) and the subsequent operation of the
PEMFC on Hz(g) is illustrated in Figure 7-4. The corresponding approximate power
output and operating time of the PEMFC are provided in Table 7-1. The MEA
difference images were obtained as described in §7.3 for Figures 7-2 and 7-3. The
signal loss images indicate regions where H20 in the PEM was replaced with D:0O.
The H-D exchange that occurred when the PEMFC was subsequently operated with
H2(g) as fuel is shown in the signal recovery images.

The dark regions in the signal loss images for the two counter-flow
configurations (Figure 7-4a and b) are relatively uniform. This indicates that
operating the PEMFC with counter-flow gas configurations distributes water
throughout the PEM between the catalyst layers in the MEA, and is consistent with
the 'H NMR microscopy results presented in Chapter 6[14]. In co-flow
configuration #3 (Figure 7-4c), the loss of the 'H NMR signal occurred
predominantly at the gas outlets and indicates that the water content of the PEM
was low in the region near the gas inlets. Prior to cycling D20(]) through the

cathode, the cell was operated for ~20 h with a power output of ~30 mW cm- and
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Table 7-1. The time that the PEMFC operated on Hz(g) at the indicated power density prior to
acquiring the image of the MEA used in the calculation of the signal recovery image shown in

Figure 7-4.
Signal Recovery Image Operating Time Power Density / mW cm?
a 22h 4 min ~32-30
b 1h 39 min ~25
C 55 min ~9-35
d 1h 29 min ~4-31
counter-flow
signal loss

from D,O(/)

signal recovery
fuel = Hy(g)

Figure 7-4. Representation of the top of the PEMFC indicating the gas inlet/outlet configurations
(top), MEA difference image showing the decline in 'H NMR signal in the PEM caused by cycling
D20(]) through either the cathode or anode flow field (middle), and MEA difference imaging
showing the increase in 'H NMR signal in the PEM upon operating the PEMFC on dry Hz(g) as
fuel (bottom).

had not been flooded with H20(!) or D20(]) for several days. The content and
distribution of water in the PEM, as determined by the gas-flow configuration and
power output, is expected to have reached a steady-state and have higher water
content in the PEM near the gas outlets[14]. In contrast, for co-flow configuration #4

the loss of 'H signal was more uniform across the MEA in comparison to that
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observed for configuration #3. Prior to operating the PEMFC in configuration #4 at
~4 to 31 mW cm? for 90 min, D20(]) was cycled through the cathode flow field. The
resulting water content of the PEM was sufficiently high to compensate for water
removed by the dry gases entering the flow channels. The uniform distribution of
water observed for configuration #4 also indicates that the amount of water in the
PEM had not reached a steady-state after operating for 90 min.

Saturating the MEA with D:0(]) and then operating the PEMFC with Hz(g) as
fuel results in H-D exchange with water in the PEM. The exchange occurs uniformly
across the plane of the MEA for all gas flow configurations as shown by the signal
recovery images in Figure 7-4. This, in conjunction with the uniform loss of signal
for configuration #4, indicates that for co-flow configurations saturation of the MEA
with liquid water can postpone dehydration of the PEM at the gas inlets.

7.4.  Contrast Introduced by Alternating between Hz(g) and Dz(g) as Fuel

Changes in the distribution of water in the MEA of an operating PEMFC can
be monitored in 'H NMR microscopy images by comparing images of low and high
water content PEMs (§6.3, 6.4) [5,14], and by using D20(l) to introduce image
contrast in saturated PEMs (§7.3). Due to the relatively constant water content and
distribution in the PEM of a fuel cell operating at steady state, investigating the
variation of water within the PEM using proton density images is difficult. Here we
demonstrate that contrast can be introduced into the 'H NMR microscopy images of
an operating PEMFC by alternately fuelling the PEMFC with Hz(g) and Da(g).

Shown in Figure 7-5a is a '"H NMR microscopy image acquired after the
PEMEC operated on Hz(g) and O2(g) in counter-flow configuration #1 (see Figure 7-
4a) with a power output of ~30 mW cm? for 7 h. The PEM was well hydrated and a
small amount of H20(/) was in the cathode flow field. At ¢ =0 the circuit with the

variable resistor was disconnected (i.e., [ = 0 mA) while the fuel was switched from
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-7 min

39 min

47 min
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1 h 2 min

1h 9 min

10 h 1 min

Figure 7-5. 'H NMR microscopy images from 500 um slices containing the MEA (left), the
cathode flow field (right), and the MEA difference images (centre) showing the decrease in 'H
NMR signal while operating the PEMFC on D2(g) as fuel with a power output of ~30 mW cm? (22
mA, 0.67 V). Att=0, the fuel was switched from Hz(g) to D2(g).
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Ho(g) to D2(g). When the circuit was reconnected, the cell power output was the
same as measured when using Hz(g) as fuel. If either the reaction at the anode
catalyst or the H-D exchange with water in the Nafion was the rate-determining step
for the overall PEMFC processes, one would expect a change in the cell power
output due to an isotope effect. The exchange current density for electrochemical
reactions is analogous to the rate constant in chemical reactions. For a Pt catalyst at
25 °C, and 1 atm, the exchange current densities for the anode and cathode of a
H>/O2 PEMFC are ~10+ and ~10? A cm?, respectively[15]. As aresult, the reduction
of oxygen at the cathode is much slower than hydrogen oxidation at the anode, and
is the rate-determining step. In theory, the open circuit voltage of a D2/O: PEMFC
should be marginally higher than for a H2/O: PEMFC since the Gibb’s free energy of
formation, AGf, for D20(]) is ~5 k] mol larger than for H2O(l). Both the adsorption
energy on metal surfaces and the dissociation energy of D2(g) are higher than for
H2(g) because of the lower zero-point energy for the deuterium-containing species.
There are reports of a four-fold decrease in power output when using a low partial
pressure (0.7 kPa) of D2(g) versus H2(g)[16,17]. The effect was attributed to proton-
tunnelling between adjacent sulfonate groups at the surface of the PEM and
becomes less important with increasing partial pressure of D2(g)[16,17].

After using D2(g) as fuel for 39 min (Figure 7-5b), the difference image shows
a faint indication that the 'H NMR signal in the MEA is starting to decline. The
amount of water in the cathode flow field increased as the H-D exchange was more
apparent (Figures 7-5¢ to e), and after 1 h 9 min little 'H NMR signal remained in the
MEA orin the flow field. Although the water accumulated in the cathode flow field
was no longer visible in the images, no unusual fluctuations in power output were

observed that would suggest removal of the water from the flow field[14]. After
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operating the PEMFC with Dx(g) for a period of 10 h a significant decline of the 'H
NMR signal was evident outside of the MEA in the surrounding PEM (Figure 7-5g).

When operating with D2(g) as fuel, significant loss of the "H NMR signal in
the MEA or cathode flow field does not appear to occur during the first 40 min. In
the following 30 min, however, the '"H NMR signal in both the MEA and cathode
flow field disappears. Due to the known dependence of water transport properties
in Nafion on water content, H-D exchange in the PEM is likely affected by the
amount and distribution of water in the PEM, as well as other factors such as the
volume of the MEA and the surrounding PEM, and the rate of Dz(g) consumption.
Operating the PEMFC with a current of 23.5 mA uses approximately 1.22 x 107
mol s of D2(g) and produce the same amount of water at the cathode. As shown in
the images in Figure 7-5b, the 2.9 x 104 mol of D2(g) consumed and ~5.3 pL of water
produced over 40 minutes does not appear to affect the 'H NMR signal. However,
in the following 30 min the exchange within the MEA and in the water accumulated
in the cathode flow field appears complete. The origin of this observation is not
clear. Upon switching to D2(g) as fuel, initially H>(g) will be adsorbed on the surface
of the GDL and the catalyst, and the PEM will contain H20O and HsO*. A delay may
be introduced as the adsorbed H: is oxidized prior to adsorption of Dz(g) by the
catalyst. Upon oxidation of Dz(g), H-D exchange will occur with H20 in the PEM to
form HOD and eventually D20. As H-D exchange occurs, water in the PEM may
diffuse away from the MEA due to a concentration gradient, be transported via
intradiffusion, or through the PEM to the cathode via electro-osmotic drag. Each of
these processes will expand the volume over which H-D exchange occurs. In

theory, if the rates of the water transport processes were known, the amount of
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water contained in the PEM could be calculated from the rate of fuel consumption
and the period of time required for complete exchange to occur.

