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Abstract

The recent wave of interest in sustainability has brought the benefits of fuel cells into the
public sphere. Polymer electrolyte membrane fuel cells provide clean and renewable energy, but are
subject to degradation. Given the possibilities for use in remote applications, it is necessary to
understand and minimize degradation of fuel cell components. Here we analyze common types of
degradation resulting from flooding and unusual current distributions in self-draining channel-less
fuel cells. Using scanning electron microscopy and energy dispersive x-ray analysis, we show that
both flooding and aberrant current distributions do increase the rate of degradation of the
membrane electrode assembly. In addition, the current distributions at the anode and cathode are
initially equivalent, but anode currents are much more sensitive to small perturbations to the system
than the cathode, except in cases of flooding. This suggests that the cathode reaction sites are
inherent properties of the membrane electrode assembly structure. If these systems are
implemented, the disconnection of a single pillar or equivalent could lead to failure. Furthermore,
particular orientations are more susceptible to flooding using this design. If these two characteristics
increase degradation rate, improved water removal and stability systems may need to be added to

maximize performance of this fuel cell design.
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1. Introduction

The dual concerns of global warming and dependence on foreign sources for energy has
spurred national action towards finding clean and renewable energy alternatives. Fuel cells produce
usable energy from hydrogen and oxygen while yielding only water as a byproduct, thus providing
clean and renewable energy option. Although there are many fuel cell types, polymer electrolyte
membrane fuel cells (PEMFCs) fit best within the current energy infrastructure because of their low
operating temperatures, high power density, and energy efficiency'.

Recently, much effort has been directed towards optimizing catalysts, membranes and gas
diffusion layers (GDLs) and combining them to create improved membrane electrode assembles
(MEAs). As prototypes near targets for field testing, the research and development focus has shifted
to examining degradation of materials’. Many of the possible uses for fuel cells involve remote
applications, including unmanned aerial vehicles, small autonomous robot vehicles, unattended
ocean sensors and transponders'. Since part replacement is significantly more difficult in these cases,
minimizing degradation is key. Degradation is frequently associated with undesired oxidation
reactions that occur when gas and liquid water co-exist in flow channels or in the GDL. For the
scope of this research, the water accumulation effects on material degradation in the cell will be the
primary focus. Water management itself is a significant engineering challenge since the hydration
state of the MEA must be controlled for optimal operation. When working with dry feeds, flow
fields must be properly structured such that the water produced in the cell can mix with the dry
reactant gas feeds. This has been accomplished using a channel-less flow field that promotes back-
mixing to allow operation at 115°C with dry feeds at 2 bar’. In contrast, serpentine or parallel flow
channel designs require humidification to operate at elevated temperatures because of drying fronts.

Despite water management, liquid water condensation in PEMFCs creates fluctuations in the

current and voltage output. This suggests that the assumption of uniform corrosion in the fuel cell is



invalid. In support of this claim, it has been shown that water accumulates in corners and in areas of
the flow channels from gravity!, and segmented anode studies have shown that liquid drops and
slugs form periodically at the same location and grow until they are pushed from the channel’”.
When these drops block the gas flow, downstream current can decrease from reactant starvation at
the membrane-clectrode interface. A secondary focus of this research is to determine the
characteristic flow patterns in the self-draining fuel cell and use these to predict resulting degradation
from varying current distributions.
2. Goals

This thesis examines the effects of water flooding on the local current density in parts of the
electrode, which leads to lateral potential variations. These potential variations can contribute to
corrosion by starving parts of the MEA of reactant gases. The amount of corrosion is measured
using a combination of scanning electron microscope images (SEM) and element maps using energy
dispersive x-ray analysis (EDX), a recommended ex sizz method of testing cell durability®. This
corrosion is quantified by the amount of carbon support that was degraded and/or the amount of
platinum that was dissolved or sintered. The amount of corrosion is also compared to the effective
potentials at the electrode during operation using the model developed by Chia et al.’
3. Background
3.1 Fuel Cell Operation and Materials

The PEMFCs used for this work operate at room temperature. The majority of PEMFCs
use Nafion membranes which are impermeable to gas diffusion, possess a higher acidity and are
more stable than alternative membranes. Nafion consists of a hydrophobic backbone that has a

polytetrafluoroethylene structure (PTFE, Teflon) with hydrophilic sulfonic acid side groups.



The two main reactions in the fuel cell are as follows'":

O, + 4H" + 4¢ - 2H,0 E,=1.229 V (Cathode) 3.1.
H, » 2H" + 2¢ E, =0V (Anode) 3.2

The conductivity of the membrane allows the protons to travel across the membrane from the
anode to the cathode, allowing the above reactions to take place. Membranes are usually water filled
to maintain high conductivity in the sulfonic acid membranes. Water in its liquid or gaseous form is
a product of the reactions at the cathode as seen in reaction (3.1); however, there is some diffusion
of water within the cell.

A characteristic cell MEA comprises a carbon-supported noble metal catalyst such as
platinum, an ionic conductor such as Nafion, and a water repelling agent such as Teflon. The
purpose of each of these components is discussed below.

The electrodes in PEMFCs ensure the supply of the reactant gases to the active zones where
the catalyst is in contact with the ionic and electronic conductor. In the experiments discussed here
and in much of literature, fuel cells use noble metal catalysts on high surface area carbon as the
active catalyst layers''. The carbon support enables the uniform dispersion of platinum
nanoparticles, retards the sintering or agglomeration of these particles, and provides electronic
continuity'"’. The dispersed platinum nanoparticles form the thin catalyst layer on the carbon surface,
typically with a platinum loading on the order of 0.4-0.6 (mg/cm?) '*'*,

The catalyst layer is where the electrochemical reaction takes place. There are three kinds of
species that participate in this reaction: gases, electrons, and protons, which must all be present for
the reaction to occur'. Electrons travel through the conductive catalyst and carbon support, protons
through the ionomer, and the gas through the electrode pores. Thus, the catalyst particle on the
carbon support, the ionic conductor and the gas (reactant) supply come together at the three phase

boundary (Figure 1).



This three phase boundary is created by impregnating the
catalyst/support with an ionomeric binder before pressing the
electrode onto the membranes. This ensures that most catalyst

particles are in contact with ionomer chains that have an ionic

connection with the membrane. Studies have shown that applying

Figure 1. Three Phase Boundary
Diagram of three-phase boundary
desited in membrane electrode
assembly

solubilized Nafion in a mixture of alcohols increases the active

surface area and reduces the charge transfer resistance per square

centimeter'”.

Finally, the reactant gases diffuse through the GDL and the carbon support to the catalyst
particles. When the fuel cell uses humidified gases, the GDL must be sufficiently hydrophobic to
prevent flooding of the pores. This is accomplished through the introduction of a water repelling
agent. The GDL typically consists of carbon cloth (woven carbon fibers) or carbon paper (pressed
carbon fibers). The former has 3-5 fold higher gas permeation rates, although the latter provides
increased stability and stiffness. Carbon cloth electrodes were used for all experiments described in
this work. Adding a surface layer known as the microporous layer (MPL) onto the ordinary substrate
layer has been shown to improve water and gas management of the whole GDL structure'. This
MPL consists of carbon or graphite particles mixed with a hydrophobic agent such as PTFE that
acts as a binder. The difference between the MPL and the GDL comes from differences in pore
size, since the MPL has pores between 100-500 nm and the GDL has pores between 10-30 um'* ™.
3.2 Mechanisms of Membrane Electrode Assembly Degradation

Degradation of fuel cell components significantly reduces the lifetime of the overall cell.
There are multiple degradation mechanisms, including cathode catalyst degradation from particle

. . . 17 . . . .
sintering and catalyst support corrosion . Here we discuss degradation mechanisms for each main

fuel cell component.



