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Abstract

As the world transitions toward a more sustainable energy future, it becomes clear that fuel
cells will play a role in the global sustainable energy infrastructure. Of the many types of fuel
cells, high temperature proton exchange membrane (PEM) fuel cells operating in the range of 120-
200°C are particularly interesting as they offer several advantages over low temperature proton
exchange membrane fuel cells. Most notably high temperature proton exchange membrane fuel
cells exhibit increased tolerance to fuel impurities and simplified water management system
requirements. These advantages are offset by a significantly shortened operational lifespan which
makes high temperature proton exchange membrane cells suitable for small rugged applications
including unmanned aerial vehicles, emergency backup power systems, and portable power
production. The focus of this research is to extend the lifespan of high temperature membrane
electrode assemblies (MEA’s) through a fundamental understanding of what the degradation
modes are, what common process parameters best suit high temperature operation, and an
understanding of the role of water in cell operation. The research is focused on operation at the
higher reaches of the high temperature PEM range at 200°C. Initially the gap in previous literature
will be identified and addressed as the exact degradation rate at our ideal operating conditions is
not well understood with commercially available MEAs. Postmortem and in situ analysis of MEAs
was undertaken to better understand the modes of degradation. This was followed with testing
into the effective role of water on cell function and with innovative MEA design to promote cell
longevity. To explore the impact of utilizing reformate fuels, a techno-economic analysis was
undertaken comparing solid oxide fuel cells (SOFC) to high temperature proton exchange

membrane fuel cells (HT-PEM) for use with a pyrolysis process.
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Chapter 1 - Introduction

Background
Hydrogen fuel cells have found application in many sectors of the economy, including

transportation, stationary power, and portable power [1]. Proton exchange membrane (PEM) fuel
cells represent one of the many types of fuel cell systems that exist today. Low temperature proton
exchange membrane (LT-PEM) fuel cells operate below the boiling point of water, generally in
the range of 80-100°C, as dictated primarily by the operational requirements of the solid acid
membrane material [2]. The high temperature proton exchange membrane (HT-PEM) variation
is a less common system that typically uses a phosphoric acid doped polybenzimidazole (PBI)
based membrane electrode assembly (MEA) that operates above the boiling point of water,
typically in the range of 160-200°C [3]. Novel HT-PEM membrane chemistries are being explored
with operational ranges above 200°C [4]. There is currently a research focus on high temperature
systems due to several benefits relative to low temperature proton exchange membrane (LT-PEM),
including faster electrode kinetics, superior tolerance to fuel impurities, potential for combined
heat and power (CHP) applications, and simplified water management. However, HT-PEM cells
are not yet widely adopted, as during operation these systems can experience significant
performance loss over time. The objective of this research is to advance the current understanding
of HT-PEM operation at 200°C, enabling the development of mobile mid-range power systems
(nominally 350 W) that run efficiently on reformed hydrocarbons such as propane, and ultimately
on reformed biofuels. Currently, there is a gap in commercial mobile fuel cell system development

in the range of 100 W to 1 kW [5].
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Fuel Impurities
One drawback to the use of reformate fuels is the presence of impurities that impact cell

operation. These impurities can vary depending on the primary fuel, operational parameters, and
the reforming system that may be comprised of a combination of auto-thermal, steam reforming,
partial oxidation, and water gas shift reactors [6]. Some common impurities include carbon
dioxide (COy), carbon monoxide (CO), water, and slipped fuel. CO has been shown to have a
significant impact on the performance of fuel cells, with CO poisoning being a driving factor
behind the development of HT-PEM [7], [8]. CO poisoning refers to the loss in cell performance
resulting from the presence of CO in the hydrogen fuel. When CO is present in the hydrogen
stream, the cell experiences a loss in power due to the stronger bond between CO and the platinum
catalyst than the hydrogen-platinum bond required for normal cell operation [9]. This causes CO
to occupy the platinum bonding sites intended for hydrogen bonding and subsequent oxidation.
The effect of CO on the cell’s performance is reduced at higher temperatures, motivating interest
in higher operating temperatures (up to 200°C) for reformates with relatively high CO

concentrations, such as propane reformed by catalytic partial oxidation (cPOx) [10].

There is a lack of understanding of the effects of operating parameters on the longevity of
HT-PEM fuel cells, although elevated temperature and current density are suspected to be two of

the primary factors driving cell degradation due to increased phosphoric acid loss [11].
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Figure 1.1 — Cell temperature and current density conditions considered in prior studies of
HT-PEM durability studies with hydrogen/air

Figure 1.1 shows the number of studies investigating voltage degradation rates for current
densities ranging from 0.2 to approximately 0.7 A/cm?, and temperatures from 80 to 200°C. Details
of the papers included in this graph are provided in Table 1. As the majority of the data were
found at a current density of 0.2 A/cm?, a close-up of the voltage degradation trend at this current
density is provided in Figure 1.2, showing the average reported degradation rate versus cell

temperature.
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Table 1.1 - Reported HT-PEM voltage degradation rates

Year | Reference | Temperature Current Elapsed time | Degradation Rate MEA type Replicates | Comments
density reported?
[°Cl] [h] [nV/h]
[Alcm?]
2006 [12] 150 0.640 500 150 In-house N
In-house N Also
2006 |  [13] 150 0.714 510 81.6 investigated
intermittent
operation
80 0.2 1,000 45 In-house N Investigated
different PBI
2008 (14] 160 0.2 2,500 4.9 polymers and
190 0.2 800 60 the effect of
temperature
120 0.2 14,000 6.3
Celtec® P1000 N Also
2008 |  [15] 160 0.2 6,000 5 investigated
intermittent
operation
In-house N Description
2008 [16] 160 0.2 1,000 25 of MEA
preparation
In-house N MEA
degradation
mostly
2009 [17] 160 0.2 780 25 attributed to
Pt ESA
decrease over
time.
180 0.35 1,600 <10 Celtec® P2100 N Explored the
2011 [18] effect of
180 0.35 300 400

18




180 0.35 1600 <10 bipolar plate
material
180 0.35 1600 10-50
150 0.2 2,000 1.82 In-house Postmortem
analysis into
150 0.2 12,000 4.2 the growth of
2012 [19] 150 0.2 15,000 3.3 Pt particles,
and H3PO4
150 0.2 17,860 3.75 loss values
estimated
In-house Investigated
160 0.3 2,000 2.4 different PBI
2012 | [20] 160 0.3 2,400 6.4 polymers
160 0.3 2,000 23.2
160 0.3 1,400 1.59 In-house Investigated
different PBI
2013 [21] 160 0.3 1,600 3.9 polymers
160 0.3 800 110.1
160 0.2 950 8.6 BASF Celtec® Reference
160 0.2 540 P2100 MEA with
: load and
2013 [22] 160 0.2 210 7 thermal
180 0.2 400 19 changes
160 0.4 850 45
2014 [23] 180 0.2 2,350 5.23 In-house
PBI/ Also
phosphoric acid investigated
2015 [24] 150 05 1,640 153 sol-gel MEA intermittent
from BASF operation
200 0.2 1,450 82 In-house Investigated
different PBI
2016 [25] 200 0.2 1500 27 polymers
200 0.2 1500 129
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160 0.3 3,000 4.7 Dapozol®-G55 Varying O,
and air
2016 [26] 160 0.3 9,000 3 mixtures
160 0.3 3,000 -2
160 0.2 4,400 5.6 In-house Investigated
different PBI
2016 4] 160 0.2 13,000 10.7 polymers
160 0.2 4,400 8.8
160 0.2 13,000 5
180 0.2 3,508 52.8 In-house Investigated
effect of
180 0.2 3,508 23.7 different gas
180 0.2 3,508 11.1 diffusion
layers and
2018 [27] 180 0.2 2,086 10.8 catalyst
180 0.2 2,084 38.2 loadings
180 0.2 3,430 26.7
180 0.2 5,512 12.5
2018 [28] 160 2 100 331 In-house
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Figure 1.2 — Reported voltage degradation rates with hydrogen/air at 0.2 A/cm?.
and temperature of 160, 180 and 200°C, Yellow circles indicate outliers.

In this analysis, only studies reporting results of phosphoric acid doped PBI based MEAS
running pure hydrogen at the anode and air or oxygen at the cathode were included. This is
important to note, as existing data for HT-PEM degradation using reformates or with added fuel
impurities have not been included in Figure 1.2. These studies were omitted because the inclusion
of impurities within fuel can lead to increased degradation rates that would obscure the trend
illustrated in Figure 1.2, with minimum degradation in the temperature range of 120-160°C and
significantly greater voltage loss at lower and higher temperatures. Also, it is pertinent to mention
that a very large body of literature exists addressing the degradation behavior of low-temperature

PEM fuel cells and the associated impacts on cell components such as the membrane, gas diffusion

21



layer (GDL), and bipolar plates (e.g., [29]-[31]). However, because of the fundamental
differences in materials and operating conditions between the LT-PEM and HT-PEM systems [32],
it is expected that there is little commonality in the specific loss mechanisms involved, and prior
LT-PEM results cannot be directly applied to the outcomes of the present research. Alternative

versions of Figure 1,2 can be found in the Appendix — Chapter 1.

Based on the data in Table 1.1 and Figure 1.2, general trends of increasing degradation
rates with both increasing temperature and current density can be observed. However, there is a
great deal of variability in the data, as many of the cited studies fabricated in-house MEAs with
varying materials, doping levels, membrane size, and PBI polymer structures. Further
complicating the comparison of the data are variations in testing procedures and hardware
configurations with custom test stands, and differing cell assemblies. Many of the reported data
included in Table 1.1 are repeat experiments conducted within the same study. However, these
repeat runs were rarely designed to establish measurement uncertainty, but rather used as
comparison tests at similar conditions or with alternate MEA chemistries. As illustrated in Figure
1.1, there is a clear lack of published data at both higher temperatures and current densities in the
targeted range for this study, 200°C and 0.4 to 0.6 A/cm?. The cited data sources from literature
indicate that voltage degradation rates increase with both current density and temperature, but there
is not a consistent trend due to the wide variations in test methods, MEA fabrication techniques,
and test conditions employed. Moreover, there is very little known about degradation at relatively
high temperatures (> 180°C) where we are targeting our operating parameters to enable the use of
propane reformate (and ultimately syngas/biogas reformate) with high expected CO concentration.
This research addresses these limitations by conducting multiple repeatable 200+ hour tests to

establish a baseline. Figure 1.1, illustrating the trends in parameters across different studies,
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highlights the need for further investigation at the higher current density and temperature regime

explored in this paper.