The images in Figure 7-6 show the recovery of the lH NMR signal due to H-D
exchange after the fuel was switched from D(g) to Hz(g). Prior to acquiring the
images in Figure 7-6a the PEMFC was operated using D2(g) as fuel with a power
output of ~30 mW cm (23.5 mA, 0.70 V) for ~3 h in counter-flow configuration #1
(see Figure 7-4a). Approximately 1h after operating with Hz(g) as fuel and a power
output of ~30 mW cm?, the 'H NMR signal in the MEA and the cathode flow field
was evident (Figure 7-6b). As shown in Figure 7-6¢ and d the intensity of the 'H
NMR signal continued to increase over a period of 2 h.

When the fuel was switched from Hz(g) to D2(g), or vice versa, there was a

significant delay before change in the 'H NMR signal was observed. The decline in

MEA

MEA
difference
image

cathode
flow field

Figure 7-6. 'H NMR microscopy images from 500 um slices containing the MEA (top), the
cathode flow field (bottom), and the MEA difference images (middle) showing the increase in 'H
NMR signal while operating the PEMFC on Hz(g) as fuel with a power output of ~30 mW cm? (23
mA, 0.65 V). Att=0, the fuel was switched from D2(g) to Hz(g).
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signal was apparent after 40 min (Figure 7-5b), whereas the recovery of the signal
was not apparent for 60 min (Figure 7-6b). This result was reproducible over
repeated experiments. If the time required for H-D exchange to occur for water in
Nafion is limited by the H-D exchange rates for water, one would expect the
exchange from D20 to Hz0 to take longer due to larger O-D bond strength. This
observation warrants further investigation.

The influence of co- and counter-flow gas configurations on the exchange-
contrast introduced in the 'TH NMR microscopy images of the PEM by alternating
between D2(g) and Hz(g) as fuel was also investigated. In Figure 7-7 two MEA
difference images are shown for each configuration. The first image shows the
decline of the "H NMR signal when the fuel was switched from Hz(g) to D2(g), and
the second image shows the recovery of the signal when Hz(g) was subsequently
used as fuel. In the counter-flow configurations, #1 and #2, the H-D exchange in the
PEM was relatively uniform in the plane of the MEA. This indicates a uniform in-
plane distribution of water in the PEM and facilitates effective use of most of the
catalyst decal. The images in Figure 7-7c and d show the non-uniform in-plane
distribution of water in the PEM that results when the cell operates in the co-flow
configurations. In both co-flow configurations there was little variation in the image
contrast in the region near the gas inlets, and indicates that the PEM in this region
contains little water. As a result, the conductivity of the PEM will vary across the
plane of the MEA from gas inlet to outlet. In addition, only the region of the catalyst
stamp near the gas outlets, where the water content and proton conductivity are
higher, will be used effectively. The variation in the distribution of water in the
PEM for the co- versus counter-flow gas configurations observed using H-D
exchange is consistent with the results reported when starting the PEMFC with low

water content PEM[14].
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Table 7-2, The time that the PEMFC operated on Dz(g) or Hz(g) at the indicated power prior to
acquiring the image of the MEA used in the calculation of the signal loss or signal recovery
images shown in Figure 7-7.

Signal Loss Image Operating time Power Density / mW cm?

a 10h 3 min ~32-30
b 1h 7min ~32

c 2h 3 min ~25-31
d 1h 23 min ~25-30

Signal Recovery Image
a 1h 23 min ~32-30
b 1h 44 min ~34-32
c 1h 32 min ~32-29
d 1h 26 min ~31-29
counter-flow co-flow

signal loss
fuel = D,(g)

signal recovery
fuel = H,(9)

Figure 7-7. Representation of the top of the PEMFC indicating the gas inlet/outlet configurations
(top), MEA difference images showing the decline in the 'H NMR signal in the PEM when using
Dz(g) as fuel (middle), and MEA difference images showing the subsequent increase in the 'H
NMR signal when using Ha(g) as fuel (bottom).

7.5.  Conclusions
The results presented in this chapter demonstrate that H-D exchange can be
used effectively to introduce contrast related to water distribution in 'H NMR

microscopy images of an operating PEMFC. After operating the PEMFC on Hx(g),
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cycling D20(!) through the cathode or anode flow channels rapidly removed the 'H
NMR signal within the O-rings and revealed where H20 was contained. Subsequent
operation of the PEMFC with Hz(g) as fuel facilitated the investigation of changes in
water content when operating the PEMFC with a fully hydrated PEM. After
saturating the MEA with water, TH NMR microscopy images of the operating
PEMFC show that the in-plane distribution of water in the Nafion remains uniform
for a period of time (on the order of hours) regardless of gas-flow configuration.
Alternating the fuel supply between Hz(g) and Da(g) introduced contrast that
enabled investigation of changes in the water in the PEM when the PEMFC operates
under steady-state conditions. While operating under such conditions, the H-D
exchange contrast shows that counter-flow gas configurations impart a more
uniform in-plane distribution of water in the PEM between the catalyst layers than
the co-flow gas configurations.

These results demonstrate that H-D exchange is effective in introducing
contrast in 'H NMR microscopy images of operating PEMFCs. The images obtained
provide insight to the in-situ distribution of water in the PEM between the operating
catalyst layers, information that is not available from other fuel cell diagnostic
techniques.
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Chapter 8. PEMFC Performance and Integral of 1HH NMR Microscopy Image
Intensity
8.1. Introduction

The ionic conductivity of Nafion is related directly to the amount of water
absorbed by the PEM[1-5], and the amount of water in the PEM is related to pre-
treatment|2,4,6], humidity[1,2], and temperature[7]. In addition, in an operating
PEMEFC, the current through the cell, gas humidification, and gas flow rates affect
the amount and distribution of water[8]. In an attempt to maintain optimal MEA
water content in operating fuel cell stacks, complex programs are often used to
control the gas flow rates and relative humidity, and to periodically purge
accumulated H:O(J)[9]. As mentioned previously, theoretical models are an
important tool for fuel cell design and development[10,11]. Models are often used
to predict fuel cell performance under varying conditions and to help reduce the
number of prototypes built en-route to the defined performance objectives.
However, detailed experimental data are required to validate models that are
simplified, based on assumptions that often include isotropic membrane
hydration[10,12].

The use of neutron-based experimental techniques to investigate water in
operating PEMFCs was first introduced in 1996 by Mosdale et al.[13] who used
small-angle neutron scattering to study the water profile across the PEM. Over the
past decade numerous investigations have appeared using neutron imaging to
measure water content and distribution in operating PEMFCs[14-22]. Recently
neutron imaging has been combined with locally resolved impedance
spectroscopy[23,24] in an effort to better determine the in-plane water content of the
PEM[18]. Prior to the application of 'H NMR microscopy to study operating

PEMEFCs, no available experimental technique could monitor water in the PEM
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between the operating catalyst layers separate from other regions of the cell. 'H
NMR microscopy is suitable for observing the qualitative distribution of water in
operating PEMFCs and is useful for investigating the impact of gas flow rate and
configuration, and power output on the in-plane distribution of water (Chapters 6
and 7)[25-27].

The objectives of the research presented in this chapter are to investigate how
the integrated intensity of the "H NMR microscopy images acquired from an
operating PEMFC change with variations in gas flow rate and the power output of
the cell, and to evaluate the feasibility of obtaining the absolute water content in the
PEM between the catalyst layers from '"H NMR microscopy images. In theory, the
integrated intensity of the 'TH NMR microscopy images is directly proportional to
the 'H spin-density which, in the operating PEMFC, arises almost exclusively from
water. This research demonstrates that 'lH NMR microscopy is a valuable technique
to elucidate important information regarding the interdependence of PEMFC water
content, gas flow rates and configuration, and PEMFC performance.