3.2.1 Carbon Support Degradation

Although carbon supported catalysts are more stable than non-supported catalysts in
preventing catalyst agglomeration during cell operation'’, degradation can still occur. Carbon is
oxidized at potentials near the open circuit voltage of a fuel cell (1.0 V), and this oxidation rate
increases with the potential. Carbon support oxidation has been shown to occur during start-up and
shut-down conditions in proton exchange membrane fuel cells, when a H, front displaces air in the
anode compartment after long shutdown periods and momentarily increases the local cathode
potential to much higher values (0.6-1.4 V)". At this potential, the carbon support may corrode
completely in a few hours. Other corrosive conditions include high water content, low pH (<1),
high temperature (50-90°C), and high oxygen concentration'’. The principal reaction to describe
electrochemical oxidation of carbon in aqueous solutions is™"

C + 2H,0 = CO, + 4H" + 4¢ 0.207 V 3.3.
These degradation patterns have been previously observed in cells operating at 80°C, 100% relative
humidity and 150 kPa. Fortunately, this reaction has relatively slow kinetics, allowing the use of
carbon in fuel cells. Similarly, it has been shown that on Vulcan XC-72, carbon surface oxidation
occurs at 65°C and 0.8V. This mechanism is related to local hydrogen starvation'”.

This work explores whether a similar starvation situation can arise from the presence of
liquid water. Liquid water creates mass transport resistance for reactants to get to the MEA, which
both reduces local current density and leads to local lateral potential variations that contribute to
corrosion. It is not clear if these lateral potential variations can increase local potentials to corrosive
levels. Conversely, lateral currents can also arise when the local water concentration is depleted,
since higher membrane resistance causes currents to bypass high resistance areas. Drying fronts
from this phenomenon have been previously observed’. These fronts can incite degradation and lead

to failure of the cell.



Furthermore, in all of these corrosive situations, the presence of platinum could accelerate
the carbon corrosion rate. The role of platinum in carbon support corrosion has been previously
tested with carbon supported catalysts samples held at moderate temperatures (125-195°C) under
dry air conditions'". These tests showed that platinum particles could catalyze the combustion of the
carbon support, and that net corrosion is more severe in locations where the platinum particles
reside. This leads to weakened attachment between the platinum particles and the carbon support,
leading to faster platinum particle agglomeration”. The presence of platinum has a consistent effect
on carbon corrosion at ordinary operating voltages of 0.4-0.7V, but is more significant when
portions of the cell experience higher potentials, causing the carbon support to rapidly corrode”.
The altered carbon oxidation reactions with platinum catalysts are as follows™:

C+ H,0O - CO,,+2H" + 2¢ (>0.3V) 3.4.
Pt
CO,+ H,0 = CO, + 2H" + 2¢ 0.8V 3.5.

surf
This corrosion has been found to significantly reduce overall fuel cell performance”. In
addition to this performance drop, studies have shown that degradation of the carbon support is
manifested in other quantifiable ways. For example, CO, emissions from Pt/C catalysts were higher
than in carbon-only electrodes, although this effect was less pronounced at temperatures above
50°C*. The importance of water effects are reinforced by evidence suggesting that carbon
degradation increases under humidified conditions™.
3.2.2 Platinum Catalyst Degradation
In addition to corrosion of the carbon support, studies have also shown degradation of the
platinum catalyst itself. The reduction of active platinum surface area is accelerated if the electrode
potential is continuously cycled between oxidizing and reducing conditions, which best mimic the

real-life operating conditions™. The degradation is more pronounced in the cathode, because the

oxygen reduction reaction has much slower kinetics than the H, oxidation of the anode side’. This



reduction reaction can be visualized by examining the growth of platinum particles and dissolution
of platinum in the membrane phase'”.

Major platinum area losses occurring due to dynamic operating conditions lead to significant
performance losses similar to those seen with carbon corrosion. This follows from the fact that the
electrocatalytic properties of platinum are dependent on crystallite size and a change in platinum
surface area is expected to result in a performance loss™. A kinetic model for this oxidation and
dissolution has been proposed, using the following electrochemical reactions™:

Platinum dissolution
Pt = P + 2¢ 1.188 V 3.6.

Platinum oxide film formation

Pt + H,O - PtO + 2H" + 2¢ 0.980 V 3.7.

Platinum combustion at the cathode

2Pt + O, = 2PtO 3.8.

The oxidation of platinum was observed at potentials as low as 0.6V, and Pt*" ion
concentration increases most rapidly at 1.1V*. However, it has been found that platinum stability
reaches a peak at intermediate potentials, around 0.95V at the cathode. This supports that startup
and shutdown conditions exacerbate corrosion. Platinum particle growth during fuel cell operation
has been observed and leads to decreased catalyst surface area. Similarly, previous experiments have
shown that the catalyst particle size distribution shifted during operation, increasing from 3 nm to 4
nm in only 300 hrs and to 5 nm after 4000 hours with a current density of 1.5 A/cm® at 100°C>.
The underlying mechanism of platinum area loss in the cathode is based on the Ostwald ripening
mechanism on the carbon support and platinum precipitation in the ionomer phase.
3.2.3 Gas Diffusion Layer and Microporous Layer Degradation

As discussed eatlier, the GDL and MPL are responsible for gas phase transport, electronic

contact, heat removal and water removal. Although the carbon in the catalytic layer can corrode, the



carbon black in the MPL is not susceptible to electrochemical corrosion and does not contain
platinum to catalyze oxidation reactions. However, surface oxidation from contact with water during
flooding and loss of carbon via oxidation to CO and CO, has been seen in earlier experiments®’. In
some cases, the hydrophobic coatings used in the GDL and MPL have also undergone losses from
decomposition”. These latter degradation mechanisms caused the GDL and MPL to lose their
hydrophobic character, changing the pore structure of the materials. This degradation has been
shown to increase the water content of the GDL and MPL and thereby block gas phase mass
transport through the pores.

3.3 Flooding Effects and Modeling

In preparation for the examination the effects of flooding on electrode degradation, typical
patterns of water flow and water management were studied. PEM fuel cells operate below the
boiling point of water and thus allow condensation that may restrict gas delivery or block the catalyst
active area’. This build-up of water is referred to as flooding.

The modeling of flooding effects at the cathode will be accomplished by using relationships
previous presented by this lab’. Flooding causes water to accumulate within the catalyst layer of the
GDL, creating additional mass transport resistance for the O, gas in the chamber. In an ideal fuel
cell, there would be no flooding to block mass transfer allowing for a mass transfer coefficient at the
cathode, &7 of 5.8 X 107 mol/m*s-Pa. With liquid water formation, this mass transfer can
approach a smaller minimum rate coefficient, £/ of 5.8 X 10" mol/m’-s-Pa. This relationship
between mass transfer coefficient and water formation is shown in equation (3.9); where »,””
indicates the maximum moles of water that can be contained at the CL/GDL interface and 7,

represents the moles of liquid water present in the GDL:

max
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1+ (k8 — kgt 3.9.
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There are additional parameters that are affected by the conditions in the fuel cell. For example, at
steady state, the rate of mass transfer to the catalyst is equal to the rate of reaction at the catalyst
surface. As a result, the reactant partial pressures at the electrode-electrolyte interface are reduced
relative to those partial pressures within the flow field due to mass transfer across the GDL. Using
the values for &, calculated from 3.8 and estimated values for £, of 5.8 X 10° mol/m*s-Pa, these
new pressure values can be calculated from local currents (7) using equations 3.10 and 3.11:

i

2Fk A
i

4Fk, A

where F represents Faraday’s constant, and A4 is the cross-sectional area of the GDL.