Fuel Cell Fundamentals

Fuel cell systems operate using hydrogen as fuel combined with oxygen in an
electrochemical reaction to produce electricity. This reaction is the opposite of an electrolysis
reaction and involves the recombination of oxygen and hydrogen to produce electrical energy see

(Equation 1.1):
2H, + 0, - 2H,0 (Eq1.1)

In the typical case of proton exchange membrane (PEM) fuel cells, an electrolyte is positioned

between anode and cathode sides of the cell (Figure 1.3).
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Figure 1.3: Cross-sectional view of fuel cell function diagram
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As the Ho flows to the anode it is ionized and creates two hydrogen protons and releases electrons.
The ionization process is assisted by the inclusion of a catalyst which can vary in composition
depending on application and desired use. An important quality of the electrolyte is the ability to
allow protons but not electrons to pass through. With the hydrogen protons able to pass through
the membrane they can reach the cathode side reacting with the oxygen:

0, + 4e™ + 4H* - 2H,0 (Eq1.2)
With the reaction in Eq. 1.2 requiring electrons, there needs to be an external path available to
provide transport of the electrons from the anode to the cathode, as they cannot pass through the
electrolyte. This external route provides a flow of electrons that with an applied load can be used

to do work.

HT-PEM Fuel Cell Stands

With PEM fuel cell operation there are many components which are required for operation
and testing beyond the cell itself. During operation in both laboratory and commercial settings
there are a variety of balance-of-plant and auxiliary components that can have an impact on the

function of a fuel cell system. Three different testing setups were used over the course of this work.

Stand 1
The first stand used was a commercially available stand from Hydrogenics. This stand

featured mass flow controllers, back-pressure control, heated gas lines and reactant humidification.
The work in Chapter 3 utilized this stand, but unfortunately suffered issues with reliability. After
the completion of the initial round of testing, this stand was retired rather than repaired primarily

due to its age which led to lack of replacement parts and ongoing reliability issues.
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Stand 2
As aresult of the reliability issues experienced with Stand 1, a second test apparatus was developed

in-house to enable long duration experiments. The work presented in Chapters 2, 4 and 6 is based
on testing on Stand 2. Figure 1.4 shows an electro-pneumatic diagram of the stand layout. The
dashed lines represent electrical connections while the solid lines represent the gas lines. Each
sub-assembly is color coded and referenced in the legend. This testing setup allowed for the control
of gas flow, pressure, temperature and current draw as well as providing over-temperature and
over-pressure protection in case of emergency. This setup also featured the ability to collect
product water from both anode and cathode exhaust streams and high frequency resistance (HFR)
measurements. There are several subsystems in the stand diagram, both the anode and cathode
subsystems are very similar allowing for the control of gas flow and pressure to be regulated. The
electrical system encompasses the load bank used to draw a load from the cell in addition to the
power for stand components and HFR capabilities. The nitrogen system is included for startup-

shutdown purposes and for safety in case of a stand or cell malfunction.
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Stand 3
Stand 3 was a commercially available stand produced by Greenlight model G40 and was in many

ways similar to Stand 1 with the same capabilities but with generally newer components. This
stand was used to test the role of water on MEA performance and degradation, with results
presented in Chapter 5. With the failure of irreplaceable components on stand 1 it was necessary

to transition to another setup.
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Chapter 2 — Optimization of Membrane Electrode Assembly (MEA)
Fabrication

Overview of Membrane Electrode Assembly

Comprised of multiple layers, the membrane electrode assembly (MEA) is a fuel cell’s central
component. In use with HT-PEM cells these are often referred to as 5 layers MEAs” this is due
to the 5 constituent layers which make up the assembly. These layers are the gas diffusion layer,

the catalyst layer, and the membrane itself see figure 2.1 below.

Gas Diffusion

Gas Diffusion Layer

Layer

Catalyst

Figure 2.1: MEA diagram

The outermost layer is the gas diffusion layer which is typically either a carbon cloth consisting of
woven fiber or a carbon paper. The gas diffusion layer provides a structure for the catalyst, ensures
good electrical contact with the cell hardware, and helps to evenly distribute the reactants onto the
membrane. Working inwards the next layer is a catalyst layer which can either be applied to the
gas diffusion layer or directly to the membrane. The purpose of the catalyst layer is to help

facilitate the reaction. In the interest of preserving catalyst material and keeping costs down it is
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bonded to a carbon support which has the effect of increasing surface area while decreasing total
platinum loading. At the center of the assembly is the membrane itself. In HT-PEM the membrane
is made of polybenzimidazole (m-PBI) and doped in a phosphoric acid generally in the ortho-

phosphoric acid phase and at an 85 wt.% concentration.

Literature Review of MEA Fabrication Processes

In a fabrication process similar to LT-PEM MEAs, the proton-conducting membrane, electrodes,
gas diffusion layers and sub gaskets are often hot-pressed together. The parameters relevant to the
hot-pressing operation can have a significant impact on the ultimate performance of the fuel cell,
in addition to influencing process reliability and repeatability. There is little published on optimal
conditions of the hot-pressing process, with significant variations of conditions being reported.
Several researchers have reported successful hot-pressing parameters; however, these published
conditions cover wide ranges of temperature, time, and pressure. In work on catalyst layer binders,
Su et al. [1] pressed the MEA at 130°C, while Sgndergaard et al. [2] used a temperature of 200°C
for the MEA hot-press in a study of long-term HT-PEM durability. A wide range of press times
have also been reported. For example, Morfopoulou et al. [3] used a press time of 15 minutes
compared with Share et al. [4] who tested press times as short as 15 seconds in a study similar to

the present one on optimizing hot pressing conditions.

The pressures tested in this work range from the average found among prior studies to
significantly higher than those values cited in literature. It is hypothesized that HT-PEM MEA
performance may benefit from increased pressure during the hot-press process, providing stronger

adhesion between the layers, increasing the mechanical stability of the MEA and lowering contact
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resistance. This hypothesis is based in part on the difference between the pressing of high
temperature and low temperature MEAs. The material differences between the two systems
necessitates a different approach to the pressing process. It is understood that Nafion® can
undergo a thermal transition leading to an increase in the adhesion strength with temperature, time,
and pressure, as reported by Froelich et al. [5]. The materials used in HT-PEM MEAs do not
undergo a transition within the same temperature range, leading to the hypothesis of potential
benefits with increasing pressure. It is, however, also important to recognize that alternatives to a
hot-pressing process in the MEA fabrication have been explored. One alternative involves
eliminating the hot pressing operation altogether, and simply placing the layers within the cell
assembly (Kannan et al. [6]). This has the benefit of simplifying the fabrication process and has
been reported in several studies. Ultrasonics have also been used as an alternative to hot pressing
as a way to seal the MEA, with Walczyk [7] identifying a reduction in the cost of pressing

operation through the use of ultrasonic welding.

MEA Sample Preparation
The MEA samples were prepared by coating two 25.4 mm square gas diffusion layer (GDL)

samples with a catalyst simulating slurry, placing these coated electrodes on either side of a
phosphoric acid doped polybenzimidazole (PBI) sample, and hot pressing the assembly together.
The sample hot pressing was performed with two 102 x 152 mm 6061 aluminum plates with a
total of four embedded 160W heater rods. Two proportional-integral-derivative (PID)-controlled
heater rods were located in both the top and bottom press platens. The applied pressure was
controlled by a manual jack with attached pressure gauge. After hot pressing, samples were
removed from the press and immediately transferred to a nitrogen purged glove box, allowing the

samples to cool in a humidity-controlled environment.
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A catalyst-on-carbon support is typically used for MEA fabrication. Due to the large number
of MEA samples prepared in this study to optimize hot-press conditions, a carbon support without
catalyst was used to reduce cost. Selected control tests were also performed on samples with and
without a platinum catalyst and it was determined that conductivity, internal bond test (IBT), and
thickness measurements of samples without catalyst behaved similarly to samples containing
catalyst. The MEA sample fabrication process began with 25.4 mm square samples of AvCarb
MGL190, a commercially available GDL material. To create a uniform coating of the simulated
catalyst, a slurry was prepared using a mixture of deionized water, isopropyl alcohol, PTFE
dispersal fluid, and a carbon support (XC-72R). This slurry was prepared in a vial and mixed
using a 30 kHz sonicator, then applied to the GDL using a brush in a series of thin coats until the
correct coverage had been achieved. Carbon support loading on the MEA samples was determined
using a total anticipated coverage of 1.8 mg/cm? platinum on the MEA, with areal densities on the
cathode and anode of 1 mg/cm? and 0.8 mg/cm?, respectively. An assumption was made that in
our case this level of catalyst loading would be achieved using a 20 wt.% platinum on carbon

material.

All MEA samples were prepared following the above procedure and then assembled under
varying conditions in the hot press. Three factors were varied within these tests: times of 1,3,5,
and 10 minutes; temperatures of 140°C, 180°C, and 200°C; and pressure of 7.72, 23.17, 46.34, and
92.67 MPa. Two MEA samples were prepared for each combination of time, temperature, and
pressure. After the samples had been pressed, they were placed in a nitrogen purged glove box to

cool.
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MEA Experimental Methods

The MEA samples were placed in a Solartron Analytica 12962A sample holder connected to a
1260A frequency response analyzer, also within a nitrogen environment. Resistance and thickness
measurements were acquired in triplicate for each sample. The value for resistance was multiplied

by the area of the sample to compute the area specific resistance (Equation 2.1).