8.2.  Experimental Details

Pre-purified H2(g) (99.995%) and industrial grade Oz(g) (99.0%) were supplied
at ambient pressure to the 30 mm PEMFC from compressed gas cylinders via flow
meters. All gases were obtained from Praxair. Dry gases were used, and unless
otherwise stated, the Hz(g) flow rate was 5 mL min and O2(g) flow rate was 2.5 mL
min?. Typical operating currents and voltages of the PEMFC are shown by the
polarization curve in Figure 4-6. For this study the PEMFC was operated with
external resistances that, in the absence of flooding of the catalyst by water, resultin
power densities that ranged from approximately 15 to 50 mW cm2.

A typical slice-selective SE imaging sequence[28] was used to obtain images

from a 30 mm x 30 mm FOV. Five slices of thickness 500 pum were oriented such that
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the entire PEM and most of each GDL were contained within the central slice, and
the anode and cathode flow fields were contained in the neighbouring slices. The FE
direction was parallel with the plane of the MEA and Bo. 128 FE and 128 PE steps
were used, yielding an in-plane pixel size of 234 pm x 234 pm. In all experiments,
the receiver BW was 101010.1 Hz, the time between 'H NMR signal excitation and
acquisition of the first echo, Tk, was 3.2 ms, and eight echoes were co-added after
each excitation. The length of the RF excitation pulse was 1.0 ms with a BW of 6 kHz
and a flip angle, o, of 90°. The repeat time between successive 'H NMR signal
excitations, Tr, was 1.0 s, resulting in a total time of 128 s per experiment.
8.3. Correlation Between PEMFC Performance and Image Intensity Integral
8.3.1. The Region of Interest and Influence of Gas Flow Configuration

The catalyst decal of a MEA is often surrounded by superfluous PEM, and as
shown in §6.3, when starting the PEMFC with a low water content MEA, water from
a humidified gas stream and water produced at the cathode diffuses into the PEM
surrounding the catalyst decal[25]. However, the PEM between the operating
catalyst layers should reflect more rapidly, changes in water content due to
variations in PEMFC operating conditions. The results presented in Chapter 6
demonstrate that the intensity of the "H NMR microscopy images, and therefore the
amount of water, in the region of the MEA is related to the PEMFC power output.
To investigate further this correlation, the intensity of the 'H NMR signal in the
region of the MEA was integrated and compared to the performance of the PEMFC.

Shown in Figure 8-1a is a photograph of the O-ring, Au ring, and flow field of
the 30 mm PEMFC. A 'H NMR microscopy image acquired from a 500 um slice
containing the MEA with the location of the O-ring and MEA indicated is shown in
Figure 8-1b. The area of the catalyst decal is ~0.5 cm? and encompasses the area

within the Au ring. The amount of water in the PEM between the operating catalyst
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Figure 8-1. a) Photograph of the O-ring, Au ring, and flow field of the 30 mm PEMFC, b) 'H
NMR microscopy image acquired from a 500 pm slice containing the MEA, c) ROI containing the
region within the Au ring/MEA as indicated in b, d and e) ROIs containing the left and right
halves of the MEA, respectively. See Table 8-1 for ROI areas and 'H NMR signal intensity
integrals.

Table 8-1. The area and integrated '"H NMR signal intensity for each of the three ROl shown in
Figure 8-1ctoe.

Image Area (pu) Area (cm?)  Integrated Intensity (a.u.)®
c 904 0.497 47461
d 452 0.248 22691
e 452 0.248 24769

a) The signal intensities for the pixels in the ROI shown in Figure 8-1c ranged from 2929 to 279451,

with mean value = 95575 and standard deviation = 53361. The source integral is the product of the

ROI area and the mean value of the pixel intensities for the defined region.
layers and the performance of the cell is expected to be interdependent. In this area
of the PEM, ionic conductivity has the highest influence on cell performance. For
example, an increase in PEM conductivity will result in higher currents and
production of more water at the cathode, which will lead to more water in the PEM
thereby further increasing the conductivity. We previously showed that 'H NMR
microscopy uniquely provides images of the water in the PEM in situ between the
operating catalyst layers (see Chapters 6 and 7)[25,26]. Therefore, the defined region

of interest, ROIL from which to integrate the '"H NMR microscopy signal was

restricted to the MEA area, containing the PEM between the operating catalyst
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layers, PEMa. Shown in Figure 8-1c is a ROI that encompasses the MEA to
approximately the inner edge of the Au ring. The area of the ROI is 904 pixel units,
pu, or 0.497 cm?, and the areas of the left and right halves of the ROI (Figure 8-1d
and e) are 452 pu, or 0.248 cm?. Rapid relaxation of the 'H NMR signal in the carbon
GDL prevents observation of water in this region (see Chapter 5)[26,27]. Therefore,
water observed in these ROI only resides in the region of the PEM between the
operating catalyst layers[26]. Typically H2O(l) water in the GDLs is observed using
PEMFCs constructed with transparent materials[29], and recently a novel
fluorescence technique was reported for the ex situ visualization of H2O(l) transport
in GDLs[30]. Table 8-1 contains the integrated signal intensities of the three ROlIs,
which are proportional to water content. Another ROI of the same area as that in
Figure 8-1c was used to integrate the intensity of images acquired from slices
containing the cathode flow field. The reported integral for a ROI is the product of
the ROI area in cm? and the mean value of the 'H NMR signal intensity from each
pixel for the defined region.

In Chapters 6 and 7 the direction of gas flow was shown to affect the in-plane
distribution of water in the PEM between the catalyst layers[26]. Figure 8-2 shows
the ROIs in images acquired from the PEMFC operating in each of the four possible
gas flow configurations. The integrated 'H NMR signal intensities from the full ROI
containing PEMet and the left and right halves are provided in Table 8-2. The
integrated 'H NMR signal intensities are larger for the counter-flow configurations
than for the co-flow configurations showing that counter-flow configurations
maintain a greater amount of H20 in PEMe: than the co-flow configurations.
Considering the two halves of the RO, the signal intensity is similar for the counter-
flow configurations but significantly lower at the inlets for co-flow configurations.

In the co-flow configurations, the dry gases entering the flow channels draw water
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Figure 8-2. The four possible gas flow configurations for the 30 mm PEMFC and the ROI in
images acquired from a 500 pum slice containing the MEA and the cathode flow field of the
operating PEMFC. The corresponding integrated signal intensity values for the three MEA ROls
as shown in Figure 8-1c to e are provided in Table 8-2.

Table 8-2. The integrated "H NMR signal intensity values corresponding to the images shown in
Figure 8-2 for the ROIs as defined in Figure 8-1c to e.

Integrated Intensity from ROI (a.u.)

Image Configuration MEA Left Half MEA  Right Half MEA
a #1 47461 22691 24769
b #2 47751 24221 23530
c #3 44092 24968 19125
d #4 41365 15622 26743

from the same region of the MEA, dehydrating the PEM at the gas inlets. Further
details are provided in Chapter 6[26].