PGSt = Py, — 3.10.

P((j‘;lt — PO2 _ 3.11.

Since the fuel cell will be only partially flooded at any given time, the effective fuel cell voltage may
be calculated to determine if corrosive conditions are present. By treating the electrochemical
reactions at the anode and cathode as chemical diodes and applying typical Butler-Volmer kinetics,
the local potential difference (I”;) can be determined from the local current (5 through the

following relationship:

3.12.

2
Vee =V, =V, (1 + L) + E In (PILCI?'Z”Ode/PT) (ng.iathode/PT)
Fe= o T I\, T aF Za

where 1, is the thermodynamic potential at standard conditions, P; is the total pressure in the flow region, I} is the

diode threshold voltage, 1, is the diode saturation current and 4, is the water activity in the GDL.

4. Experimental Methods

In the PEMFCs used for these experiments, the flow fields were specifically designed to
measure local current density with the ability to independently measure electrode corrosion and
membrane-electrode assembly degradation under well-defined conditions. The fuel cell and the

procedure shown here is adapted from Kimball et al.



The fuel cell tests were completed using a self-draining channel-less fuel cell. The cell used
consisted of two polycarbonate plates flanked by aluminum plates on the outside, with each set of

polycarbonate and aluminum plates in the arrangement shown in Figure 2A.
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Figure 2. Fuel Cell Components and Configuration:
A. Polycarbonate plate with diamond cut from center. In this diamond region, nine screws are placed to create a
distributed electrode for current contact. Beneath the polycarbonate plate is an aluminum plate of the same size. These
two plates are bonded to one another before use. The fuel cell is created from placing an MEA between two
polycarbonate plates, flanked by two aluminum plates. The cell is then secured by inserting screws in the locations shown.
B. The fuel cell structure described in (A) is placed into the system shown here at PEMFC with co-current inlet gas flows
and outlet flows as shown. The dashed line denotes the system boundary. C. Order of components in MEA. Platinum is
on the carbon electrode surface for process A and on the Nafion membrane surface for process B. The dotted lines on the
gasket image indicate that a diamond is cut from the center of the silicon gasket to match that on the polycarbonate plate.
The carbon electrode is the size of the diamond region, whereas the Nafion membrane extends %4 beyond the electrode
on each side. D. Labeling and placement of the screws in the distributed electrode of the gas plenum region described in
(A). In this configuration, (1-9) are labeled, with “A” denoting the anode side and “C” denoting the cathode side.

The MEA is placed between the two polycarbonate plates. A 3.175 cm X 3.175 cm diamond was cut
out from the center of each polycarbonate plate to create a gas plenum or gas mixing region, with
nine 4/40 screws for cutrent collection in the locations shown in Figure 2D. The anode and cathode
flow regions were on the same plane and terminated at a 90° angle that connected to a tube fitting
adapted to 1/8” PTFE tubing at the top and bottom of the diamond flow regions, (1) and (9),
respectively. The top tubing connected to inlet and the bottom tubing to the outlet mass flows. The

lead wires from each screw connected individually to a 0.1 Q sensing resistor, R The nine leads

sense’
from the sensing resistors on the anode were connected together and a common lead was connected
through a 0-20 €, 10 turn potentiometer to the common lead from the nine sensing resistors on the
cathode side. This fuel cell was operated with an external load resistance of 0.5 Q for the
experiments described here.
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A computer data acquisition board, interfaced using LabView, read the voltage drops across
the load as well as across each sensing resistor. The tubing from the gas flow channel outlets were
bled into 10 mL graduated cylinders with a small hydrostatic head (~2-3 cm H,O) to maintain the
cell pressure at 1 bar. This ensured that reactant gases did not back diffuse into the flow channels.
This full apparatus is shown in Figure 2B. Gas bubbles leaving the cathode and anode were also seen
in the cylinders, allowing visual identification of reactant excess or leakage. All the results reported
here are for fuel cell operation at 20-25°C; the vapor pressure of water is sufficiently low (~0.025
bar) such that convection of water vapor is negligible, and all water transport is by liquid flow.

4.1 Method for Constructing Membrane Electrode Assembly

Two MEA constructions were used in these experiments. For the preliminary study, the
MEAs used were constructed using Nafion 115 membranes with dimensions of 4.45 cm X 4.45 cm,
carbon cloth GDLs, and silicon gaskets. The GDLs used were ELAT V2.1 Carbon Cloth (BASF
Fuel Cell, Somerset, NJ) with the catalyst (0.5 mg/cm” of 20 wt% platinum on Vulcan XC-72)
applied on one side. The dimensions of the electrodes were 3.175 cm X 3.175 cm, giving a total area
of 10.08 cm’. These electrodes were first painted using 5 wt% solubilized Nafion (Ion Power, New
Castle, DE) and then baked in an oven for 1 hr at 70°C. The membranes used were first cut to the
requisite size and then activated by boiling in 3% H,O, and 1M sulfuric acid. These activated
membranes were stored in deionized water until pressing. All the components for the MEA were
placed together in the order shown in Figure 2C between two sheets of Teflon. This assembly was
placed in the metal press where it was heated from 70°C to 140°C. At 140°C, 2 tons of pressutre was
put on the assembly for 90 seconds to press it together. The MEA was removed and left to cool to
room temperature to allow polymer creep to take place and create the necessary structures for fuel
cell operation. Pressed MEAs were stored at 100% relative humidity until use, and will be referred to

as “process A MEAs”.
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However, process A MEAs cannot be delaminated after use in the fuel cell. Since the
degradation effects cannot be studied without delamination, a second process was adopted that did
not require hot pressing”’. The same dimensions of Nafion 115 membranes, carbon cloth GDLs,
and silicon gaskets were used. The GDLs in this case were ELAT V2.1 with no catalyst added
(BASF Fuel Cell, Somerset, NJ). Catalyst slurries were prepared by sonicating 275 mg ETEK 20
wt% platinum on Vulcan XC-72 (BASF Fuel Cell, Somerset, NJ) in 1.56 grams solubilized Nafion
and 7 grams acetone for 30 minutes using an ultrasonicator at 0.04 rms-watts. Although the
activated membranes were stored in deionized water as with process A, prior to spraying they were
dried at 80°C for two hours. This ensured a flat spraying surface for uniform coverage. After the
membrane was secured with an aluminum frame, the catalyst slurry was sprayed onto the Nafion
surface using nitrogen as an airbrushing gas; yielding platinum coverage of 0.5 mg/ cm” and ionomer
concentration of 0.7 mg/cm®, as recommended”. This catalyst coated membrane was dried between
sheets of polypropylene at 80°C for 15 minutes. The remaining structure in Figure 2D was
assembled within the fuel cell structure itself at 25°C. MEAs created by this process are referred to
as “process B” MEAs.

4.2  Fuel Cell Configuration and Operation

Each of the following experiments have been completed using a self-draining, channel-less
tuel cell using stoichiometric flow rates of 3.5 sccm O, and 7 sccm H, and a load resistance of 0.5
at 20-25°C. As with earlier experiments, there is variability in the internal resistance among MEAs,
particularly between process A and process B MEAs. The variance in current values from variable
internal resistance remained within 10%. To best approximate configurations that lead to varying
degradation profiles, four main orientations were used: (1) Vertical Configuration I, (2) Vertical
Configuration 11, (3) Horizontal Configuration I and (4) Horizontal Configuration II. Regardless of

orientation, the inlet gas flows were always co-current for the data presented here, reactant gases
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enter at segment (1) and product water exits at segment (9). In a position referred to as Vertical
Configuration I, the inlet flows are at the top of the cell and in the direction of gravity such that
both inlet flow and water drainage are gravity-assisted. Region (1) is at the highest point, whereas
region (9) is at the lowest point. This position is the self-draining orientation. In a second position
referred to as Vertical Configuration II, the reactant inlet flows are against gravity. Region (1) is at
the lowest point and region (9) is at the highest point.