Area Specific Resistance [Qucm?] = Resistance [Q] X Area Sample [cm?] [eq 2.1]

ASR =R XA

After completing the resistance measurement, samples were moved to a Scott type internal
bond tester to measure the strength of the adhesion between the MEA layers. As this was a
destructive test, it was performed last and resulted in the delamination of the sample. This
measurement used a pendulum to peel apart or delaminate the samples and was measured in units
of J/cm?. Although standards for adhesion strength measurement usually involve units of N/mm?
or MPa (e.g., [8]), we directly used the measurements from the Scott internal bond tester without
further unit conversion, as a means of comparing relative bond strength of the different MEA
samples. A scanning electron microscope (SEM) was used with energy dispersive X-ray
spectroscopy (EDX) to further characterize the MEA samples and the associated effects of pressing
conditions. MEA samples were sliced in half and then placed within a custom fabricated sample
holder that allowed imaging of the sample in cross section, exposing the different layers of the
MEA. Measurements in the SEM were made at a 10 keV accelerating voltage. A box scan
function was used to perform the EDX scans for a quantitative analysis, with each sample being
measured three times. For testing polarization performance of functional 25.2 cm? MEA, a set of

fuel cell hardware was used with gold plated current collectors, Poco-sealed graphite flow fields
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in a quad serpentine pattern, and aluminum endplates with embedded heater rods torqued to 5.65
Nm (50 in-Ibs.) using 8 bolts. A custom-built test stand constructed of several mass flow
controllers, load bank, and heater controllers was used for all fuel cell testing. Pure hydrogen and
air without external humidification were introduced to the cell with stoichiometric ratio of 1.5 and

2 for the anode and cathode, respectively.

Conductivity and Bond Strength Results

Figure 2.2 illustrates the effect of hot-press time on resistance for the 25.4 mm square samples
fabricated without Pt catalyst. It is worth noting that this figure includes all hot-pressing
conditions, only differentiating for time. Thus, at the 10-minute mark, there are multiple data
points for various temperatures at both 7.72 and 92.67 MPa. Figure 2.1 presents only the effect of
time in the press, concealing the effects of pressure and temperature. From this data presentation,
there is an apparent trend with a minimum resistance occurring at moderate times between the 4

and 6 minutes.
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Figure 2.2. Analysis of resistance vs. hot-press time for all temperature and pressure conditions

A total of 46 individual 25.4 mm square samples were prepared and tested, but each testing
condition was run in duplicate with the average of these measurements plotted to simplify the
presentation of the data. Further reducing the number of data points in the figures are hot pressing
failures. Some combinations of parameters did not produce a properly pressed MEA and
constituted a process failure. Each instance of failure to properly press an MEA sample was

recorded and removed from the data set.

As mentioned above, the two-dimensional presentation in Figure 2.2 conceals many of the
interactions among the three independent variables (time, temperature and pressure). However,
the three-dimensional plots in Figure 2.3 elucidate these interactions through measurements of
adhesion strength (subplots A, C and E) and resistance (subplots B, D and F). Each subplot

represents different hot-press temperatures of 140, 180 and 200°C. For the internal bond tester
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(IBT) measurements of adhesion strength, larger values indicate greater force required to

delaminate the samples.

Ignoring the 1 minute, 7.72 MPa value in Figure 2.3A (140°C) that may be an outlier, there
seems to be a general trend toward greater adhesion strength at higher hot-press pressure,
temperature, and time. This trend in adhesion strength with respect to pressure and time is most
evident in Figure 2.3E. However, with increasing temperature there is an overall increase in the
average adhesion strength.  Figures 2.3B, 2.3D and 2.3F show the area specific resistance
measurements for the MEA samples (units of Q cm?), with a lower value considered beneficial for
fuel cell performance. The MEA resistance trends toward an overall increase with increasing
temperature. In Figure 2.3D, the downward trend towards the front right corner shows a decrease
in resistance with increasing hot-press time and decreasing pressure. Alternatively, Figure 2.3F
trends toward the front center of the plot with the lower resistance region corresponding to a

moderate pressing time of around 3 minutes and lower pressures.
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Figure 2.3. Effects of hot-press pressure, time and temperature on adhesion strength
and resistance
(A) bond strength at140°C; (B) resistance at 140°C; (C) bond strength at 180°C;
(D) resistance at 180°C; (E) bond strength at 200°C; (F) resistance at 200°C

In the early stages of the project, it was expected that there would be a trade-off between reducing
the contact resistance between MEA layers, which could be achieved through increasing pressing
time, temperature, and pressure, and a loss of conductivity of phosphoric acid (PA) due to
dehydration of the acid at higher temperatures. The boiling point of PA is known to be 160°C, and
it is interesting to note that while the 140°C plot (Figure 2.3B) indicates minimal variations in
resistance, both the 180°C (Figure 2.3D) and 200°C (Figure 2.3F) conditions show significant

variations within each data set.
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Impact of Pressing Conditions on Repeatability

Occasionally the MEA samples would delaminate within the press, as a result of MEA
layers failing to adhere internally and pulling apart, or the sample adhering to the press platen and
delaminating the GDL when removed. In the present study, either outcome was considered a press
failure and the failure was recorded. Figure 2.4 shows these failures as a percentage of total
samples attempted at each pressure. With a 0% failure rate, 23.17MPa was the most reliable
pressure attempted. Looking at the effect of press time on failure rate, Figure 2.5 shows a

minimum of 14% failure rate at 3 minutes, with the rate of failure greatest (40%) at 5 minutes.
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Figure 2.4. Number of MEA samples resulting in failure during hot-pressing at different
pressures
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Figure 2.6. Number of MEA samples resulting in a failure during hot-pressing at different
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The difference in failure rate between 3 and 5 minutes may be explained by the order of MEA
sample pressing. In order to minimize the effect of pressing order on failure rates MEA samples
were pressed in order of temperature, from low to high. Figure 2.6 may validate this approach,
showing minimal change in failure rate with increasing temperature indicating that the hot-press
platens did not deteriorate during the bulk of MEA sample preparation. Between each MEA
sample pressed, the press platen was cleaned with an abrasive pad and water, and then wiped with
isopropyl alcohol. This process was repeated throughout the entirety of the sample set. The
condition of 46.34 MPa and 5 minutes was unique, as MEAs were prepared with these process
conditions after all other samples, and after the press had been used on several other experiments
with full size MEAs. After the full-size MEA experiments, the press platens had become visibly
scored, and it is possible that this change influenced the failure rate at the 46.34 MPa and 5-minute
condition. This condition was added at the latter stages of the experimental campaign to include

more resolution in the data.

As stated above, when pressing the MEAs, failures occurred due to delamination in two
different ways. In Mode 1, the MEA layers failed to adhere internally, pulling apart in the press.
In Mode 2, the MEA layers were firmly pressed together, however, one of the GDL’s would remain
adhered to a platen and would rip if an attempt was made to remove it, delaminating the GDL in
sections. It was observed that during the manufacturing of the samples with less aggressive
conditions (i.e., relatively low pressure, temperature, and time), the failure was dominated by the
Mode 1 where the MEA components were not sufficiently adhered and pulled apart. This differed
from failures observed at more aggressive conditions where the MEASs were stuck to the press

platen. This is important to note, as with an improved setup (e.g., PTFE coated aluminum platens)
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Mode 2 failures are likely avoidable, while Mode 1 failures represent an inability to properly

adhere the MEA components under the conditions tested.

Identification of Optimal Pressing Conditions

A press time of 5 minutes was selected to minimize the MEA resistance as seen in Figure 2.2,
given the assumption that changing the hot press platen material would reduce the elevated failure
rate relative to the 3-minute hot-press time (Figure 2.5). Three data points were tested at these
conditions. The trend seen in the Figure 2.3 resistance plots was an increase in resistance with
increasing pressure. Based on the failure rate data presented in Figure 2.4, 23.1MPa was the lowest
pressure that could be applied and still achieve a reliable adhesion of the MEA components.
Raising the pressing temperature increased the strength of the MEA layer adhesion while the
resistance also increased. A value of 170°C was therefore selected as the optimal pressing

temperature.

Impact of Pressing Conditions on Electrolyte Hydration

With the known boiling point of phosphoric acid of 160°C, some of the deleterious effects on
resistance of the hot-pressing process at higher temperatures may be due to the dehydration of
phosphoric acid. As phosphoric acid dehydrates, it forms different polyphosphoric acid
compounds and becomes less conductive, possibly leading to an increase in MEA resistance
(Schechter and Savinell [9]). To test this hypothesis, three new 25.4 mm square MEA samples

were prepared at different hot-press conditions, including one considered as most aggressive in
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regards to phosphoric acid dehydration (200°C, 92.67 MPa, 10 minutes). Another sample was
included to assess the same temperature and time conditions as the previous MEA, but at a lower
pressure (200°C, 7.72MPa, 10 minutes). The third MEA was assembled and pressed at what was
anticipated to be the most benign conditions for acid dehydration (140°C, 7.72 MPa, 1 minute).
After hot-pressing these three samples, the resistance of the assembled MEAs was measured and
then transferred to the SEM to measure the ratio of oxygen to phosphorus (O/P) within the

membrane layer.

o2 ’./

Figure 2.7. SEM cross-sectional image of MEA fabricated at hot-press conditions of 200°C and
92.68 MPa for 10 min

Measurement of the oxygen-to-phosphorus ratio was acquired through the percentage function
on the SEM-EDX system, with the common form of orthophosphoric acid (HsPOa4) having a molar
O/P ratio of 4. It is known that loss of water can cause orthophosphoric molecules to combine via

condensation, creating other forms of phosphoric acid with lower O/P ratios, for example

45



pyrophosphoric acid (H4sP207) and tripolyphosphoric acid (HzPsO10); Higgins and Baldwin [10].
Figures 2.8 and 2.9 present the results of areal resistance and O/P ratio measurements for two MEA
samples hot-pressed at 200°C for 10 minutes, but with different pressures of 92.68 and 7.72 MPa,
respectively. In each figure, the left-handed vertical axis corresponds to the resistance, while the
right-handed vertical axis corresponds to the molar ratio of oxygen to phosphorus. The horizontal
axis indicates the stage in the testing process during which the measurements were taken. After
the hot-press operation, it was observed that the O/P ratio for both MEAs had dropped well below
the known orthophosphoric acid value of 4. For the sample pressed at 200°C and 7.72 MPa (Figure
2.9) the ratio dropped to 2.75, while for the sample pressed at 200°C and 92.67 MPa (Figure 2.8)
the ratio was 1.25. For comparison, the equivalent sample pressed at 140°C yielded an O/P ratio
of 3.98. These results suggest that at elevated pressing temperatures the acid was dehydrating.
Comparing the resistance results against samples made previously at the same conditions showed
they were reasonably consistent. These results for the ratio of oxygen to phosphorus cannot be
used to determine the exact dehydrated form of phosphoric acid, however they provide a
quantitative indication of conditions under which dehydration has taken place, thereby providing

guidance for optimizing the MEA fabrication process.