For both counter-flow configurations the total 'H NMR signal integrals are
essentially equal. The PEMFC was operated at ~38 to 48 mW cm? (~38 to 43 mA,
0.50 to 0.56 V) for 73 min in configuration #1 (Figure 8-2a) and at ~35 mW cm2(~28.5
mA, 0.61 V) for 217 min in #2 (Figure 8-2b). The half of the MEA at the anode
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inlet/cathode outlet has lower signal intensity, less water, than the anode
outlet/cathode inlet. These experiments were completed with the Hz(g) flow rate
double that of the Ox(g), and as shown in §4.2.1 twice the amount of water per unit
time is then required to fully humidify Hz(g); therefore, water in the MEA at the
anode will more rapidly be depleted than at the cathode. However, diffusion of
water from the cathode to the anode will help prevent dehydration of the PEM by
the dry anode gas flow. The expected outcome is less water in the PEM near the
anode inlet/cathode outlet than in the PEM near the anode outlet/cathode inlet. This
expectation was confirmed, as shown by the images in Figure 8-2 and the integrated
'H NMR intensity values in Table 8-2. Note, that the location of H20O(l) in the
cathode flow field for configuration #1 is central (Figure 8-1b), and for configuration
#2 (Figure 8-2b) the H20(]) is closer to the cathode inlet. Regions of the PEM
adjacent to H2O(l) in the cathode flow field are expected to contain more water than
regions of the PEM not adjacent to H20(l). Thus, without H2O(!) in the cathode flow
field immediately opposite the anode inlet, this region of the MEA was more prone
to dehydration. Several counter-flow models predict that the minimum PEM water
content[31] or current density[32] occurs near the inlet of the anode gas channel. We
note that although these small differences in '"H NMR signal intensity between the
two halves of the MEA ROI in the counter-flow configurations can be rationalized
with the above arguments, this observation warrants further investigation.
Considering the co-flow configurations (Figure 8-2c and d), the image for
configuration #3 was acquired after the PEMFC operated at ~30 mW cm? (~27 mA,
~0.56 V) for 214 min, and the image for #4 was acquired after the PEMFC operated
for 136 min at 32 to 40 mW cm? (~32 to 40 mA, ~0.56 to 0.50 V). In both
configurations, the amount of water in the PEMet near the inlets was less than in the

PEM.at near the outlets. The total integrated '"H NMR signal intensity of the MEA
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ROI for configuration #3 is greater than for configuration #4. In addition, the
integrated signal values for the two halves of the MEA ROIs differ by 13% and 25%
of the value for the entire ROI for configurations #3 and #4, respectively. These
differences in integral values between the two co-flow configurations are not easily
accounted for. Alsoin Figure 8-2c and d are images that show the location of H20(J)
accumulation in the cathode flow field. More H20(l) is present in the cathode flow
tield for configuration #3 than for configuration #4, which may account for the larger
integral value obtained from the MEA ROI in configuration #3. With H0(])
accumulated in the outlet half of the cathode flow field for configuration #3, one
would expect that half of the MEA ROI to have the largest integral; however, the
integrated "H NMR signal for the outlet half of the ROl is larger for configuration #4
(see Table 8-2), which has little H2O(l) in the cathode flow field. These results
illustrate the complexity of the interdependence between the amount of water in the
PEMet, H2O(]) in the GDL (unseen by our technique), and H20(!) in the cathode flow
field. Further research is required to elucidate these interdependencies. We note
that our results which show that the inlets become dehydrated in co-flow
configurations are qualitatively in agreement with the locally resolved impedance
measurements of Schneider et al.[18] and numerous theoretical models[33-37].
8.3.2. Influence of O(g) Flow Rate

To achieve an efficient and high performance PEMFC, selection of optimal
gas flow rates is critical[8]. For example, if pure gases are used, they are either
supplied in a dead-end mode (i.e., flow rate equals the rate of consumption) orina
recirculation mode. If the cathode of the PEMFC is air fed, the cathode gas stream is
typically supplied in a flow-through configuration with a stoichiometric ratio (i.e.,

1O2(Q)supplied/nO2(g)consumed) Of at least two[8]. When the reactant is supplied in dead-
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end mode H20(!) may accumulate in the flow channels, and a high gas flow rate is
used periodically to purge the water from the channels. In this section the influence
of a high Oz(g) flow on the water content of the PEM and power output of the 30
mm PEMFC was investigated.

When the PEMFC was operated in counter-flow gas configuration #2 (see

Figure 8-2b) with no change in external resistance the results shown in Figure 8-3
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Figure 8-3. Top: Plot of power density and integrated 'H NMR signal intensities versus time
showing the effect of changes to the O2(g) flow rate on: power(®), MEA water content (M), and
H20(]) in the cathode flow field('¥). Bottom: 'H NMR microscopy images (A-E) of the MEA
and cathode flow field ROI from which the intensities were integrated. From ¢ =0 to 16 min
(B) the Oz(g) flow rate was 50 mL min™.
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were obtained. Att=0 the Ox(g) flow rate was increased from 2.5 to 50 mL min-! to
flush H20(]) from the cathode flow field and GDL, and to dry the MEA. Asshown
by the plot in Figure 8-3, there is a remarkable correlation between the power output
of the cell (o) and the integrated "H NMR signal intensity from the MEA ROI (i.e.,
PEMca) (m) from t = 0 through ~ t =25 min, confirming the expectation that the ionic
conductivity of the PEM between the operating catalyst layers is closely related to
cell performance. The high Ox(g) flow rate initially lead to an increase in both the
cell power output and the water content in the MEA (Figure 8-3, point A). The 'H
NMR microscopy images corresponding to points A through E are shown below the
plot. Prior to acquisition of this dataset, the PEMFC was operated in co-flow
configuration #3. Thus, the initial increase in MEA water content and cell power
output may have resulted from increased O2(g) mass transport and redistribution of
H20() in the cathode flow field or GDL upon switching the direction of O2(g) flow;
indeed, the image intensity integral for the right portion of the ROI increased
immediately after the direction of gas flow was changed, and subsequently declined.
After this initial increase in power and amount of water, both the power and the
integral of the '"H NMR microscopy image intensity in the MEA ROI continue to
decline under the high O:(g) flow rate (Figure 8-3, points A through B). This
decrease in performance results from dehydration of the PEM. A decrease in the
Ox(g) flow rate to 2.5 mL min-! resulted in an increase in MEA water content (Figure
8-3, points B through C). We expect that there is little H2O(J) in the GDL and none
was detected in the cathode flow field between points B through C. The dependence
of the cell power output on the amount of water in the PEM.a is best represented
between these points. This interdependence appears proportional, as is the ionic

conductivity of Nafion with water content. After point C, the amount of water in
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the PEM between the catalyst layers increased slowly and was expected to lead to
improved ionic conductivity and cell performance, but the accumulation of H20(]) in
the cathode flow field, and presumably the GDL, caused an overall decline of power
output (Figure 8-3, points C through E).

To investigate the sensitivity of the PEMFC power output and the MEA ROI
signal intensity to the Oz(g) flow rate, the flow rate was decreased in a series of steps
from 50 to 2.5 mL min. Figure 8-4 shows a plot of the power response, and the
integrated signal intensity values from the MEA and cathode flow field ROI. The 'H
NMR microscopy images corresponding to plot points A through E are shown
below the plot. At point A,1 on the plot, the MEA water content was high and a
large amount of H20(!) was in the cathode flow field. The O2(g) flow rate was then
increased to 50 mL min-l. Figure 8-4, plot points A,1 to B, show that the H20([) was
quickly purged from the flow field and resulted in an increase in power. A small
decrease in the MEA water content was also observed. As shown in Figure 8-4,
points B to C, under the high O2(g) flow rate the integrated signal intensities for both
the MEA and cathode flow field ROIs, and the cell power output declined. At point
C,2 on the plot, the O2(g) flow rate was reduced to 20 mL min* and resulted in
increased power output and MEA water content. The Ox(g) flow rate was then
decreased to 10, 5, and 2.5 mL min™ at plot points 3, 4, and 5, respectively. Evident
from the plot and comparison of the 'H NMR microscopy images C and D in Figure
8-4, upon each reduction in Oz(g) flow rate the cell power outputimproved and the
MEA water content increased. After the Oz(g) flow rate was reduced to 2.5 mL min-
1, the MEA water content continued to increase; however, the cell power output
began to decline as H20(J) accumulated in the cathode flow field (Figure 8-4, points

D to E). The interdependence of cell power output and water in the PEMe, H2O(l)
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Figure 8-4. Top: Plot showing the sensitivity of the power density (®), MEA water content(H),
and Hz0(l) in the cathode flow field (V) to changes in the O2(g) flow rate. The Oz(g) flow rate
was: 50 mL min? from ¢ =0 (A,1) to t =25 min (C,2); 20 mL min™ from ¢ =25 min to t = 32 min (3);
10 mL min™ from ¢ = 32 min to { = 39 min (4); 5 mL min™ from ¢ = 39 min to ¢ =52 min (5); and 2.5
mL min! from ¢ = 52 min onward. Bottom: Example "H NMR microscopy images (A-E) of the
MEA and cathode flow field ROIs from which the intensities were integrated. The PEMFC was
operating in counter-flow gas configuration #2.