For this research, only two of the three possible horizontal orientations were tested. This
modification was made based on previous observations’ that fuel cells oriented with the cathode
below the anode and with the two electrodes on the same plane behave identically. In Horizontal
Contfiguration I, the fuel cell is on its side such that the cathode and anode are on the same plane. In
this orientation, region (4) is at the highest point and region (6) is at the lowest point in the cell. In
Horizontal Configuration II, the fuel cell is on its side such that the anode is on a lower plane than
the cathode. In this orientation, all of the locations on each electrode are at the same height. All
MEAs maintained the same side used as the cathode and as the anode for the entire period of
operation.

After use, each MEA was removed from the cell and cut with a razor blade to divide the
electrode into nine sections mirroring the regions shown in Figure 2D. Each of these subsections
was divided into two, one for the anode side (labeled as 1 A for the top electrode), and one for the
cathode side (labeled as 1 C for this same location). For each orientation, current-voltage (IV)
curves were obtained, and were used to determine which regions are actually flooded without taking
the cell apart or by visual inspection. After the cells had run for at least 24 hours, the current and
voltage were measured as the external load resistance was increased from the lowest setting (~0.015
Q) by 0.5 Q every fifteen seconds to produce these curves. This speed is rapid enough to minimize

the effects of changing water content on the membrane®. These same segments that are shown to
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have flooded using this technique were starved for hydrogen™”"*

and may be correlated with EDX
maps for corrosion. Furthermore, images have been taken to visually observe any possible flooding.
5. Results and Discussion

5.1 Effect of Nafion Impregnation on Electrode Structure:

The carbon cloth electrode used in the configuration shown in Figure 2C contains a carbon-
fiber bundle weave layer or GDL, a thinner MPL, and sometimes a final catalyst layer (CL). Since
methods for pressing MEAs involve various processing steps prior to use in the fuel cell, it was
necessary to account for any morphological effects incurred from processing. For this reason, we
compared the surface of a new GDL (ELAT V2.1, 20% Pt) with one that had been impregnated
with Nafion. The relative thickness of each component in the MEA is included in Appendix A.

Figure 3 shows new electrodes alongside impregnated carbon cloth electrodes. EDX
mapping was used to differentiate between the carbon support, the Teflon used to induce
hydrophobicity, the platinum catalyst layer and the solubilized Nafion that had absorbed on the
surface (Figure 3A, B). This was accomplished by mapping carbon, fluorine, platinum and sulfur
peaks.

Sulfur allows differentiation between Teflon and Nafion, since the sulfonic acid groups are
not present in the Teflon polymer; however, not all of the samples showed sulfur peaks since
Nafion is only present after the GDL is impregnated. In the case of multiple peaks, only the
strongest peak for that element was used, since it is rarely necessary to consider all emission lines”.
The sulfur regions in Figure 3B are in the same regions as the carbon, leading to more intensely
colored bundle weaves than seen in Figure 3A. From these two images we can see that the Nafion is
spread over the entire surface even on GDL layer, which is not directly impregnated. However, the
Nafion impregnation step does not induce any significant structural changes on the GDL region.

More striking changes are seen on the reverse side where the catalyst layer is found.
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Figure 3. Effects of Nafion Impregnation on Gas Diffusion Layer: For cach A-D, the left image is ordinary
SEM image and the right image uses overlay technique to superimpose elemental maps of carbon (red) and fluorine
(yellow) and occasionally sulfur (purple) and platinum (orange) onto the image. All images are at 27X magnification,
20 kV beam intensity®, and a working distance of 10 mm. A and B show the GDL layer with carbon fiber bundle
weave, C and D show the MPL/CL layet. A and C ate new electrodes that have not been used, B and D ate
electrodes that have been impregnated with solubilized Nafion.

Figure 3C shows the surface of the MPL/CL layer prior to the impregnation step. The
platinum signal is strong since the catalyst layer is on the surface of the MPL and GDL layers. On
this surface, there are multiple cracks that do not appear to follow a set pattern. In contrast, in
(Figure 3D), the surface consists of regular cracks that appear to share the same morphology. It is
likely that the Nafion impregnation step created a smooth surface from painting, and the catalyst
layer subsequently formed regular cracks upon drying.

From this analysis, we cannot tell if this is an accurate representation of the carbon layers
underneath. To better understand these images and for further analysis of the original electrode
structure, SEM and EDX analysis were also completed on the cross-section of a new electrode
sample. Since these samples were too flexible to freeze fracture using liquid nitrogen, the electrode
was embedded in conductive molding compound (Buehler Probemet) and pressed in an auto

molding press (Simplemet) at 140°C. The top layer of the cross-section was then sanded using an
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automatic sander. An SEM image of the cross-section of a new electrode (without Nafion
impregnation) is shown in Figure 4.

A series of SEM images were taken at 350X along the

length of the electrode sample. Measurements of the
platinum surface at various locations were taken and
averaged. At the thinnest point on the sample, the

CL/MPL  structure is approximately 62um thick,

increasing to 75um in some locations. All of these EDX

= 1

Figure 4. SEM Image of Cross-Section of | Mapping experiments use a beam acceleration voltage of
ELAT V2.1 Electrode: This shows in some
detail that cross-section of the electrode sample. | 20 kV through the platinum layer. This means that the
The edges of the image are the molding
compound, and on the left side we see the solid
platinum catalyst surface with the carbon fibers
underneath

maximum diffusion range beyond the surface is 0.5um’.

This indicates that information beyond the catalyst layer
was not obtained in EDX analysis.
5.2 Membrane Surface Differences between Processes A and B

As described eatlier, in order to obtain MEAs that could be delaminated, we decided to
switch techniques from process A to process B. Those process A MEAs that have not been used in
the fuel cell but have only been hot-pressed can be delaminated. From the following analysis, we can
determine if the types of three phase contact obtained using process A and process B are of a similar
nature. It is somewhat difficult to compate the surface itself, so we utilized both SEM/EDX
micrographs and relevant spectra (Figure 5).

One significant difference between the micrographs seen for process A (Figure 5A) and
process B (Figure 5B) is the pattern of the catalyst contact with the membrane. It appears that the

variation in pressure that is applied in process A stems from the pattern of the bundle weave GDL.
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As a result, the regions of the MPL/CL in process A that have the best three-phase contact are

those corresponding to the center of the bundle weave, rather than the edges.
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Figure 5. Differences in Nafion Sutface in Delaminated MEAs from Processes A and B: For both A and
B, left image is SEM micrograph of delaminated membrane at 50X, beam acceleration voltage 20 kV and a
working distance of 10 mm; right image is SEM micrograph ovetlayed with elemental maps for carbon (red),
fluorine (yellow), sulfur (purple), and platinum (orange). C and D show EDX spectra obtained for mapping. A
and C show results from process A, B and D show results from process B.

In contrast, process B shows more uniform coverage of platinum, although layering effects from the
airbrushing process are also present. In terms of the spectra shown in Figures 5C and 5D, the
fluorine and sulfur peaks are much stronger in the process A sample. However, from comparing
total currents of process A and process B MEAs, process A obtains total currents 15% higher (data
not shown). However, rates of loss during airbrushing suggest that the decreased performance is
from decreased coverage, rather than quality of the three-phase boundary.
5.3 Degradation at Membrane-Electrode boundary

As stated earlier, four different orientations of the self-draining channel-less fuel cell were
examined to best characterize flooding effects and possible increased degradation from flooding.