After confirming that the acid was dehydrating under some hot-pressing conditions, another
test was devised to determine if the dehydration of the phosphoric acid was reversible and if re-
hydration would positively affect resistance. For this stage of the testing, only the two MEA
samples pressed at 200°C were used as they had experienced the most significant level of
dehydration. Both of the 25.4 mm square samples pressed at 200°C were sliced in half, creating
two samples at both conditions for a total of 4 samples. For each material, one half was placed in

ambient temperature and humidity conditions, the other half was placed in a humidified box at
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30°C and 100% relative humidity. The samples were allowed to equilibrate for 3 hours in either
environments and then transferred to a nitrogen atmosphere for 30 minutes to remove any surface

moisture which may have accumulated.

The results for both materials are presented in Figures 2.8 and 2.9 moving along the horizontal
axes, indicating that the oxygen-to-phosphorus ratio (O/P) increased upon moving the samples
from the post hot-press conditions to the ambient environment or the humidified box. While these
pressing conditions are the most aggressive studied in the present experimental campaign, the
reduction in resistance with increasing hydration level indicates that phosphoric acid is
dehydrating in the press, increasing the resistance of the MEA, but that this dehydration is

reversible and adding water back to the material can result in a reduction of resistance.
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Figure 2.8. Resistance and oxygen-to-phosphorus ratio for MEA sample fabricated at 200°C and
92.68 MPa for 10 minutes. Resistance on the left-hand y-axis is area specific.
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Figure 2.9. Resistance and oxygen-to-phosphorus ratio for MEA sample fabricated at 200°C and
7.72 MPa for 10 minutes. Resistance on the left-hand y-axis is area specific.

Impact of Catalyst Layer Thickness on Performance

Once the hot-pressing conditions had been optimized as described above, four functional 25.1 cm?
MEA were prepared. Figure 2.10 shows the polarization curves of the MEAS prepared in-house
compared against a commercially available HT-PEM MEA from Advent Technologies. The first
in-house MEA was designed with a total loading of 1.8 mg/cm?, utilizing a 20% platinum on
carbon catalyst. The cell dropped to nearly 0 V around 0.5 A/cm?, ending the test. The shape of
the polarization curve indicates that the MEA was experiencing severe mass transport loss. In an
attempt to minimize this loss, the electrode layer thickness was reduced by changing the percentage
of platinum on carbon from 20% to 30%. By increasing the percentage of platinum on carbon, the
electrode thickness was reduced, as a lower total volume of platinum on carbon catalyst was

necessary to achieve the required loading of 1.8 mg/cm?. Increasing the Pt percentage to 30%
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resulted in a marked improvement in the MEA performance with maximum current density
extending to about 0.85 A/cm?. With the improvements seen in increasing Pt/C from 20% to 30%,
the electrode was made even thinner by increasing the percentage to 40% Pt/C. This resulted in a
further increase in performance with the maximum achieved current density extending to at least
0.9 A/cm?. Increasing the percentage of platinum on carbon beyond 40% Pt/C would have become
prohibitively expensive. However, to investigate the effect of further reduction in electrode
thickness on MEA performance, the total platinum loading was reduced from 1.8 mg/cm? to 1
mg/cm? while maintaining the 40% Pt/C ratio from the previous run. Interestingly, this reduction
in total platinum loading resulted in no significant change in the overall performance of the MEA

fabricated with 40% Pt/C and total loading of 1.8 mg Pt/cm?.
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Figure 2.10. Polarization curves of in-house MEAs compared against commercial Advent PBI
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Despite the adjustments made to electrode thickness, comparing the in-house MEAs with the
commercially available Advent material indicates there is a persistent discrepancy between the
performance of the two, particularly at higher current densities. It is possible that the micro-porous
layer that came pre-coated on the GDL materials contributed to the performance loss of the in-
house MEAs. Future research will involve material fabrication without micro-porous layers,
because they are not critical to HT-PEM cell performance due to absence of water with higher

operating temperature.

Conclusions and Implications

Through analysis of data for press failure rates, MEA resistance, and layer adhesion strength,
we identified optimal HT-PEM MEA hot-pressing conditions of around 170°C and 23.1 MPa for
5 minutes. With these idealized fabrication conditions, four MEAs were prepared in-house to
investigate the effect of electrode layer thickness on polarization curve performance, compared
against a commercially available MEA. Through the use of SEM-EDX, a process was established
to verify the dehydration of phosphoric acid within the membrane. It was shown that aggressive
hot-pressing conditions can dehydrate the membrane within the MEA, increasing cell resistance.
This dehydration was found to be reversible with post-process humidification recovering some of
the lost conductivity. The presentation of this data can help to standardize and improve the future

fabrication of HT-PEM MEA:s.
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Chapter 3 - Voltage Degradation of High-Temperature PEM Fuel
Cells Operating at 200°C Under Constant Load
Materials and Methods

Commercially available P1100W MEAs from Advent Technologies were used for all the
experiments. These 45.2 cm? active area MEAs were assembled within a fuel cell hardware kit
procured from Fuel Cell Technologies, Inc. The PBI-based MEAs have a total catalyst loading of
1.75 mg/cm? using a phosphoric acid doped PBI membrane with woven gas diffusion layers. Data
were not supplied by the manufacturer detailing the anode-cathode split of catalyst loading, nor
for the specific composition of the catalyst. The fuel cell hardware was comprised of two
aluminum endplates with ceramic heaters, two gold plated current collectors, and two pyro-sealed
Poco graphite flow fields in a 4-channel quad serpentine pattern. The endplates compressed the
entire assembly with 8 bolts torqued to 5.65 Nm (50 in-Ibs). After each round of testing, the MEAs
were stored in vacuum-sealed bags and the time between operations when exposed to ambient

conditions was minimized.

Experimental VVoltage Degradation Apparatus

All fixed-load degradation tests were performed on a modified Hydrogenics test stand under
steady-state conditions of 200°C, 101.3 kPa and 0.4 A/cm?, with anode and cathode stoichiometric
ratios of 1.5 and 2, respectively. House compressed air was filtered and supplied to the cathode
and pure hydrogen to the anode, neither with external humidification. All MEAs were subjected
to a 24-hour break-in protocol at a temperature of 160°C and a current density of 0.2 A/cm?, as per
the manufacturer’s recommendation. The test stand saturators were completely bypassed to ensure

no added humidification of the inlet reactant streams. Heated inlet and insulated outlet hoses
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prevented the formation of liquid water in the exhaust streams and minimized the formation of
thermal gradients within the cell. The degradation test current density of 0.4 A/cm?is higher than
many of the studies cited in Table 1.1 but is relevant to our intended mobile application as it should

allow for a reduction in MEA active area and overall stack mass and volume.

A secondary testing setup was constructed to run extended durability tests. Using several mass
flow controllers, a heating controller and a load bank, the cell temperature, gas flow rate and
applied load could be managed in a way that minimized unexpected stand shutdown and failure.
With this secondary test stand, an experiment was conducted at 160°C, 101.3 kPa and 0.2 A/cm?
to use as a baseline to compare against values in literature. These conditions were selected as they
are the most widely reported in the literature (Figure 1.1) and thus provided the best opportunity

to verify our experimental setup and test procedure.

Figure 3.1 shows the voltage profile from this test (PBI 16), with an average degradation rate of
15.9 uV/h over the course of the 1588-hour run. This result is well within the range reported in
literature and illustrated in Figure 1.2, and provided confidence that the experiments conducted at
200°C using the same test cell hardware and procedures would produce reliable data that will form
the foundation of future research on HT-PEM operation under high temperature conditions that

may be beneficial for reformate-based systems.
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Figure 3.1 — In-house voltage degradation experiment with hydrogen/air at 0.2 A/cm?, 160°C
and 101.3 kPa with Hx/air stoichiometric ratios = 1.5/2. Inset plot from Chapter 1 indicates the
measured voltage degradation rate is consistent with the majority of literature studies at the same
nominal operating conditions.

From Figure 3.1, at roughly 500 hours into the test a slight step can be seen. With the goal of the
160°C, 0.2 A/cm? test in mind the step itself is not important. The trend shows a clear downward
slope at a rate consistent with similar studies in literature, confirming the validity of our methods
and setup. However, the reason behind the fluctuation in the trend is itself interesting. This issue
occurred at the same time the nitrogen cylinder on the stand was changed. Nitrogen was not
included in the reactants feeds but was kept on hand for safety and purging the cell. Due to a
mechanical issue when the nitrogen tank was changed, nitrogen was introduced to the system for
a short period of time. This caused a decrease in performance which was likely the result of

temporary nitrogen dilution. It is interesting, however, to note that the voltage saw a slight
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correction for a period of roughly 500 hours after the event, with the cell performance increasing

then returning to a downward trend.

Results

Voltage Degradation Rate
Figure 3.2 presents the cell voltage results for the three MEASs run at 200°C and 0.4 A/cm? (PBI 1,

PBI 2 and PBI 3), with numerical voltage degradation values also compared against the data

acquired over approximately 1500 hours with a nominally equivalent cell run at 160°C and 0.2

Alcm? (PBI 16) in Table 3.1.

Table 3.1 — Constant load voltage degradation rates, run times, and times to peak voltage

(160°C, 0.2 Alcm?)