in the GDL and cathode flow field is complex. Clearly, 'H NMR microscopy is an
ideal technique for monitoring the distribution of water throughout an operating
PEMFC and for providing unique insight regarding the performance of the cell and

the effects of operating conditions.
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8.3.3. Influence of Power Density

The results shown in Figure 8-5 were obtained with the PEMFC operating in
co-flow configuration #4 (see Figure 8-2d). The plot of power density and integrated
signal intensities from the '"H NMR microscopy image ROIs shown in Figure 8-5

demonstrates the sensitivity of the parameters to changes in the external circuit
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Figure 8-5. Top: Plot of power and integrated '"H NMR microscopy signal intensities versus time
showing the effect of changes in circuit resistance and gas flow rates on the parameters; power
density(®), MEA(M), and cathode flow field('¥). Att=71min (A,1), t =167 min (2), and ¢t =356
min (5) the external circuit resistance was decreased. At ¢t = 221 min (3) the resistance was
increased. The Oz(g) flow rate was 50 mL min™ from ¢ =221 min (3) to t =261 min (D,4). Bottom:
Example '"H NMR microscopy images (A-E) of the MEA and cathode flow field ROI from which
the intensities were integrated.
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resistance. The 'H NMR microscopy images corresponding to points A through E
are shown below the plot. In general, with each decrease in the external resistance
the power (@) rose rapidly and then plateaued. Evident from the plots of the ROI
signal intensity, the slow rise in power density was accompanied by a corresponding
increase in the MEA water content (W) (e.g., after point B). Athigher power densities
the amount of H20(!) in the cathode flow field (¥) also increased, evident after point
C. Aninteresting observation is that higher power densities lead to increased MEA
water content. The increase in water was likely due to the higher current which
results in the production of more water at the cathode and facilitates back-diffusion
of water into the MEA. In addition, the change in MEA water content under
conditions of constant gas flow rates indicates that the gas flow rates alone do not
determine the MEA water content. One might expect that under optimal operating
conditions the MEA water content would remain relatively constant regardless of
power density. To understand the relationship between the amount of water in the
PEM and the cell current and voltage, the PEM water content should be measured
when the power density is changed: as a function of current (i.e., operate at constant
voltage), and as a function of voltage (i.e., operate at constant current).

The results presented in Figures 8-3 to 8-5 show that the integrated 'H NMR
microscopy image intensity in the ROI containing the MEA is correlated with the
power output of the PEMFC and is affected by both changes in the O2(g) flow rate
and changes in the external resistance of the circuit. No other in-situ PEMFC
diagnostic technique can provide such visual insight into the complicated
interdependence of PEMFC operating performance, water content and distribution,

and O2(g) flow rates.
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8.4. Toward Quantification of the Amount of Water in the PEM

One of the ultimate goals of this research is to analyze quantitatively the
amount and distribution of water throughout an operating PEMFC. In theory, the
signal acquired in an NMR experiment is quantitative; assuming that the nuclear
spins are in a homogeneous environment, the integrated NMR signal is proportional
to the spin density. The amount of water in the PEM is related to the intensity of the
'H NMR microscopy image, but an operating PEMFC is a heterogeneous
environment and as shown in §5.2 the materials affect the tH NMR signal. Two
possible approaches to relate the absolute amount of water in the PEM (i.e., 1) of an
operating PEMFC to the integrated 'H NMR microscopy image intensity are
discussed below.

The number of water molecules per SOsH moiety, A, in Nafion-117 is known
to vary from ~2 to 22; however, for Nafion exposed to temperatures > 105 °C the
maximum value of A when immersed in H20O(l) at T <30 °C is reported to be ~12[2].
The amount of water in Nafion is typically obtained through fastidious weight
measurements in controlled humidity environments[1,38,39] and the EW of the PEM
is then used to determine A. Thus, one approach to relate the NMR signal to the
PEM water content is to acquire a series of 'H NMR microscopy images of an MEA
exposed to relative humidity values that are known to result in specific values of A.
A calibration curve could then be produced to relate the integrated NMR signal
intensities to the absolute water content of the PEM. The reliability of such a
calibration would be related to the reproducibility of the MEA preparation and
assembly of the PEMFC (e.g., catalyst loading, position of GDL, pressure of the fuel
cell assembly on the MEA). As well, the integrated 'H NMR microscopy signal

intensity is related to experimental parameters such as slice thickness and
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orientation, pixel size, the number of signal averages, efc.; therefore, a calibration
would have to be performed for each set of 'H NMR microscopy parameters.

The conducﬁvity (o, units S m7) of Nafion is known to improve with
increased PEM water content[1-5] (see Table 3-1). Conductivity is an intrinsic
property of a material, defined as the conductance (G, unit S) of a cross-section of
the material through a specific length. Accurate determination of the conductivity
of the MEA in an operating PEMFC may facilitate calculation of the amount of water
in the PEM. In practice the resistance or conductance is measured and to calculate
the conductivity, the cross-section (i.e., area) and thickness of the membrane must be
known. For Nafion, both parameters depend on water content[40]. As an
approximation, changes in the total resistance of the PEMFC circuit could be
attributed to changes in the conductivity of the PEM.

To investigate the existence of a correlation between MEA water content and
change in the PEMFC resistance, the portion of the dataset presented in Figure 8-4
from t = 9 min to ¢ = 70 min, during which H20(l) was not observed in the cathode
flow field, was used. Data where H2O(l) was visible were not used because changes
in the PEMFC power output may also result from mass transport limitations. Over
this period the power output varied from 12.8 to 18.1 mW and the integrated 'H
NMR microscopy signal intensity from the MEA ROI varied from 33 000 to 44 000
a.u. A plot of the measured PEMFC conductance versus MEA ROI signal intensity
revealed no obvious correlation between the parameters. The small currents
achievable from the PEMFC are likely a limiting factor in obtaining values of
conductance that reflect changes in PEM water content. The use of traditional
PEMFC diagnostic techniques such as current interrupt or AC impedance
spectroscopy may provide more accurate values of the instantaneous cell resistance

(e.g., separate from resistance due to activation polarization)[41].
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While a correlation may exist between MEA water content and the cell
resistance, using that approach to determine the absolute, or change in, water
content may be difficult due to the plethora of factors that affect the properties of
Nafion. For example, the conductivity of Nafion is also known to decrease at higher
temperature[2-4,42] and to be sensitive to pre-treatment[3,4,42] and pressure[5].
Furthermore, Cappadonia et al.[4] reported that the conductance of the hot-pressed
Nafion remains high even though the water uptake is much less than measured for
non-treated samples. As well, a recent '"H NMR investigation of water in several
Nafion membranes reported a persistent change in the signal linewidth and shape
after exposure of the membrane to temperatures above 358 K[6]. To investigate
further the feasibility of relating the resistance of an operating PEMFC to the
amount of water in the PEM, a thorough study of the effects of PEM pre-treatment
and MEA preparation on the water uptake and conductivity need to be completed.
8.5.  Conclusions

The research presented in this chapter investigated relation between the
integrated intensity of 'H NMR microscopy images and changes in PEMFC
operating conditions, and evaluated the feasibility of using the image intensities to
obtain the absolute water content in the PEM. The results presented demonstrate
that the integral of the 'H NMR microscopy image intensity in a ROI of area
approximately equal to the MEA/catalyst decal correlates well with the PEMFC
power density. The 'H NMR signal integrals are greater for the counter-flow gas
configurations than for the co-flow gas configurations, and in the co-flow
configurations the signal integral was greater at the outlet than at the inlet. In
addition, the signal integral was sensitive to Oz(g) flow rate and changes in the
resistance of the external circuit. Finally, the interdependence of the PEMFC power

output, water the PEM between the operating catalyst layers, and H2O(!) in the GDL
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and cathode flow field is complex. To pursue quantification of the amount of water

in the PEM based on the integral of the 'TH NMR signal intensity, further research on

the effects of PEM pre-treatment and MEA preparation on the water content and

conductivity need to be completed.