Two different vertical configurations of the fuel cell were examined based on the direction of gas
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flow at the cathode relative to gravity. Since Vertical Configuration I is the most common and useful
orientation for the cell, multiple cases were examined for this orientation only. These cases include
conditions were the current was evenly distributed among the 9 regions and conditions where it was
not, as well as cases where flooding affected the performance of the cell during operation.

5.3.1 Vertical Configuration I (VC-I); Gas Flow with Gravity
Regular current distribution, run for 50 hours

The long term behavior at the anode and the cathode are shown (Figure 6A, B). The colors
of each cathode current match the corresponding location on the anode current; these colors will
correspond to these locations for all subsequent graphs. From Figures 6A and 6B we see that the
current distribution among the nine pillars is relatively constant during operation of the cell. It also
appears that the current is well distributed among the electrodes that are in adequate contact with
the reactant surface. Nonetheless, the standard deviation in cutrrents at both the anode and cathode
of 15 mA or 30% of average current suggests that particular reaction sites are preferred or that equal
contact is not made by each pillar on the electrode surface. This latter explanation is true for
electrode region (5) which does not receive the same pressure from the screws of the fuel cell as the
remaining electrodes. The removal of the current values at location (5) from our time-averaged
current profiles causes a significant decrease in the standard deviation from 15 mA to 10 mA.

The fuel cell system is sensitive to small perturbations, including small changes in external
load resistance (i.e. 0.48 Q to 0.5 ). This is seen in (Figure 6A) at 19 hours: when the anode system
is tapped or similarly perturbed, the currents redistribute. At the same time the voltage and total
current remain constant at 0.5 V and 1.0 A over this time period, respectively (data not shown).
Although in previous studies’ redistribution has been seen to accompany flooding, this does not

appear to be the case here.
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Figure 6. Vertical Configuration I, run for 50 hours: A and B show current distributions over 50 hours. The total
current is maintained at 1.0 A and the voltage is maintained at 0.5 V (data not shown) throughout operation time. C
shows the IV curve after 18 hour of operation, only the anode is shown since the anode and cathode curves were
identical. D shows the time-averaged currents at the anode and cathode for all locations during operation. Total current
was 1.0 A and total voltage was 0.5 V throughout operation.

Interestingly, the cathode currents are less sensitive to small perturbations. We observe that
before the initial perturbation, the distribution of the currents on the anode and the cathode are
almost identical. When the fuel cell is disturbed, the anode currents at locations (2) and (9) drop
significantly, whereas their counterpart currents at the cathode remain constant. This is seen from
the small peaks that occurred when significant current redistributions occurred on the anode side
(Figure 6A, B). This suggests that cathode currents and current distributions derive from inherent
reaction and flow field conditions, whereas their anode counterparts can be more easily influenced
by condensation and other transient conditions. Since reaction (3.1) is takes place at the cathode, the

water that is on the MEA surface is not from condensation, but from this reaction. This supports
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the idea that these reaction sites will remain relatively constant despite small movements that would
remove water released by condensation.

From the IV curve (Figure 6C) we can see that the flow field is not flooded at this time,
indicating that there is a lower likelihood of reactant starvation in the electrode region. A flooded
region would show a much lower current in comparison to the other currents, even in region (5).
This information was supported visually. The IV curve at the cathode (data not shown) also
demonstrated no evidence of flooding was seen, even in location (9). As the water is formed at the
cathode, any flooding would impact this region first.

Using the time-averaged currents for the anode and cathode, the current distribution was
plotted as a function of location (Figure 6D). The largest differences between anode and cathode
behavior derive from anode current changes resulting from small perturbations, seen at location (2).
Error bars on this graph denote the range of currents at this location for both the anode and the
cathode. Overall, there were minimal differences seen between the anode and cathode currents.

With this information, we inspect the SEM and EDX micrographs for this anode. The
images in Figure 7 show that there is little difference in the distribution of platinum and carbon on
the electrode surface among the different locations on the anode. The majority of variation derives
from flaking of the sprayed material, rather than from clumping of platinum from corrosion of
carbon supports, as has been seen in earlier research®. This suggests that despite the high standard
deviation of currents between electrode pillars, the currents are close enough that degradation is not
accelerated in some locations relative to others. However, since there has been no flooding and thus
no blocking of the anode surface, corrosion from hydrogen starvation has not yet been tested. The
anode surface was also examined for oxygen peaks; however, very few peaks were obtained, and

those that were recorded may have been tails from surrounding carbon and fluorine peaks™, all
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individual maps from the EDX ovetlay are enclosed in Appendix B. The SEM/EDX micrographs

for the cathode region also do not show any effects of corrosion and are enclosed in Appendix C.

Figure 7. Anode Sutface Morphology as seen in SEM/EDX Images from Vertical Configuration I, run for 50
hours: For each A-I, the left image shows the SEM micrograph of the anode at that region at 50X, accelerating beam
voltage of 20 kV and working distance of 10 mm. The right image shows the EDX maps of catbon (ted), fluorine
(yellow), sulfur (putple), and platinum (copper) superimposed on the left SEM image. Supplemental information in
Appendix B.

To obtain a more quantitative analysis of changes to element distribution, we also compared
the relative magnitude of each peak (platinum, fluorine, sulfur) normalized using the carbon peak for
each sample to the relative magnitude of each peak on an airbrushed membrane that had not been
used in the fuel cell. There is some inherent error involved in this method, since there may not be
equal coverage of each element in every region and debris from the gasket or other regions of the
fuel cell may obscure particular areas on the sample (Figure 8).

There are some caveats to these results; first, there is some carbon debris on the surface at
locations (4) and (6) on the cathode, suggesting that the differences shown at these locations may be
excessive. However, after close examination of all other images, there are no other trivial
explanations for the large difference in peak magnitude between the anode and cathode sides. Even
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if the spraying process covered one side
Platinum Peak Variation between Anode and Cathode Surfaces

iy more effectively than the other, the ratios
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would not differ so drastically, since the

Location on Electrode

carbon is applied along with platinum during

this process. Therefore, if we accept that this

Difference in Platinum peak from Unused Membrane

difference is real, it appears that platinum is
Figure 8. Platinum Peak Variation between Anode and
Cathode Membrane Surfaces: Difference in relative
magnitude of platinum peak in membrane used in Vertical
Configuration I from that in an unused membrane

clustering on the anode side, or that

platinum is being lost on the cathode side.
As stated eatlier, we have seen no evidence of clustering from the EDX/SEM maps. Nevertheless, a
subtle leeching effect may be more difficult to detect visually. In terms of effects from flooding,
there is considerably more platinum on the cathode in locations (7) and (9) than in any other region.
Since these two locations are the most likely to be affected by any water accumulation, it is possible
that oxidation of the carbon electrode occurred at these locations via the mechanism described by
equation (3.3) and led to an increase in platinum levels when compared to carbon.

For comparison, let us examine some higher magnification SEM micrographs of regions that
show characteristic behaviors seen from fuel cell use. We have noted earlier that there are some clear
differences between the Pt/C coverage on the sprayed membrane and that of the prefabricated
GDL (Figure 5). Although the intended platinum per unit area should be the same, the spraying
mechanism creates some irregularities on the surface (Figure 5B). However, when mapped using
EDX, both types had the same elemental composition, regardless of morphology (Figures 5C, D).