MEA Run Time | Degradation Rate | Peak Voltage | Time to Peak Voltage
[h] [uV/h] V] [h]
PBI 1
262 120.1 647 17.7
(200°C, 0.4 Alcm?) 6 0 0.6
PBI 2
(200°C, 0.4 Alcm?) 209 95.8 0.650 0.02
PBI 3
(200°C, 0.4 Alcm?) 250 91.0 0.653 16.4
PBI 16 I588 oo . —
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Figure 3.2 — Results of triplicate voltage degradation experiments run with Advent PBI materials
at 0.4 A/cm?, 200°C and 101.3 kPa with Hy/air stoichiometric ratios = 1.5/2

It can be seen that PBI 1 and 3 displayed similar trends, with a peak in voltage within the first 50
hours of operation. This trend has been reported in literature and is commonly observed for HT-
PEM materials [1]. PBI 2 did not follow this same general trend, but further analysis of cell
behavior during the break-in procedure showed that PBI 2 underwent a similar peak at around 5
hours into the break-in period. The reason for this profile is unknown, however, it is speculated
that this result is due to a continued break-in of the MEA, potentially stemming from redistribution
of phosphoric acid within the cell which is known to occur at higher rates during beginning-of-life

operation [2][3].
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Normalized Voltage

A normalized presentation of the voltage degradation behavior is provided in Figure 6. Here the
data for each run were first truncated, with all discrete points occurring before peak voltage
omitted. The data were then normalized by dividing each instantaneous voltage measurement by

the peak voltage value.
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Figure 3.3 — Normalized voltage degradation profiles at 0.4 A/cm?, 200°C and 101.3 kPa with
Ha/air stoichiometric ratios = 1.5/2
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These results show that the irregularities observed in the raw data presented in Figure 5 had little
effect on overall MEA degradation rate. MEA performance relating to peak voltage and curve
shape varied within each experimental run, but through analysis of normalized data the similarity
in degradation performance between MEAs can be visualized. Because the cell assembly and test
procedure were precisely replicated for each experiment, these performance variations are
assumed to stem from material variations resulting from the membrane-electrode assembly
manufacturing process. It is pertinent to reiterate that few of the prior studies summarized in Table
1.1 presented voltage degradation results based on duplicate or triplicate measurements, so the
expected degree of performance variation for commercially procured HT-PEM MEAs is not well

understood.

Voltage Degradation Rate Calculation

The voltage degradation rates were calculated using Equation 3.1, with 1-hour averages taken for
30 minutes on either side of the peak point near the beginning of the test and over the last hour at
the end of the test. From these two values, the voltage decay (in volts) over the span of the test
was calculated and this value was then divided by the difference in hours between time of peak

voltage (tpeak) and end of test (tend).

%4 -V
DR [ﬂ] = —peak “end w106 (Equation 3.1)
hr tend — tpeak
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Discussion

The rate of degradation was relatively consistent, with minimum-to-maximum variation of 29.1
uV/h among the three tests (Table 3.1). While variability in voltage exists and is clearly apparent
in Figure 3.1, Figure 3.2 shows that the degradation behavior among the three MEAS was generally

similar and each reasonably followed a linear profile.

The voltage profile of PBI 1 in Figure 3.1 shows two clear steps in the voltage occurring at roughly
50 and 125 hours. These anomalies correspond to two unplanned stand shutdowns. It is interesting
to note that during the first shutdown a nitrogen purge was applied with the cell cooling to room
temperature, resulting in a distinct increase in voltage. The second shutdown had no nitrogen
purge and saw a step down in voltage while the cell cooled to around 100°C. While these
shutdowns represent significant discontinuities in the test protocol, the voltage degradation rates
across the three-time ranges remained fairly constant, and the effect on the overall test is
considered insignificant. It is unknown what exactly the primary cause of the increase degradation
rate seen here is when compared against other conditions reported in literature. There could be an
agglomeration, diffusion and/or coarsening of the platinum catalyst particles during the testing,
which may cause mass transport losses due to a reduction in active platinum surface area [4]. An
increase in ohmic resistance or conversion of phosphoric acid into other forms of phosphorous
acid that cause catalyst poisoning which can occur at high temperatures may also contribute to cell
degradation [5]. Or it is possible that the materials utilized experience an increased mechanical
degradation at increased temperature. Further work is required to identify the cause of and potential

solutions to, the rate of performance loss identified in this study.
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Conclusions

This study presents a review of HT-PEM voltage degradation studies, highlighting a gap in
published data at relatively high current densities and temperatures, and the general lack of
consistency among reported results. To address this research gap, degradation data for extended
operation durability testing was acquired in triplicate with three MEAS operated under constant
load conditions. The MEAs were subjected to over 200 hours of testing at constant operating
conditions at 200°C and 0.4 A/cm?. An average degradation rate of 102 pV/hr was recorded for
these MEAS, which is significantly higher than rates reported in the literature for less aggressive
conditions.

It is suspected that the high degradation rate is caused by an increase in phosphoric acid loss or
catalyst deterioration resulting from the selected operating condition and parameters. While
extended operation at 200°C, 0.4A/cm? does not encompassa full range of proposed high
temperature PEM operating conditions, this study is useful in establishing a baseline for operation
at previously understudied conditions and is a step in further developing high-temperature PEM
fuel cells for novel applications. Further research is needed to improve understanding of the
specific modes of degradation, and possible methods of mitigation through a combination of
material design and operational control. Experimental work is underway to identify and quantify
specific mechanisms responsible for HT-PEM fuel cell degradation at 200°C where relatively little

research has previously been reported. This work will be continued in the next chapter.

60



Citations Chapter 3

[1] Rastedt M, Blsselmann J, Klicpera T, Reinwald K, Pilinski N, Dyck A, and Wagner P.
Determination of long-term stability and quality of HT-PEM MEAs. ECS Trans . 2018;
86.13:301-314 doi: 10.1149/08613.0301ecst.

[2] Eberhardt SH, Toulec M, Marone F, Stampanoni M, Buchi FN, and Schmidt TJ, Dynamic
operation of HT-PEFC: In-operando imaging of phosphoricacid profiles and
(re)distribution, J. Electrochem. Soc. 2015;162.3:F310-F316. doi: 10.1149/2.0751503jes.

[3] HulJ, Zhang H, Zhai Y, Liu G, and Yi B. 500 h Continuous aging life test on PBI/H 3 PO
4 high-temperature PEMFC. Int. J. Hydrogen Energy. 2006;31:1855-1862doi:
10.1016/j.ijhydene.2006.05.001.

[4] Prokop M, Bystron T, Belsky P, Tucek O, Kodym R, Paider M, Bouzek K. Degradation
kinetics of Pt during high-temperature PEM fuel cell operation Part I11: Voltage-
dependent Pt degradation rate in single-cell experiments. Electrochim. Acta. 2020;363:
137165. doi: 10.1016/j.electacta.2020.137165.

[5] Orfanidi A, Daletou MK, Sygellou L, and Neophytides SG. The role of phosphoric acid in
the anodic electrocatalytic layer in high temperature PEM fuel cells. J. Appl. Electrochem.

2013;43(11):1101-1116. https://doi.org/10.1007/s10800-013-0626-2

61



Chapter 4 - Assessment of Electrolyte Degradation of HT-PEM Fuel
Cells at 200°C Under Constant Load.

HT-PEM fuel cells can experience performance loss over time stemming primarily from
mechanical degradation, degradation of the electrolyte, or reduction of catalyst performance [3].
Mechanical degradation can take the form of degradation to the MEA, such as delamination of
constituent MEA layers or the formation of pinholes within the assembly [4,5]. This mechanical
degradation can also involve balance-of-plant components, a common issue being acid
impregnation of graphite flow fields and acid buildup in gas channels. The most common
electrolyte utilized in commercial HT-PEM systems is phosphoric acid, selected primarily for its
high proton conductivity, but at temperatures above 160°C phosphoric acid can begin to
“dehydrate”. This dehydration causes the formation of more concentrated forms of phosphoric
acid within the orthophosphoric acid (H3POa) transitioning to other forms such as pyrophosphoric
acid (HsP207) [6]. These more concentrated forms of phosphoric acid have lower conductivities
which can lead to a reduction in performance of the cell. Additionally, phosphoric acid has been
found to migrate out of the membrane into the gas diffusion layer over time [11] and even exiting
the MEA materials entirely and moving to the flow fields, hardware connections, and ultimately
residing in the water produced during operation [7]. Catalysts in HT-PEM may experience
degradation due to particle agglomeration, electrochemical Oswald ripening, or occupation of
active sites due to gas impurities such as carbon monoxide [8]. It is important to note that the
presence of an aggressive acid such as a reduced form of ortho-phosphoric acid can have a negative
impact on Pt based catalysts, further contributing to performance degradation [9]. From previous
work it has been shown that the degradation rate of HT-PEM systems is strongly correlated to

operating temperature. Higher temperatures lead to an increased rate of degradation, with
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previously tested conditions of 200°C, 101kPa and 0.4 A/cm?, resulting in an average degradation

rate of 101.9 uV/hr over 200 hours [10].
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Table 4.1 - Summary of prior studies of phosphoric acid loss in HT-PEM fuel cells
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Year MEA CD Temp Test PA measurement Sample prep Measured PA Comments
Reference [°C] | duration [h] method range
[A/lcm?]
2020 Fumapem® 0.3 160 | 1000 - 9000 | Titration Punched sample ~10 mg loss total
[Bisselmann] AM-40 soaked in 70% or about 50%
Fumapem® distilled water +
AP-30 30% acetone, stirred
for 30 min
2018 Celtec 0.2-0.8| 160 1.2 X-ray tomo In-operation Reported in Interesting work on the
[Halter] MEA graphic imaging mm?3/cm? initial redistribution of
movement PA
2018 In-house 0.2 180 | 2000 -5500 | SEM-EDX and Water bath to 0.22 - 150 Tested different gas
[Kannan] inductively separate out acid ng cm?h'; less | diffusion layers and
coupled plasma than 6% PTFE content as a
optical emission collected in means of retaining acid
spectroscopy exhaust water within the membrane.
2018 In-house | 0.2-0.8 | 160- | Upto 6000 | Titration Samples were die 0-59 ug m2s? Embedded
[Sendergaard] 180 cut and leached in thermocouple used for
water internal temp
measurements. Included
3D plots showing the
effect of temperature,
current density, and
flow rate on acid loss.
Increasing acid loss
associated with larger
values of all 3
parameters.
2018 In-house | 0.2-0.8 | 160- | 2,000 - 6000 | Titration 150 mL ultrapure 0-59 ug m2s? Interesting insights into
[Sendergaard] 180 water, stirred the effect of current

overnight

density and temperature
on acid loss.
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2016
[Han]

20.25 cm?
active area
Dongjin
Semichem

11

150

84

Visual inspection
and spectrometric
measurement

Water samples
collected from
exhaust

0.35-0.45 ugh'
cm

Solutions made with
exhaust water and
different reagents used
to change color
depending on the
quantity of acid present.