The interdependence of PEMFC performance on the properties of Nafion is

complicated; however, 'TH NMR microscopy provides a new diagnostic method for

the in-situ investigation of these phenomena and future studies will continue to

provide a better understanding of operating PEMFCs.
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Chapter9. Concluding Remarks

To achieve robust, high-performance PEMFCs, the amount and distribution
of water throughout the system must be understood and controlled. The
paramount objective of the research presented in this Thesis was to establish the
feasibility of using *H NMR microscopy to provide experimental insight into the
relationship between the water content in, and the performance of, operating
PEMEFCs.

The research presented demonstrates that TH NMR microscopy can be
applied successfully to investigate the distribution of water throughout an operating
PEMFC. PEMFCs capable of operating within the magnetic and RF fields required
for 'TH NMR microscopy experiments were successfully designed and constructed
(Chapter 4). The ability to acquire images from specific regions of interest with '"H
NMR microscopy (Chapter 5) facilitated the procurement of information relevant to
improve the understanding of operating PEMFCs. The results from 'H NMR
investigations of the operating 30 mm PEMFC presented in Chapter 6 revealed the
diffusion of water from the MEA into the surrounding PEM, and the transient
accumulation of H20(!) in the cathode flow field[1]. The "H NMR signal from water
in the carbon GDL was not observable, even with the use of SE-based experiments;
however, the lack of "H NMR signal in the GDL enabled the signal from water in the
PEM to be isolated from H20(]) that accumulated in the flow channels. Operating
the 30 mm PEMFC on dry gases, such that the MEA had to self-humidify, enabled
investigation of the effects of gas flow configuration and Oz(g) flow rate on the
amount and distribution of water the PEM between the operating catalyst layers[2].
As well, changes in PEM water content and the accumulation of H20(l) in the
cathode flow channels were shown to be correlated with the power output of the

PEMEC.
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The use of hydrogen-deuterium exchange was found effective to introduce
contrast in 'TH NMR microscopy images acquired from the PEMFC (Chapter 7)[3].
Saturating the PEM with D20(]) and then operating the PEMFC with Hz(g) as fuel
provided insight into the dehydration of the PEM. In addition, alternating between
Ha(g) and D2(g) as fuel introduced image contrast that enabled investigation of the
distribution and the rate of water exchange in the PEM while maintaining steady-
state operating conditions (i.e., constant external resistance and gas flow rates).

The integral of the 'H NMR microscopy image intensity from the region of
the PEM containing the catalyst decal was found to correlate with the power output
of the PEMFC (Chapter 8). As well, the integral of the image intensity responded to
changes in the gas inlet/outlet configuration, the Ox(g) flow rate, and the PEMFC
power density.

Critical advances have been made over the past several decades in
understanding PEMFCs and the development of systems for widespread
commercial use. Although a number of hurdles remain, the need to develop
alternative energy sources is increasing, and manufacturers have produced for
example, hydrogen-powered fuel-cell test vehicles[4]. Recent development and use
of methods amenable to looking inside an operating PEMFC have provided fuel cell
experts with physical evidence and images to aid in the understanding of these
dynamic and complex systems. The information obtainable with 'H NMR
microscopy regarding the interdependence of PEMFC operating performance, gas
flow configuration, gas flow rates, and water distribution is not available from other
techniques. "H NMR microscopy, the use of transparent fuel cells, neutron imaging,
and other methods evolving, are complimentary techniques for visualizing
operating PEMFCs. The data obtained from such investigations should be combined

to verify results and used, for example, to address limitations in water management,
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and to develop better models to understand water and gas transport in PEMFCs. 'H
NMR microscopy provides an opportunity to obtain unique, reliable, quantitative,
high-resolution information regarding the distribution of water throughout
operating PEMFCs. The diversity in the size and strength of widely available
commercial magnets for imaging systems, as well as accessories such as variable
temperature units, adds versatility and potential to research involving 'H NMR
microscopy of operating PEMFCs. NMR microscopy will continue to be an
enlightening tool for investigating the water distribution, materials, and designs of
operating PEMFCs.
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Chapter 10. Future Research Directions and Challenges

'H NMR microscopy is the only experimental technique by which regions of
interest in an operating PEMFC can selectively be visualized and investigated.
Performing the research and analyzing the results presented in this Thesis, and
sifting through the immense body of relevant literature has revealed the potential of
NMR microscopy to further the understanding of operating PEMFCs. This chapter
provides an overview of potential research directions and topics.
10.1. NMR Techniques

The 'H NMR microscopy investigations reported in this Thesis were
completed using Fourier imaging, FI, techniques. One of the limitations
encountered was the inability to detect the 'H NMR signal from water in the GDL as
aresult of rapid T2 relaxation (see Chapter 5) and the signal echo times on the order
of ms necessary for FI. The potential of NMR microscopy methods that enable a
shorter delay between signal excitation and detection, such as single-point
imaging[1] or projection-reconstruction[1,2] techniques, should be investigated.
10.2. Ha/O: PEMFCs
10.2.1. Water in the MEA

'H NMR microscopy investigations of the 30 mm PEMFC revealed that when
operating with dry feed gases, self-humidification of the MEA can occur in counter-
flow configurations, but the co-flow configurations dried the MEA at the gas inlets
(Chapters 6 and 7)[3]. Humidification of the anode gas stream is often used to
prevent dehydration of the MEA and improve PEMFC performance[4]; 'H NMR
microscopy studies of the 30 mm PEMFC operating in a co-flow gas configuration
with humidified Hz(g) are expected to reveal the existence of more uniform MEA

hydration in comparison to results obtained operating with dry gases.
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To further investigate the interrelation of MEA water content and PEMFC
power output, 'H NMR microscopy experiments could be performed with PEMFCs
operating under constant voltage and constant current conditions (i.e., allow the
power to change as a function of only current or only voltage). Such investigations
may reveal the individual effects of current and voltage on the MEA water content.
In addition, the use of a PEMFC with a larger catalyst decal (to achieve higher
currents) may better facilitate the investigation of the relation between MEA
resistance and the amount of water in the PEM.

Investigations with the 10 mm PEMFC and birdcage coil can attain better
resolution more rapidly; however, in the presence of the Toray TGP-H-060 carbon
paper, the thickness of the PEM visible between the catalysts was small in
comparison to the physical thickness. The influence of a thinner GDL, such as TGP-
H-030 (110 um) should be investigated.

10.2.2. Variable Temperature Studies

PEMEFCs are often operated at elevated temperature to improve catalytic
activity and PEM transport properties[4-6]. In large PEMFC stacks heat is generated
by the operating cells, and active cooling is required to prevent dehydration of the
PEM[4-6]. The research conducted in this Thesis was completed with PEMFCs
operating within the gradient unit maintained at 20 °C. The temperature range of
the gradient cooling unit is approximately 5 to 50 °C when using water as the
coolant. Although a narrow temperature range, some insight may be gained
regarding the temperature dependence of PEMFC performance as related to water
content and distribution. To determine accurately the operating temperature of the
PEMEFC, thermocouples should be incorporated in future designs.

A topic of concern with commercial PEMFCs, particularly with automotive

applications in cooler climates, is the cold- or freeze-start[4,7]. Apart from the
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practical aspects of starting a frozen PEMFC, the repeated expansion and
contraction of PEMs and PEMFC stacks can lead to failure of materials[8]. Crude
experiments could be completed simply by freezing the PEMFC prior to performing
'H NMR microscopy experiments. As well, variable temperature units for NMR
microscopy are commercially available.

10.3. Direct Alcohol PEMFCs

The use of alcohol fuelled PEMFCs is of interest for portable electronic
devices and transportation applications due to the liquid state of the fuel, and ease
of fuel distribution and refuelling[9]. For a direct methanol PEMFC, the reaction at
the anode is[9]:

CH,OH(aq) + H,O(l) » CO,(g) + 6H" + 6e (10-1)
The COx(g) formed at the anode from the oxidation of methanol emerges from the
GDL and must be removed from the flow channels or access of the catalyst to the
fuel may be blocked. To investigate these processes, PEMFCs have been constructed
from transparent materials to observe the formation of COz(g) bubbles at the GDL
surface and the subsequent transport in the anode flow channels[10,11]. The
potential of using NMR microscopy to reveal the space created by the CO2(g)
formed at the anode should be investigated. Preliminary results of a 'H NMR
microscopy investigation of similar phenomena in a direct formic acid fuel cell have
been reported[12].