Macroscopic differences that can be seen after use in fuel cell include cracking of the
airbrushed surface; similar to the behavior seen with Nafion impregnation in (Figure 3) and residue

from water droplets. We see surface cracking where flakes of Pt/C have come loose from the

22



Nafion surface (Figure 9A, B). When these are mapped using EDX, these show stronger sulfur and
fluorine peaks, indicating portions of the top platinum layer has been removed. Images of water
droplet residues were seen on the surface (Figure 9C, D). From Figure 9D it appears that the surface
morphology has contributed to the pooling of these droplets. It is noted that the surface structure of
the membrane undergoes swelling and other changes during the operation of the fuel cell, possibly

contributing to this cracking behavior as no cracking was seen in the unused membrane (Figure 5B).
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Figure 9. Common Degradation Effects on Airbrushed Membranes: A and B show effects of cracking on the
membrane surface in locations (1) and (5), respectively; C and D show water droplet residues on membrane
surface in locations (9) and (1), respectively.

Stoichiometric flow rates, regular current distribution, run for 100 hours
One of the difficulties in studying degradation mechanisms are the long time scales required.

In other fields, time-temperature superposition allows for “long-term behavior” to be viewed on
) P perp g
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shorter time frames, but higher temperatures can cause alternative degradation pathways in fuel
cells'. For these reasons, we examined the most common ofientation on a longer time scale.

Here we see the anode and cathode behavior over 100 hours of operation (Figure 10A, B).
Although the initial current values are relatively close together, the cathode currents vary
significantly during this time period. From previous work done by this lab, it is known that in most
cases, the current in the fuel cell only drops when liquid water accumulates in the cathode gas flow
channel and inhibits oxygen transport into the GDL'. Furthermore, the clear differences between
the current-voltage curve for the anode and the cathode suggest flooding behavior (Figure 10C, D).

Low current readings as shown by these graphs signal flooding. The current value of the
cathode at location (9) is lower than at location (5), which has been the lowest current in this
orientation in non-flooding circumstances. The gradual decrease in current seen at the cathode
(Figure 10B) suggests that the flooding occurred over time, and did not affect the cell behavior
significantly until later. However, after the IV curve was obtained at 280,000 s or close to 80 hours, a
steep increase in current was recorded. One explanation is that taking the IV curve allowed a long
enough lapse in water production in the fuel cell to enable this electrode to recover contact with the
reactant gases and thus recover current production.

To better see the effects of flooding on the main characteristics of the system, we examine
the time-averaged current graphs from before (Figure 10E) and after (Figure 10F) flooding took
place (but before recovery) It is clear immediately that flooding has affected locations (6) — (9),
whereas the other locations have stayed mostly the same. Furthermore, in comparison to the time
averaged graph in Figure 6D, the magnitude of differences between anode and cathodes current at
all locations is higher for this case. This indicates that lower currents at one location from flooding
may have driven lateral currents in other locations, exacerbating differences between the anode and

cathode.
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Figure 10: Vertical Configuration I, run for 100 hours: A and B show anode and cathode behavior during operation,
C and D show IV curves at 78 hours for both anode and cathode. Cathode IV curve shows flooding at location (9). E
shows time averaged currents before flooding, and F shows time averaged currents during flooding.

Although the fuel cell operated with almost identical starting positions in both the 50 hour

and the 100 hour case, the actual current profiles during operation varied considerably. The average

current for each run differed very little, from 56 mA to 58 mA. However, the flooding behavior seen

in the second situation was most probably from the cell at a slight angle.
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Possible corrosive conditions obtained from effective voltage calculation at 9 C

As described earlier, compositional differences across the fuel cell flow region create local
potential differences and changes in local internal resistance that yield local current differences. Since
there does not appear to be flooding at the anode interface, there is no hydrogen starvation seen in
this cell. The situation at the cathode is shown schematically in Figure 11A, where 9 C is starved for
oxygen, but the adjacent location (7) has the necessary reactant. Both 7 C and 9 C have the same
overall potential difference, potentially leading to the oxidation of the carbon electrode by water by

reaction (3.3).

Anode A Figure 11. Description of
Flooded Electrode 9 C:
A Equivalent circuit

7

7 representation showing the
Cathode effect of liquid in the flow
region causing local starvation
| W, 1 V, R at the membrane electrode
R, R, S interface. B Effective voltage

increases during flooding
behavior. C Comparison of
flooded and not-flooded
electrodes at the cathode; left
image is SEM at 20 kV beam
acceleration, 50 X, right image
is EDX map, carbon (red),
fluorine (yellow), sulfur
(purple) and platinum (orange)

o 20 a0 60 &0 100 overlayed on SEM image
Time (7]

e — N N 1111
Voltage at Flooded Electrode: 9 € B _

Partial pressures of reactant gases in the flow region were calculated assuming 80% H, fuel
conversion into water and a total pressure of 1.2 bar inside the fuel cell. Since only electrode 9 C
showed flooding behavior and even 9 A continued to function throughout operation, a new cathode
mass transfer coefficient was calculated assuming that 1/18 of the GDL volume was filled with
liquid water. Using equation (3.8), the new £, is found to be 1.03 X 10® mol/m*s-Pa. Equations
(3.9) and (3.10) were applied to calculate the partial pressures at the electrode-electrolyte interface
using a GDL area of 1.008 X 10 m” Finally, the effective voltage at 9 C was calculated using

equation (3.11) assuming a battery voltage of 0.5 V and a water activity of 1 from the presence of
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liquid water, yielding the voltage profile shown in Figure 11B. From this profile, it is evident that the
effective voltage during flooding is much higher than in the non-flooded case. Many of these values
are in the range of voltages found from corrosion conditions during start-up or during the
movement of a drying front'>*. Nevertheless, even though most of these values are higher than the
potential required to oxidize the carbon electrode as per reaction (3.3), the fact that flooding was not
sustained may affect the level of corrosion on the electrode surface.

For this reason, we examined the electrode surface at location (1) and location (9) on the
cathode to see the difference from flooding. The SEM/EDX images for the cathode at 1 C and 9 C
are shown in Figure 11C. From this map, it seems that 9 C is more uniform in color; however both
SEM images look very similar. Using the same strategy as with the 50 hour case described earlier, the
platinum peak magnitude was normalized to the carbon peak for both locations The results were
quite striking, since the ratio of platinum and carbon peaks for 1 C was nearly three-fold the ratio for
9 C (spectra shown in Appendix D). This suggests that either the platinum in 9 C has been depleted
or that the surface morphology has changed. For these images, the regions mapped were specifically
chosen that showed little flaking at the surface and had no carbon debris visible. Therefore, it is
likely that this elemental composition difference is as a result of flooding at 9 C.

The effective loss of this electrode from the system was < 2% of the total current, similar to
results seen in previous experiments where the electrode segment was actually disconnected from
the electrode (unpublished data, JBB). The loss of this electrode was mitigated by current increases
at locations (1), (2), (3) and (6) on the cathode, all of which incurred a current increase of 10% after
the onset of flooding.

Stoichiometric flow rates, aberrant current distribution, failed at 17 hours
In most fuel cells, the flow field is not well controlled over the entite area of the fuel cell. In

fact, current distribution is usually not visible without a segmented electrode; therefore unusual
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current distributions are not recorded. As a result, there are often pockets where there is better
mixing and other subtle factors which lead to variable current densities. In the extreme situation,
most of the current would be concentrated in a single region rather than evenly distributed over the
entire MEA.