2015
[Eberhardt]

BASF
Celtec

0.2-0.8

140-
160

05-43

In-operando
synchrotron based
X-ray tomographic
microscopy

Redistribution of
acid measured in
real time

Virgin MEA used to
calibrate greyscale
image from the X-ray,
from this image the
volume of PA in the
image was determined.
Used to record
migration of PA within
the MEA in real time.

2015
[Pilinski]

Celtec®
P1100W

03-1

160

500

Titration
lon
chromatography

Leaching in water

449 — 457 mg
total

200 - 6300 ng
cm?hl

Measured content of
acid in MEA and flow
fields; found ~1/3 of
acid in cathode BP and
the rest in MEA. Very
little acid in the exhaust
water during constant
load test. However,
increased at higher
current densities and
with load fluctuations.

2014
[Lang]

BASF
P1000

0.2

120-
150

90 - 4600

Model

Created a model of
acid loss

0.3-0.34
pg cm?ht

Model used to simulate
several runs at 120 and

150°C under humidified
conditions.

2011
[Hartnig]

Celtec®
P2100

0.35

180

1600

Titration

Samples boiled in
water for 30 min
with two repeats

Roughly 10%
loss after 1600

Found that some flow
field materials are better
than others.
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hours for sealed

graphite
2009 In-house 0.2 160 400 SEM, EDS Exhaust water/ MEA | Found less Initial pH of 4.3-6.0 in
[Li] sample phosphorus in exhaust water, changed
sample after test | to 5.5-6.0 at around 150
hours. Used SEM to
measure phosphorus
movement within the
MEA.
2009 In-house 0.2 150 450 Inductively Exhaust water 3E-0.6t0 5.8 E- | Found negligible
[Oono] coupled plasma testing and 0.6 mg amounts of acid in
mass spectroscopy | membrane exhaust water. Reported
and direct weight | dimension acid loss in term of mass
measurement measurement. as the membrane
measurement was based
on the weight change.
Looked into how doping
level of membrane
affected performance.
2009 In-house 0.2 160 100 Optical emission GDLs peeled off the | 2-20 mg cm Measured quantity of
[Wannek] spectroscopy with | membrane. Samples acid within the
inductively then leached 3 times membrane and both the
coupled argon in deionized water anode and cathode
plasma for one hour. GDLs separately.
Performed experiments
in adding PA to the
GDL material.
2008 In-house 0.2 80- 800 - 1000 | Ion Exhaust water 4.9-110 ngcm | Observed effects of both
[Yu] 190 chromatography collection bottles. 2pt current density and

temperature on PA
content in exhaust
water. PA loss at 190°C
was an order of

67




magnitude larger than at
160°C.
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Table 1 provides a summary of literature relevant to phosphoric acid degradation of HT-PEM. A
variety of methods have been presented, ranging from in-situ imaging to post-mortem titration of
MEA samples. The findings of Pilinski et al. (2015) had a significant impact on this research,
particularly their findings on the use of exhaust water compared to direct MEA testing as a metric
of acid loss [12]. Sendergaard et al. (2018) also influenced our understanding and assumptions
on the mechanism of degradation for phosphoric acid within HT-PEM, as well as the effect of
temperature and current density on acid loss [18]. In the present work, it was assumed that there
are three factors at play driving acid loss the first being the dehydration of the acid. As the acid
reduces from orthophosphoric to a more concentrated form such as pyrophosphoric acid the
conductivity decreases, leading to a decline in fuel cell performance. The second mechanism, loss
of acid due to the compression of the cell, is assumed to occur primarily at beginning of life and
result from the compression of the MEA. The third mechanism is the loss of acid from the cell
during operation as acid leaches out of the system. This is based on the general conceptual model
of acid loss driving the HT-PEM fuel cell voltage reduction at high temperature, long term (> 200
hour) operation. Post-mortem material analysis were conducted in an attempt to quantify the

relative contributions of the different mechanisms.

69



Reaction Rate

.............. 1 l ey

Thinning, delamination, or
pinholes

.............. | SRS WSS WS

Thinning and delamination
of MEA due to PA
reduction and loss

Catalyst active area loss

Catalyst poisoning due to
PA reduction.

PA loss and
dehydration

Figure 4.1- Conceptual map of HT-PEM degradation modes and their relation to phosphoric
acid loss and dehydration

In the present work, we’ve attempted to delineate voltage loss associated with dehydration of
phosphoric acid from loss of acid due to physical migration out of the MEA. Figure 4.1 provides
a conceptual map of HT-PEM degradation modes and how the cause across several possible modes
may stem from the common source of phosphoric acid dehydration and/or loss. Due to the results
of our previous experiments conducted at 200°C (Leader et al., 2022), as well as the findings of
our review and conceptual map, it was decided to focus our research on phosphoric acid loss as

potentially the dominate degradation mode of HT-PEM under these operating conditions [10].
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Experimental Materials and Methods

All experiments employed commercially available 45.2 cm? P11000W MEAs sourced from
Advent Technologies (Boston, MA, USA). These MEAs utilize a phosphoric acid doped
membrane and feature a total catalyst loading of 1.75 mg/cm? combined between the anode and
cathode electrodes. The composition of the catalyst and the allocation of catalyst between anode
and cathode was not provided by the supplier. The MEAs were assembled in commercially
available testing hardware consisting of two Poco sealed graphite flow fields with serpentine
channel structure oriented in counter-flow, two gold plated current collectors and compressed
using two aluminum backing plates with 8 bolts torqued in pattern to 5.65 N-m (50 in-Ibs.); Figure

4.2.

Figure 4.2: Flow fields used in fuel cell testing, operated in counter-flow orientation
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Performance and Durability Testing Protocol

A custom fuel cell testing apparatus was configured for the extended durability tests, comprised
of a temperature controller, load bank, N2 purge setup, mass flow controllers and water collection
system, all designed to minimize unintended shutdowns during the 200+ hour experiment
durations. The MEAs underwent an initial break-in period of 24 hours at 160°C and 0.2 A/cm? as
per the manufacture’s specifications. After the break-in period, a series of polarization curves
were acquired, this was then repeated after durability testing to establish beginning- and end-of-
life performance. Durability tests were then run under constant conditions in galvanostatic mode
at 0.4 A/lcm?, 200°C, atmospheric pressure, and with anode/cathode stoichiometric ratios of 1.2
and 2, respectively. The voltage was recorded every second with the average values calculated

over one minute.

The degradation rate (DR) was calculated using Equation 4.1, based on the difference between
peak and end voltage divided by the elapsed time. The value for peak voltage was calculated by
identifying the maximum voltage out of the data set and averaging for 1 hour about that point.
This process was repeated to calculate the end voltage by averaging the last hour of cell run time.
Averaging the voltage values over one hour was done to reduce the impact of discrete outliers on
the computed degradation rate. The resulting value was then scaled to report in units of microvolts

per hour.

%4 -V
DR L[ = Zpeak™"end o )6 (Equation 4.1)
hr tend—tpeak
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pH Measurement

A review of literature relevant to the measurement of phosphoric acid loss in HT-PEM fuel cells
was introduced earlier in Table 4.1. A common method of phosphoric acid loss measurement has
been to utilize the pH of the water produced by the electrochemical reaction to relate to acid
concentration. From there, the quantity and effect of that migration of acid from the cell can be
postulated. In the present study the pH of cell water was measured, but as reported by Pilinski et
al. (2015) using pH is not a reliable method of quantifying the lost acid [12]. This is due to a
significant portion of the migrated acid remaining in the flow fields and fittings of the testing
hardware. The results of our research support this finding, with the cell hardware requiring
cleaning after each use to remove phosphorus containing contamination accumulated in exhaust

fittings and lines.

While there exist acknowledged limitations to the method of measuring acid content from the pH
of the produced water, this measurement was still taken for two of the MEASs tested in the current
campaign (PBI 5 and 6). In each case, the water was allowed to condense from the exhaust in a
water trap and removed with the pH measured every 24 hours. For measurements of pH, a
SevenCompact model S220 pH/lon benchtop meter with pH electrode model LE348 from Mettler
Toledo was used. Prior to each round of testing the device was calibrated and each pH

measurement per sample was repeated in triplicate.
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Phosphoric Acid Content Measurement

A Shimadzu EDX-8100 energy dispersive X-ray fluorescence spectrometer (EDX) was used to
measure the content of phosphoric acid (PA) remaining within the MEAs after completion of
durability testing. This method has been reported as a suitable method for phosphorus
measurement in aqueous systems (Marvin and lves, 1983; Yada and Ichimaru, 2018) [28,27]. A
helium purge was used to increase the sensitivity of the device to lighter elements. Samples were
prepared by placing two 6.4 mm (Y2 inch) diameter punch cut samples and 7 ml of deionized water
within a vial, then placed in an oven at 30°C for 48 hours. A total of six MEAs were tested,
including three subjected to 200+ hour durability testing (PBI 4, 5, and 6) as well as three virgin
MEAs (V1, V2 and V3) which had not undergone testing and were included as a baseline for

beginning-of-life PA content.
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Figure 4.3- Example spectrum from phosphorus quantity measurement on Shimadzu EDX 8100
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For each of these six MEAs, samples were taken from the anode inlet, center of MEA, and anode
outlet. Each sample was then measured 3 times with the results averaged for presentation. Several
calibration points were than prepared in vials by adding a known volume of orthophosphoric acid
to 7 ml of deionized water. An example of the EDX spectrum is provided in Figure 4.3 which
shows the profile for a prepared calibration sample with a known quantity of 0.05 ml of phosphoric
acid in 7 ml of deionized water. This was then compared to a standard of pure deionized water and
the sample holder to identify the source of the other peaks seen within the sample spectrum profile

apart from the phosphorus.