Although Nafion is essentially impermeable to Hz(g) and O2(g), methanol can
readily be absorbed. As a result, the crossover of methanol from the anode to the
cathode is difficult to prevent[9]. If the chemical shift differences between the water
and methyl protons can be resolved in the PEMFC environment, chemical shift

selective imaging[2,13] may provide some insight into methanol crossover. Another
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approach to image selectively the 'H NMR microscopy image from only methanol
would be to use CHsOD in D20(]) as fuel with an MEA hydrated with D20. If the
PEMECs operate successfully on methanol as fuel, investigations with alcohols less
prone to crossover (e.g., 2-propanol) could be pursued.
10.4. PEM Pre-Treatment and MEA Preparation

The sheer volume of literature on the properties of Nafion and other PEMs,
experimental investigations of operating PEMFCs, and theoretical models is
overwhelming. Often a lack of consistency in PEM pre-treatment or the use of now
unavailable PEMs renders some of the early reports of little relevance. Several
studies that are critical and relevant to understand and improve the operation of
PEMFCs appear to be lacking. As is stated throughout the PEMFC literature, the
water content of PEMs such as Nafion is very sensitive to PEM pre-treatment[14]
and humidity[15,16]. As a result, the ionic conductivity of Nafion and the
performance of PEMFCs are also related to the PEM water content. Heat treatment
[16-18] and hot-pressing[17] are also known to change the properties of Nafion, yet
there is a lack of studies on the effects of MEA preparation on PEM water content,
the diffusion of water in the PEM, and the ionic conductivity. As shown in Figure
10-1 the intensity of the 'H NMR microscopy image in the region that was subject to

hot-pressing is different from the surrounding PEM.

Figure 10-1. 'H NMR microscopy image of the MEA and PEM surrounding the catalyst decal
that shows the different image intensity obtained from the hot-pressed PEM. GE image
acquisition parameters: Tr=200 ms, Te=2.5 ms, FOV =30 mm % 50 mm, MTX = 2567, pixel size =
117 pm x 195 pm, 64 averages, total experiment time = 54 min 36 s.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10.5.

New Materials and Designs

The results presented in this Thesis were obtained using PEMFCs with MEAs

constructed using the industry standard PEM, Nafion. Much effort, however, is

dedicated to the development of PEMs with, for example, improved conductivity or

decreased dependence of conductivity on membrane water content[19,20].

Similarly, other components of PEMFCs are continually being revised and improved

including the materials, coatings, and designs of flow channels[21] and GDLs[22,23].

'H NMR microscopy can provide a direct view of the effects of different materials

and designs on the resulting distribution of water throughout operating PEMFCs,

and should prove to be an effective tool to complement other fuel cell diagnostic

techniques.
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Appendix B. You and Your PEMFC
B.1. Maintenance

The most fragile part of both PEMFCs is the Au wire. When connected to the
RF shielded cables, excessive movement of the cables can bend and/or break the Au
wires. To add some rigidity to the wire on the 10 mm PEMEFC, Teflon tubing is used
to create a sheath over the wire prior to soldering the Au contact. Larger diameter
Teflon tubing is used as a sheath over the wire, contacts, the screws to add rigidity.
For the larger half of the 10 mm PEMEFC the wire has broken off at the screw
through which the wire runs and required the entire wire to be replaced. The wire
is 0.5 ﬁm diameter and 99.95% pure. When the wire in the smaller half of the 10
mm PEMFC requires replacement, the wire should be looped around the flow field
in a clockwise direction. In the existing counter-clockwise configuration the end of
the wire catches on the MEA during assembly of the cell and deforms the loop.
When the Au wire is replaced a new latex O-ring needs to be punched using the
appropriate dies (Figure B-1b). The screws through which the Au wire is placed

should be loosened/tightened with the tools shown in Figure B-2. For the 30 mm

Figure B-1. The stainless steel dies machined for punching the latex O-rings for use with the 10
mm PEMFC. a and ¢) for the inlet/outlet tubes, b) for the Au-wire.
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Figure B-2. The tools used to tighten or loosen the screws through which the Au wire is placed in
the 10 mm PEMEFC.

PEMEFC the Au wire tends to bend away from, or against, the side of the assembly.
The wire is 0.813 mm diameter 99.9% pure.

The O-rings punched from latex septa and used to seal the gas inlet/outlet
tubes on the 10 mm PEMFC are not very durable. Typically they have to be
replaced after each assembly/disassembly due to tearing caused from compression
of the O-ring against the threads by the screws. The O-rings are punched using the
dies shown in Figure B-1a and c¢. The Simriz O-rings used in the 30 mm PEMFC
have been durable in the highly acidic conditions against the Nafion. The only O-
rings that have been replaced are the Viton O-rings that are used to seal the gas
inlet/outlet tubes. These tubes will eventually crack and should be replaced
annually.

The TGP-H-060 used for the GDLs is brittle. After extended use or numerous
assembly/disassembly the materials will begin to soften and fray and should be
replaced. Replacement of the GDLs is recommended after each period of use and
disassembly. The carbon from the GDL will coat the ridges of the flow channels and
small pieces may break off and enter the flow channels. Prior to each assembly the

flow channels should be cleaned with triple distilled water and a Kim-wipe or Q-tip.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The four screws used to assembly the 30 mm PEMFC are machined from
nylon and are not very durable. Eventually the threads will strip and/or the screws
will stretch. A new set of screws is typically kept on hand. Remember to have at
least four new screws machined before using the last one.

B.2. Assembly
B.2.1. 30 mm PEMFC

The assembly of the 30 mm PEMEFC is completed most easily with the
inlet/outlet tubes detached. The only unique feature of the PEMFC is the holes on
the outside of one half of the cell. For consistency, the MEA is oriented such that
this half of the PEMFC is the cathode. Under an optical microscope (Prof. Mar’s lab)
the anode catalyst decal tends to look smooth with no scratches, but has a crackle;
the cathode usually looks scratchy and has a gray tinge.

The first time an MEA is used, wet it in triple distilled water, then place it on
one half the PEMFC assembly. Centre the catalyst decal over the flow field, make
holes in the PEM for the screws, and trim the PEM flush with the edges of the
assembly. After cleaning the flow channels, place a drop of triple distilled water in
each flow field and place the GDL over the flow field. The GDLs are punched with
the die shown in Figure B-3a. The surface tension of the water holds the GDL in
place. Seat the screws in the cathode half of the assembly and place the MEA
(cathode down) on top of the GDL and feed the screws through the holes in the
PEM. Now place this half of the PEMFC over the anode half (with the GDL already
in place) and tighten the four screws. Once assembled, the O-ring around the flow
tield holds the GDLs in place.

To attach the inlet/outlet tubes to the PEMFC, first feed each of the four tubes
through a screw and place an O-ring over each tube at the bottom of the screw. For

each tube and screw, feed the tube into the top of the PEMFC until it stops. Then
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Figure B-3. The stainless steel dies machined for punching: a) the GDL for the 30 mm PEMFC, b)
the MEA for the 10 mm PEMEFC, c) the GDL for the 10 mm PEMFC, and d) a larger GDL for the 10
mm PEMEC (typically too large).

slide the O-ring down the tube and use fine-point tweezers to push it into the socket
for the screw. Once the O-ring is seated, the screw can first be hand-tightened, and
then tightened with a large pair of tweezers with ridges or a pair of needle-nose
pliers that grip the screw heads. Once assembled the cell is submerged in a beaker
of triple distilled water and tested for gas leaks.
B.2.2. 10 mm PEMFC

Assembling the 10 mm PEMFC is tricky, and can often take the better part of
a day before successfully completed. To ensure that the flow field patterns are
properly aligned, a jig was machined to hold the two halves of the PEMFC in place
(see Figure B-4). Note that there are stainless steel dies for punching out the MEA
and GDLs (Figure B-3b and c). The size of the catalyst decal and die are such thata
small ring of PEM will remain around the catalyst decal. This small ring of PEM is
necessary to make an effective seal against the O-rings surrounding the flow
channels. The steps outlined below are what I have found to provide the best

assembly-success rate.
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Figure B-4. The jig used for assembling the 10 mm PEMFC,

The first step is to ensure that the flow channels are clean and that the O-rings
are seated properly around the Au-rings. The GDLs are sized appropriately to fit
within the O-rings, and keeping them is position is the key to a successful assembly.