A version of this extreme case is explored with the self-draining orientation. In Figure 12, we
see the behavior of the anode and the cathode in a cell in the self-draining position where the
currents are unevenly distributed. This current disparity occurs when different pillars are screwed in
varying amounts, causing some of them to have substantially better contacts with the MEA surface.
As a result, the maximum current is much higher (130 mA rather than 75 mA). This led to a 36 mA

standard deviation among all eighteen currents, in contrast to the 15 mA standard deviation seen in

previous iterations.
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Figure 12. Aberrant Current Distribution, Vertical Configuration I, run for 17 hours: A is the anode, and B is the
cathode current distribution throughout operation. The sharp drop at 17 hours indicates membrane failure. Total voltage
dropped to 0.45 V from 0.5V, total cutrent was maintained at 1.0 A.

However, what is most unusual is the region of the membrane that failed during operation.
From the data shown in Figure 12, it seems that the region that is hottest and most likely to fail from
degradation'' would be area (8). The region that failed was the membrane surrounding area (1); even
though currents in surrounding regions were in the typical range for both anode and cathode. When

IV curves were completed for this orientation, no flooding behavior was seen (data not shown).
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To determine the cause of this extreme corrosion, we compared the inside GDL surface (the
side touching the membrane) at 1 C, the region where the membrane failed, from both the failed
MEA (Figure 13A) and from a functional MEA in the same orientation (Figure 13B). The material
used for the GDL/MPL is identical to that shown earlier, except that there is no catalyst layer on the
MPL surface. The functional GDL (Figure 13B) showed regular cracking similar to that resulting
from Nafion impregnation (Figure 3D), ostensibly from wetting on the surface and subsequent
drying, thus cracking the MPL. In contrast, the frequency of cracking is much higher in the failed
MEA (Figure 13A).

One hypothesis for this corrosion is reactant crossover from defects in the membrane. If
these defects were present when testing began, no current would have been produced in the cell at
all. Therefore, we conclude that failure of the membrane was wrought by the aberrant current
distribution conditions (Figure 12). As a result of failure, hydrogen and oxygen reacted in a
combustion reaction at the membrane-electrode interface, exacerbating these corrosion effects.
Since corrosion was not immediately detected, the inlet gas flows were not stopped, thus continuing
the degradation process. Furthermore, the combustion reaction was catalyzed by the platinum
present on the membrane. The resulting failed membrane appeared as seen in Figure 13C. This is
compared to the case where the defect in the membrane was detected immediately after failure
(Figure 13D). In the latter case, it appears that the defect is manifested via thinning of the
membrane in the failure region, as evidenced by the shiny surface seen in location (1). In contrast,
membrane that failed after 17 hours (Figure 13C) has already degraded completely in location (1)

and this degradation mechanism has begun to affect other regions.
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Figure 13. Degradation Effects on GDL and Membrane Surface from Aberrant Current Distribution: Two
electrodes imaged at location (1) on the cathode side, used in two different fuel cells that were used in Vertical
Configuration I. A shows the GDL from an MEA that failed after 17 hours of operation, and B shows the GDL from
an MEA that was functional throughout 50 hours of operation. C shows the damaged membrane (all 9 locations on the
cathode) from the same MEA that failed after 17 hours. D shows a damaged membrane (all 9 locations on the cathode)
from an MEA that failed after 5 minutes and was immediately removed. E is the extent of damage from membrane in
SEM, image taken at location shown in red box in C.

In both cases, we saw that the initial membrane defect and the subsequent crossover event
occurred at location (1). This may indicate that the inlet region is more susceptible to this
mechanism of failure. To examine further effects from the combustion reaction, the region of the
failed membrane selected in Figure 13C was imaged using an SEM (Figure 13E). In contrast to
damage from flaking and water droplets seen in functional membranes (Figure 9), the cracking on
the membrane surface in (Figure 13E) is more frequent and pronounced. One explanation for this
behavior is the requirement of platinum to catalyze the combustion reaction. Since platinum is not

found uniformly across the membrane, these reactions will be concentrated in locations where it is
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present at the highest concentrations. EDX mapping was also used to examine any changes in
elemental composition from this extreme degradation (map shown in Appendix E). From the map,
it appears that the lighter regions on the SEM image are platinum particles. Since in other
membranes, the platinum is more evenly distributed, this further supports our hypothesis. The low
amount of platinum relative to carbon as calculated from the peak magnitudes implies that the
platinum has been depleted relative to the carbon or that it is in clusters on the membrane surface.

5.3.2 Vertical Configuration II (VC-II); Gas Flow against Gravity
Stoichiometric flow rates, run for 35 hours’

In orientation VC-II, the current behavior and distribution has not significantly changed
compared to the upright case. The total current and total voltage are still 1.0 A and 0.5 V, as was the
case with VC-I and the long term current distributions at the anode and cathode are shown (Figure
14A, B). It appears that there has been some redistribution from the VC- I case as to which location
provides the most favorable reaction conditions. However, it is not clear if this favorability is directly
related with the orientation, since there does not seem to be a clear correlation between electrode
location and current magnitude. In Figure 14C, it is clear that the anode and cathode currents match
up well in this orientation. It is not yet apparent if the behavior of the fuel cell in this orientation
matches the variation in current density profiles observed in previous expetiments.” However,
periodic oscillations were not seen in any of the distributed electrodes. This is not surprising, as the
stirred tank nature of the channel-less fuel cell would lead to alternative current behaviors from the

segmented anode fuel cell.

" The shortened run time in this case is from the supply of O, running out, rather than failure from the MEA or the
fuel cell
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5.3.3 Horizontal Configuration I (HC-I); Anode and Cathode Coplanar
Stoichiometric flow rates, run for 50 hours

In this orientation, the currents were also fairly evenly distributed (Figure 15A, B). As
expected, the total current and total voltage was the same as with other orientations, at 1.0 A and 0.5
V, respectively. An additional key similarity to VC-I was that small perturbations disturbed the
anode current more significantly than the cathode current. The first disturbance in Figure 15A
involved making a better contact at location (8) and thus cannot be regarded as a small perturbation,
but a subsequent disturbance at 43 hours showed a much greater impact on the anode than the
cathode. This further supports the idea that the favorable reaction regions on the cathode are less
likely to change from the movement of condensed water.

Another remarkable feature of this particular orientation is that despite visual confirmation

that there is some accumulation of water around the three bottommost locations (data not shown),
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there does not seem to be any effects on the currents at these locations from this accumulation.
Furthermore, in the present arrangement, it would have been necessary for the water to accumulate
to the halfway point in order to exit the plenum. There are two explanations for this phenomenon.
The first is that there was leakage from the edges of the fuel cell that enabled the water to exit. This
appears to be at least partially responsible, as wet regions were found at the edge of the cell after use.
Another explanation is that there was some oscillation in water production such that the cell was
occasionally filled to the halfway point and at other times water production was lower. Mixing
enables this water to humidify the incoming dry reactant streams and maintain current levels.
Moreover, it is likely that this water is not flooding the entire bottom plenum region but is rather

wicking on the surface of the polycarbonate plate.
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Figure 15. Horizontal Configuration I, run for 50 hours: A and B show anode and cathode data throughout operation,
orientation is shown in inset for each graph.

5.3.4 Horizontal Configuration II (HC-II); Anode below Cathode Plane
Stoichiometric flow rates, run for 50 hours

In this final orientation, we see some interesting behavior not seen in any of the other three
orientations (Figure 16A, B), although the total voltage (0.5 V) and total current (1.0 A) was the
same as with the other orientations. There was flooding seen in this case, as expected, although it
appears that the cell was tilted toward locations (3), (6) and (8) such that these accumulated more

water. However, only location (8) was flooded enough that no current was produced there. As seen
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with VC-I (100) in (Figure 10), the flooded region and associated electrode is particulatly sensitive to
small perturbations. At the same time as there are extensive flooding effects seen at the anode, there
is relatively little effect at the cathode, even at locations that are flooded. This suggests that the

systems may start-up with similar characteristics, but once the fuel cell is running, the effects at one

side have little influence on the other.
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Figure 16. Horizontal Configuration II, run for 50 hours, and Comparison of Current Distributions between
two Horizontal Orientations: A and B show current distributions throughout operation at the anode and cathode,

respectively. Orientations are shown in inset for each graph. C shows time averaged current at both anode and cathode
for all locations during HC-I. D shows the same data for HC-IL.