As seen in Figure 4.3 the EDX operation returned results in units of CPS/UA. To relate this to
quantity of phosphoric acid, a custom calibration curve was made by adding exact quantities of
phosphoric acid (0.05 ml, 0.025 ml, 0.0125 ml, 0.00625 ml, and 0.003125 ml) to 7 ml of deionized
water and recording the output of the EDX operation. From these data, a calibration curve was
made and found to be linear. The equation produced from a best fit line was used to relate the

sample measurements from the MEAS to a quantity of acid lost (Figure 4.4).
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Figure 4.4 - Calibration curve relating phosphoric acid content to counts per second per micro-
amp [CPS/uA]

Oxygen-to-Phosphorous Ratio Measurement

A scanning electron microscope (SEM) with EDX function was employed to measure the molar
ratio of oxygen to phosphorus (O/P) immediately after the completion of durability testing. This
ratio was used to determine the “hydration” level of the phosphoric acid remaining in the MEA at
the end-of-life in comparison to three untested virgin MEAs from the same manufacturer and
production lot as the tested MEAs. Samples were taken from the anode inlet, center, and anode
outlet regions of the MEA. These samples were then fixed within a custom sample holder allowing
the SEM to image the MEA in cross-section. Using a voltage of 10 keV, the MEA sample was

scanned in the SEM EDX and the ratio of oxygen to phosphorus was recorded.

While the measured O/P value could not be used to determine the exact form of the phosphoric

acid, it has been found to be directionally correct, with a lower value indicating some degree of
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acid dehydration . Two or more orthophosphoric acid molecules (H3PO4) with O/P = 4.0 can be
combined via condensation into larger molecules by the elimination of water. These larger
molecules, for example pyrophosphoric acid (H4P207) and triphosphoric acid (HsP3O10), have
lower O/P ratios of 3.5 and 3.3 respectively. However, it is unknown what percentage phosphoric
acid was used in the doping of the commercial MEAs in this study. Typically, phosphoric acid is
sold as an 85 wt% aqueous solution and there exists published studies on MEA fabrication using
this concentration (Yang,2014) [29]. This extra oxygen bound in the water would show up in the
EDX measurement, potentially skewing results toward a higher level of hydration. Accounting for
the water content of the 85% solution, we should have an oxygen to phosphorus ratio of

approximately 5.

To confirm the viability of this method, a series of tests was performed on samples of PBI
membrane designed for fuel cell use procured from Celazole® PBI. Two samples of the membrane
were cut from the larger roll. The first of these samples was immediately placed in the SEM for
EDX analysis, looking for any pre-existing phosphorus or oxygen within the PBI material. No
evidence of either element was found. The second sample was submerged in an 85% ortho-
phosphoric aqueous solution for 6 hours. The doping timeframe of 6 hours was used as the material

had shown peak acid uptake after 6 hours in previous work. (Leader,2022) [10].

After doping, the sample was removed from the acid, patted dry with a Kimtech wipe, and placed
within the SEM for EDX measurement. The doped sample had an oxygen to phosphorus ratio of
5.1, close to the expected ratio of 5 for 85% ortho-phosphoric acid. This indicates that the 15%
water content of the 85% acid solution had a significant impact on the measurement of O/P. The
second half of the doped sample was placed in an oven at 200°C for 200 hours to simulate the

conditions of the durability testing. After baking in the oven, the membrane yielded an oxygen-
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to-phosphorus ratio of 1.8. To the naked eye, the sample had changed as well. Prior to entering
the oven, the doped sample had been a light honey color and was highly flexible, while after the
oven drying the sample had turned a dark brown color and became brittle and stiff. The results of
this initial test showed a decrease in the oxygen-to-phosphorus ratio corresponding to dehydration
of the acid. Therefore, measuring O/P in HT-PEM membranes provides information on the
relative hydration state of the phosphoric acid, which in turn relates to the level of proton

conductivity in the aged materials.

Results and Discussion

The voltage degradation profiles for PBI 4, 5 and 6, collected while running at constant conditions
of 0.4 A/cm?, 101 kPa and 200°C are presented in Figure 4.5. The timeline starts at zero hours
indicating the beginning of the experiment, not including the 24-hour break-in period. PBI 6 in

the top right of Figure 4.5 shows a small step in the voltage around 170 hours.
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Figure 4.5— Results of triplicate voltage degradation experiments run
with Advent PBI materials at 0.4 A/cm?, 200°C and 101.3 kPa with H2/air
stoichiometric ratios = 1.5/2

It is not known what caused this, however, it is likely that it was a minor test stand issue and its
effect on the degradation rate was assumed to be minimal as the voltage shortly returned to a level
consistent with earlier measurements. It is also important to note that the y-axis range has been

adjusted to 0.55 -0.70 V for better clarity which also has the effect of amplifying slight fluctuations

in the data.
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Table 4.2 - Comparison of voltage degradation rates for three tested MEASs

MEA Time to peak V DR Peak 1 hravg | End 1 hravg | Test duration
[h] [uV/h] [V] [V] [h]
PB4 12.9 133.4 0.659 0.629 235.2
PBIS 24 1193 0.645 0.612 304.8
PBI6 13.1 156.4 0.664 0.634 200.5

Table 4.2 summarizes the results of the steady state degradation testing showing the degradation
rate, time to peak voltage, and peak voltage value. The data demonstrate that variability exists in
the performance of the nominally identical MEAs operated under identical conditions, assumed to

stem from variations in the manufacturing of the MEAs.
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Figure 4.6 — Normalized voltage degradation profiles at 0.4 A/cm?, 200°C and
101.3 kPa with H2/air stoichiometric ratios = 1.5/2
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Normalizing the data via Equation 4.2 and shown in Figure 4.6 visually reduces the effect of

performance variability and enables the consistency of the degradation data to show.

(Equation 4.2)

Normalized voltage = v
VMax

For both PBI 5 and 6, beginning-of-life polarization curves running out to 1.6 A/cm? with a
resolution of every 0.1 A/cm? were taken after break-in and end-of-life curves were recorded after
the end of durability testing. From the curves in Figure 4.7, both PBI 5 and 6 a slight translation
downwards can be seen with a more pronounced decrease at higher current densities, indicating

an increased mass transport loss over the life of the test.
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Figure 4.7 -Polarization curves for PBI 5 and 6 measured at beginning-of-life (after break-in)
and end-of-life (at completion of durability testing)

Over the span of the test the pH of the product water was tested every 24 hours and recorded for
both the anode and cathode. While the majority of the water was collected at the cathode water
trap as expected, a relatively small quantity was collected from the anode exhaust. Both of these
MEA water samples showed fairly consistent data over the span of the test, with a general trend
of increasing pH and then leveling off to a generally constant level over time. This trend of
increasing at beginning of life held true for all but the cathode of PBI 6 which has an outlier in the

first measurement with the pH dropping from 4 to 3 (Figure 4.8).
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Figure 4.8 - pH of water collected at both cathode and anode exhaust for PBI 5 and 6

After this first measurement the cathode of PBI 6 conforms to the general trend with the pH rising
from 3 to 4 over the next 3 measurements. While the anode of PBI 5 takes roughly 175 hours to
reach a steady state pH of around 5.5, the other lines converge to a pH of around 4 after roughly
100 hours. 1t is not known exactly what caused these variations, however, it is suspected that
beginning-of-life compression of the MEA within the hardware can cause an initial redistribution
of phosphoric acid within the MEA, and potentially allow for more acid to be transferred into the
product water stream. On the anode side, where the volume of water collected was in the range of
a few millimeters, this may have impacted the measurement of the anode of PBI 5 resulting in the

higher pH value.

As previously noted, pH measurement is not a complete or sufficient indication of the severity of

acid loss. However, from these pH measurements it was determined that some amount of acid was
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exiting the system, thus motivating further investigation. This was further substantiated by a visual
observation made post testing while cleaning the hardware between runs. The outlet gas lines on
both the anode and cathode had a buildup of some material in shades of blue to green, varying
across tests and location in color. Upon scraping it out and collecting the resulting powder, further
investigation in the EDX revealed it contained high concentrations of phosphorus. This confirms
the assumption that pH results, while useful, do not tell the whole story on phosphoric acid loss
due to accumulation of acid in fitting and lines which is then not represented in the pH

measurement.
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Figure 4.9 - Phosphoric acid content of degraded vs virgin MEAs

Figure 4.9 shows the results of the EDX measurements acquired to better understand the nature of

the phosphoric acid loss. The sample locations reference the anode side of the MEA and with the
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cell oriented in counter-flow mode, the anode in location corresponds to cathode out and vice
versa. For each column in Figure 4.9, the bars indicate the minimum and maximum value among
the 9 discrete measurements taken at that point. There is a marked decrease in the phosphoric acid
content of the degraded samples vs the virgin samples. An ANOVA analysis was performed on
this data set and there was found to be a statistically significant difference between the virgin and
degraded MEAs as well as between each individual degraded MEA. From table 2 above, the run
times of the 3 MEAs can be seen to vary from 200.5 to 304.8 hours. With this range of testing

duration, it would be expected that the acid loss would vary between tests.

The mass change of the MEAS over the span of the durability tests is presented in Figure 4.10.
Here the measured column represents the mass change of the MEA over the span of the test
measured by using a scale prior to and after testing. This indicates an average mass reduction of

about 0.4 g over the 200+ hour experiment duration.
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Figure 4.10 — MEA mass loss between beginning and end of testing for PBI 4, 5, and 6
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The hydrophilic nature of the MEA is an important potential source of error in this measurement.
When exposed to humid air in the ambient environment, droplets begin to form almost
immediately on the surface of the MEA. It is assumed these are water droplets condensing on the
surface. When placed on a scale in an attempt to measure the mass of the MEA the effect of this
condensation can be seen. As the MEA sits on the scale the weight will slowly but consistently
increase as more water condenses. To reduce this effect, during the end of testing while the system
was being shut down the cell was purged with nitrogen and the connections capped before removal
from the test stand. From there the MEA exposure to atmospheric conditions was limited and the
MEA was stored in a vacuum-sealed bag. The initial measurement of the weight of the MEA was

used and it was quickly removed from the scale to minimize water uptake.