If a GDL breaches the O-rings the PEMFC will leak. Place a drop of triple distilled
water into each flow channel and then seat the GDLs over the flow fields. Next,
place the MEA on top of the GDL that is seated over the flow channel of the larger
half of the PEMFC, i.e., on the pedestal. Hold this half of the PEMFC up-right.
Bring the smaller half of the PEMFC (with the GDL seated within the O-ring) down
on top of the larger half of the PEMFC and slowly twist the assembly together. For
the flow channels to be aligned properly the Au wires existing the PEMFC also need
to be aligned; therefore, finger-tighten the assembly as much as possible while
maintaining the alignment of the Au wires. This is the period during which the
GDLs may become misaligned. Unfortunately you won’t know for sure until the
cell is completely assembled and tested for leaks.

Now the assembly jig is required. To use the jig the Teflon tubes over the Au

wire screws and the screws sealing the inlet/outlet tubes and latex O-rings need to
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be removed. You will notice that the head of the screw sealing the Au-ring on the
larger half of the PEMFC is larger than the screw used on the other half of the
PEMFC. Similarly, on the assembly jig, only one end has a slot large enough to
accommodate the larger screw head. In addition, this end of the jig has longer pins
(Note that the pins can fall through small holes in your pocket, at which time you'll
have to ask for new ones to be machined). The PEMFC is seated in the jig and the
pins are pressed into the sockets for the inlet/outlet screws. On the outside of the
smaller half of the PEMFC there are two flattened regions. These are to enable a
wrench to be used to tighten the cell. To prevent slipping the flat regions were
machined to match the Craftsman 10 mm wrench shown in Figure B-5.

To attach the inlet/outlet tubes to the 10 mm PEMFC, the same process as
described above for the 30 mm PEMFC is followed. The only difference is that the
latex O-rings used usually need to be replaced after each assembly/disassembly. If
the PEMFC leaks from the main assembly (i.e., not around the inlets/outlets), the cell
must be disassembled and you'll likely find a deformed GDL. Use the appropriate
die to punch new GDLs and repeat the assembly process.

When placing the 10 mm PEMFC in the 10 mm diameter birdcage resonator,
two components are required to centre the cell in the coil. Depending on the

orientation of the PEMFC one of the two shims shown in Figure B-6a and b are

Figure B-5. The wrench used for tightening the 10 mm PEMFC assembly while in the jig.
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Figure B-6. a and b) the shims used to centre the MEA of the 10 mm PEMFC in the 10 mm
birdcage resonator. c) the platform placed in the top of the probe-head, below the 10 mm PEMFC,
to enable the inlet/outlet tubes and RF shielded cables to reach the PEMFC.

required. As well, the platform shown in Figure B-6c¢ is placed in the probe-head
below the coil; the hole is required for the inlet/outlet tubes and the RF shielded
cables.
B.3. Conditioning

Whenever a new MEA is used the PEMFC should first be filled with triple
distilled water to hydrate the PEM. The cell should then be operated with low gas
flow rates (e.g., H2(g) @ 5 mL min? and O2z(g) @ 2.5 mL min-, or less) with out an
external resistance. When the cell potential reaches ~1 V, the smallest current
possible with the variable resistor (i.e., ~1.7 mA) should be drawn from the cell for 24
to 48 hrs, with the measurement of a polarization curve. After this initial
conditioning period the cell should be operated with moderate currents such that
the cell potential does not drop below ~0.7 V. The MEA used in this research has
been used for approximately 18 months without noticeable degradation in the
performance.
B.4. Long-Period Operation

The 30 mm PEMFC has often been operated continually for extended periods

of up to several weeks. When leaving the PEMFC unattended, the operating
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conditions should be chosen such that extensive dehydration or flooding of the
cathode flow field does not occur. In practice the 30 mm PEMFC has not been left
for extended periods (e.g., overnight) with I >40 mA or with Ozx(g) flow rates>10 mL
min?. Keep in mind that each MEA may have slightly different performance

characteristics.
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Appendix C. User Scale Mapping of Image Intensity

In ParaVision after acquisition of a dataset the image is automatically
reconstructed. The parameters used for reconstruction available in the Parameter
Editor for RECO_IN window accessed through the Spectrometer Control Tool under
the menu Reco, submenu RECO Edit. The pixel intensities are determined by
mapping the largest source signal in the dataset to the maximum value of the chosen
scale. For example, for RECO: output word size = _16BIT_SGN_INT, the maximum
value is 32767. The default selection for RECO: output mapping is
ABSOLUTE_MAPPING which ensures that the dynamic range of the parameter is
used for the dataset and each image in a dataset (e.g., from different slices) is
mapped with the same parameters. However, when the images are displayed in the
Image Display and Processing window an 8 bit scale is used and each image from a
particular dataset is displayed such that the display dynamic range is used, i.e., the
image intensities are not comparable. To compare the intensity of images from the
same reconstruction in the Image Display and Processing window, the intensities must
be rescaled manually by accessing the Rescale Dialog through the View submenu
Window Image Intensity. In the Rescale Dialog, select the user defined rescaling type
and set the absolute upper interval to the maximum value observed in the dataset
(i.e., check this value for each of the images you wish to compare and use the largest
value). This is the RECO_map_max value found in the reco file for that
reconstruction (e.g., /opt/xwinnmr/data/user/nmr/dataset/reco/exp#/pdata/reco#/reco).
When all images from a particular reconstruction are displayed with the same
Window Image Intensity parameters, then the image intensities as shown in the Irmage
Display and Processing window are comparable. Once user defined rescaling is

selected the parameters can be copied between displayed images by holding down
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the i key and the middle mouse button and dragging the Int. Scaling User Def. box
that appears to another image.

Often in experiments of the operating PEMFC we wish to compare the
intensities of images between datasets. This requires reconstructing the datasets
with user defined output mapping. To reconstruct an image with different
parameters the dataset should first be copied using the Clone Reco shortcut menu
(i.e., right mouse button) accessible from the dataset selected in the Scan Control
window. After cloning the dataset, in the Scan Control window the comment will
read NOT RECONSTRUCTED rather than COMPLETED. As mentioned above,
different mapping options are available in the Parameter Editor for RECO_IN window
under RECO: output mapping. To reconstruct images with the same output mapping
RECO: output mapping = USER_SCALE_MAPPING is used. Two parameters can be
defined, RECO: output slope and RECO: output offset. The offset is left at O, but the
slope must be defined. The RECO: output slope is the factor by which the
RECO_map_max value is multiplied by to obtain the maximum allowed RECO:
output word size. To determine the value for RECO: output slope, one must first
decide which datasets are to be compared, typically a series of experiments acquired
with the identical parameters but at different times. Then, from the original
reconstructed datasets, the minimum value of RECO_map_slope (also in the reco ﬁle,‘
the location of which is described above) must be determined for the datasets which
are to be compared. The minimum value of RECO_map_slope (or rounded down) is
the value to be used for the RECO: output slope. After each dataset is reconstructed
with the same mapping parameters and the datasets are loaded in the Image Display
and Processing window, the final step is to rescale the Window Image Intensity as

described above.
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To access the dynamic range of the reconstructed image intensity defined by
RECO: output word size, rather than the displayed dynamic range, the pixel
intensities must be exported to an ASCII file. This is achieved through the
convert_2dseq2csv macro available in the ParaVision Macro Manager under the
category Bruker. I find SigmaPlot very effective for creating 3D plots from these

datasets.
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