Effective voltages at the flooded electrodes were calculated in the same fashion as for 9 C in
VC-I (100). From this analysis, maximum voltages of 0.46 V at location (8), 0.38 V at locations (3)
and (6) were obtained (graphs over time shown in Appendix F). These values are much lower than

the maximum voltage calculated for 9 C of 0.57 V. This suggests that despite the visible flooding
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effects, it was not as severe as in the previous case. The shorter time frame may also be a factor, as
we saw that severe flooding effects were time delayed in the previous case. Lower effective
resistances from water blocking the electrodes from reactants could also result in lower effective
voltages.

Finally, we examined the effects that this widespread flooding has had on the anode-cathode
current difference. In Figure 16C we see the time-averaged currents at each location for HC-I and in
Figure 16D we see the data for HC-II. In contrast to the vertical orientations examined earlier, the
magnitude of the difference in anode and cathode currents at the same location was higher,
particularly for HC-II. Furthermore, it appears that in order to mitigate the flooding effects on one
side of the MEA, the obverse current is increased. Another explanation is that the position of the
anode in the flooding position actually increased the currents until there was excessive accumulation,
and as a result, the reactants were exceptionally well-humidified.

6. Conclusions

From this analysis of various orientations and current distributions in the self-draining
channel-less fuel cell, it is clear that particular conditions are more likely to lead to degradation than
others. In addition, inherent characteristics of the MEA with respect to anode and cathode behavior
were also discovered. Firstly, results from all four orientations suggested that cathode currents and
current distributions derive from inherent reaction and flow field conditions, whereas their anode
counterparts are more easily influenced by transient conditions such as condensation. This was
supported by the stability of the cathode current distributions throughout operation, except in cases
where flooding was observed. These reaction “hot-spots” may be more susceptible to degradation
on longer time scales, although no difference in surface morphology and elemental composition was

observed in this study.
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Secondly, flooding appears to have a subtle, but significant degradation effect on this time
scale. When flooding was seen in Vertical Configuration I, the effective voltage in the flooded
location increased by 0.2 V as a result of increased resistance in this region. When the flooded and
non-flooded regions of the electrode were examined using SEM and EDX, it appeared that platinum
was depleted in the flooded region. The differences between anode and cathode currents at the same
locations for the flooded case suggests that lateral currents were responsible for redistributing
current to the remainder of the electrode when location (9) was flooded. Flooding itself resulted in
<2% loss in total current. It also appeared that the effects of flooding operation on cell performance
were time delayed.

A more striking degradation effect was seen from aberrant current distributions. Although
the degradation from combustion of hydrogen at the cathode was exacerbated by the presence of
platinum on the membrane surface, the initial defect was most probably a function of the irregular
current distribution among the nine regions. However, the initial failure location was close to the
inlet, rather than at the locations with the highest currents. In subsequent trials, failure continued to
occur most frequently at the inlet region. Since the inlet is the driest part of the membrane, it may be
more susceptible to this failure mechanism.

In SEM and EDX images of the failed inlet region of the MEA, cracking behavior was much
more prominent than in other cases. The cracks on the membrane appeared to follow the locations
where platinum was found, further supporting the idea that platinum aggravates the combustion
reaction'' once crossover begins to occur. Since platinum is not found uniformly across the
membrane, the cracks occur where it is most abundant.

For Vertical Configuration II, the same total current (1.0 A) and total voltage (0.5 V) was
found as with VC-I. The current distributions remained constant throughout operation. The type of

variation in the form of random fluctuations was not seen’, but the orientation was only tested once.
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For the two horizontal configurations, it appeared that the alternative orientation led to
enhanced mixing for auto-humidification. This was seen most prominently with Horizontal
Configuration II, where those anode locations that were not flooded showed exceptionally high
currents.

As fuel cells are implemented into vehicle and remote systems, it is key that degradation is
well controlled and minimized. The fuel cell systems used by Toyota are identical to the self-draining
cell studied in this thesis. If a single pillar or equivalent is disconnected during operation, the
resulting aberrant current profile could lead to rapid failure of the fuel cell system. In the same vein,
particular orientations increase the occurrence of flooding using this design. If flooding does
increase degradation rate, improved water removal systems may need to be designed.

7. Future Experimentation

Some degradation phenomena can only be seen after many hundreds of hours of testing. In
the absence of this time, the maximum time that any of these orientations was run was only four
days. Many of the above effects may be more clearly identified with longer experiments.
Furthermore, many factors were tested only in the self-draining case. Alternative conditions that lead
to flooding could be tested in the other three orientations as well. Secondly, for these suggested
long-term studies, the design of the fuel cell should be changed subtly. The pillars of the cell should
be structured such that all locations obtain equal contact with the MEA in the closed cell. After
these experiments are run with equally distributed pillars, they should be repeated with specifically
altered irregular current distributions. This can determine if the degradation from aberrant current

profiles seen in this thesis is observed in both high and low current locations.
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Appendix A: Thickness of Each Component in Membrane-Electrode Assembly

Catalyst Layer

13T um

----------- Gas Flow Region -

MEA Schematic, measurements adapted from de Bruijn et al.
These measurements are assumed using a 0.005” Nafion
membrane

From this it is easy to see which layers are
thickest and those that are most prone to
losses from degradation. We can also
compare these thicknesses with the values
for the catalyst layer-MPL structure

measured using the SEM in Figure 4.
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Appendix B: Element Maps for Anode Image Overlays in Figure 7

All of the oxygen spectral maps resemble the following image:

As a result, they will not be included in the interest of space.
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9A:

Even from these more detailed elemental maps, it is evident that any degradation mechanism was

uniform across all locations on the anode.
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Appendix C: Cathode SEM/EDX Profiles for Vertical Configuration I (50)

Note: 6 C was taken in an unusual location and at slightly higher magnification, thus leading to an

image that does not resemble the other locations. This is merely an artifact of the process used to
select electrode regions for magnification.
As we can see from these maps, the degradation across the cathode was also uniform in

this configuration.
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Appendix D: 1 C and 9 C EDX Spectra for Vertical Configuration I (100)

2367
1C
=
>
[=}
O -
C
F
0
= L] ] T T T T T T T
0.000 kev 20.480
11:11:40 AM 04-11-09 20kY 18 Degree
2031 7
9C
Pt
=
=
3 -
(&
F
U -
I ) ) ) I 1 I I )
0.000 kev 20.480
11:51:12 AM 04-11-09

20KV 18 Degree

Although the absolute magnitudes of each peak can vary from sample to sample, relative

amounts of each element can be compared using ratios. For this case, theratio of Pt: Cin 1 Cis

approximately 7.5 and theratio of Pt: Cin9 Cis3.2.
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Appendix E: Elemental Composition for 1 C in Vertical Configuration I (17)

Above elemental maps overlayed on SEM image
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Appendix F: Effective Voltages at 3 A, 6 A and 8 A from Flooding in Horizontal
Configuration II
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We can see that the maximum resistance was incurred at the onset of flooding, leading to the
maximum effective voltage at all three locations. Even from this curve, it is obvious that location (8)

was the first to incur flooding, and over time (3) and (0) also flooded.

46