In Figure 4.10, the hollow column titled “calculated from phosphoric acid content measurement”,
uses the means of the data from the phosphoric acid measurement tests shown in Figure 4.9 to
calculate the mass of acid lost over the course of testing. There is a slight discrepancy between the
mass loss as measured by scale and through the acid loss calculation. Across the three tests the
calculated loss was found to be lower than the measured loss. Several possible explanations for
this exist. It may be that the water condensation discussed above impacted the measurement
causing a larger loss to be recorded. Alternatively, it may result from a slight error in the
phosphoric acid measurement process. This could potentially exist in the leeching phase of the
sample preparation. If the virgin MEA material is less willing to release the imbibed phosphoric
acid when compared against the degraded material, an under estimation of the acid loss and in turn
mass loss could occur. Regardless, the greater mass loss seen on the scale versus the acid
measurement results makes sense. In our acid leaching process, it was known going in that some

amount of acid would remain within the MEA sample rather than leach into the water. This would
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cause an underreporting of the amount of acid in the MEA and therefore an underestimation of

mass loss.

Comparing the results for PBI 4-6 from the mass loss calculated from acid loss in Figure 4.10. It
can be seen that the values range from 0.3 to 0.39 grams. A variation in mass loss is to be expected
as the tests ranged in length from 200.5 to 304.8 hours as seen in table 2. However, what is

interesting is that the greater mass loss does not coincide with the longer duration of tests.

In a similar fashion to the previous phosphoric acid content measurements, samples were taken
from the anode inlet, center and outlet and measured in a SEM with EDX capabilities to determine

the ratio of oxygen to phosphorus within the MEA sample.
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Figure 4.11 — Cross-sectional SEM image of PBI 4, highlighting different layers of the MEA

An example of the cross section of the MEA can be seen in Figure 4.11. In the outer most layers
the individual fibers of the woven gas diffusion media can be seen. Within the gas diffusion media,
the catalyst layer is recognizable as the brighter layer. Sandwiched within, at the center of the 4
layers is the membrane itself. In the figure the right side is the anode, and the left side is the
cathode. For this analysis measurements, were made solely of the membrane itself not the other
MEA components. This was done due to the nature of the woven fibers causing the SEM to

experience issues returning inconsistent results with the variation in sample depth. The gaps
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between cracks in the catalyst layer and the gas diffusion layer fibers presented an issue skewing

the results. The location of the 3 samples is shown in Figure 4.12.

Figure 4.12 - MEA sample locations for the SEM EDX measurement of oxygen-to-phosphorus
ratio. AO = anode outlet, Al = anode inlet, and C = center, figure not to scale
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Table 4.3 - Comparison of oxygen to phosphorus ratios for the virgin MEA and PBI4, 5, and 6
post-durability testing

O/P Ratio

Anode Out | Center | Anode In

Virgin 4.1 4.7 3.9
PBIl 4 2.5 3.2 2.8
2.9 3.6 3.1
PBI 6 3.0 3.6 3.8

The results of the oxygen to phosphorus ratio measurements can be seen in table 3 above. The
virgin MEA shows the average of the 3 virgin MEAs measured. It was not anticipated that this
measurement method would return results allowing for the identification of the exact phase of the
phosphoric acid. For example, if the acid had reduced from the ortho to the pyro phosphoric acid
phase, but rather that is would be directionally correct and indicate dehydration had taken place.
For a fully humidified 85 wt% phosphoric acid one should expect the ratio of oxygen to phosphorus
to be 4.97. The virgin material in this study reported values lower than the expected 4.97. This
may be because of the hot pressing of the MEA in the fabrication process causing an initial
dehydration of the acid before testing, or from the fabrication process using a different solution of
phosphoric acid. From table 3 the ratio of oxygen to phosphorus shows a decrease from the
degraded samples to the virgin ones. Across all the degraded samples (PBI 4, 5, and 6) the anode

out location shows the lowest ratio of oxygen to phosphorus. This is interesting to note as the
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anode out corresponds to the inlet of the cathode where the highest volume of dry gas is introduced
to the MEA.. It was expected that this location would yield the lowest oxygen to phosphorus ratio
having the most dehydrated acid. While the anode out location shows the most reduced phosphoric
acid, this trend is not seen in the measurements of the content of acid (Figure 4.9). This may
indicate that the migration of the acid out of the MEA is not dependent on the reduction of acid to

more concentrated forms.

From the findings in this study, it is now understood that phosphoric acid loss is occurring and is
a likely culprit behind the increased degradation of the cell at 200°C. This phosphoric acid loss
takes the form of both the physical migration of acid out of the active fuel cell system and the loss
of electrolyte efficacy due to dehydration. It is understood from the pH results seen in Figure 4.8
that the acid migration out of the MEA is greatest at the beginning of life. This is most likely
driven by the initial compression of the cell squeezing the acid out. Acid migration is assumed to
continue at a reduced rate over the span of the tests which can be seen by the leveling out of the
pH measurements over time. The acid migration over time is believed to stem from a steam
distillation process as the cell produces water rather than the physical deformation of the MEA
assembly. Over time the dehydration of the MEA membrane is understood to be the dominant
mode of degradation as seen in the SEM EDX measurements in Table 3 and due in part to the

known effect of temperature on phosphoric acid.
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Conclusions

HT-PEM fuel cells are desirable and offer unique advantages in performance, simplified water
management, and tolerance to fuel impurities. Unfortunately, many of these benefits are more
pronounced at higher operating temperatures where increased degradation rates prevent long term
operation. This work represents a step towards understanding the cause of the increased
degradation observed at higher temperatures. Through the 200 hours testing a degradation rate
was established, these 3 MEAs then underwent several post processing operations to determine
the loss of performance, the state of phosphoric acid dehydration, and the loss of acid from the
system. From this it can be seen that the MEA undergoes a significant loss of phosphoric acid as
well as dehydration of the remaining acid which can explain the loss in performance. Of the two
modes of phosphoric acid loss, migration, and dehydration, investigated here. The findings of this
study indicate that the dehydration of the acid, not the migration of acid out of the system is the
cause of the relatively large performance loss seen over time. Future work is needed to address
the root cause of acid dehydration, possibly through rehydration via water addition or though the

adjustment of operational parameters.
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Chapter 5 - Mitigating Degradation of HT-PEM Systems Operated
at 200°C

Introduction

The experiments in this section focus on the mitigation of cell degradation, through either periodic
recovery of loss performance or through the elimination of degradation modes. The two primary
methods employed here were the humidification of the cell with the injection of liquid water or
the humidification of reactant flows. The second method applied pressurization of the cell in an

attempt to suppress dehydration of the ortho-phosphoric acid electrolyte.

Experimental Materials and Methods

High-frequency resistance (HFR) measurement

A Solartron 1260A impedance gain phase analyzer was used in conjunction with the load bank
connected to Stand 2 (described in Chapter 1) for the measurement of the cell resistance. HFR
uses a high frequency sinusoidal wave superposed on the DC fuel cell components to measure the
impedance of the system. This allows for the measurement of the resistance of the system in-situ

without impacting the experiment.

pH measurement

The pH measurements in this section were performed in a similar way as in Chapter 4. An
adjustment was made to the water collection apparatus part of the way through the work in this

study. The change allowed the collection of a full 200 hours test worth of water in the stand water
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reservoir, to reduce the impact of water collection that had previously been done at regular intervals
throughout the test. The impact this had on testing and what prompted this decision will be covered
the results and discussion section below.

Results and Discussion

Raw data

The voltage data plotted over time for the six PBI MEAs included in this study is shown in Figure
5.1 where each subplot shows the individual performance of each PBI-based fuel cell run. The
composite figure at the bottom includes all six MEAs in the subplots for comparison against each
other. Unlike in Chapters 3 and 4, here the measurements were not repeated in triplicate. These
curves represent the outcome of several distinct operating parameters changes that can in part
explain the greater spread in the data when compared against previous voltage plots. The only
experiments performed under duplicate operating parameters were PBI 9 and 10. However, there

are some slight differences between these two studies as discussed further below.
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Figure 5.1: Results of voltage degradation experiments run with Advent PBI materials at 0.4
A/cm?, 200°C and atmospheric pressure (PBI 7,8), 200 kPa (PBI 9-11), and 300 kPa (PBI 14)
with H2/air stoichiometric ratios = 1.5/2

The variations between the different testing conditions are outlined in Table 5.1. The goal for each
study was to obtain a minimum of 200 hours of runtime data. For all but PBI 8 this was achieved.
Testing ended early for PBI 8 due to a stand failure which resulted in damage to the MEA
preventing further testing. As seen in Table 5.1 these experiments were run to investigate the
impact of pressure and humidity on the voltage degradation of HT-PEM MEASs over time.
Pressures tested here included 101 (atmospheric), 200 and 300 kPa. The humidity varied from 0-

100% referenced at 85°C and was tested in both transient and continuous operation.
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Table 5.1: Summary of durability tests and operating parameters

MEA Test Pressure | Temp RH Peak Test Timeto | Degradation
Setup voltage | duration peak rate
[kPa] [°C] [@ [h] voltage [uV/n]
85°C] [V] [h]
PBI 7 | Standsl 101 200 | 0-100% | 0.634 243.7 13.1 156.4
+2
PBI8 | Stand 2 101 200 | 0-100% | 0.607 190.1 0.6 140.0
PBI9 | Stand 1 200 200 0% 0.703 213.2 3.5 116.0
PBI 10 | Stand 1 200 200 0% 0.693 272.6 5.6 92.3
PBI 11 | Stand 2 200 200 30% 0.669 206.3 5.8 96.0
PBI 14 | Stand 1 300 200 0% 0.711 312.7 5.0 103.0
Normalized Data
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Figure 5.2: Normalized voltage degradation profiles at 0.4 A/cm?, 200°C with

100

H2/air stoichiometric ratios = 1.5/2, atmospheric pressure (PBI 7,8), 200 kPa (PBI
9-11), and 300 kPa (PBI 14)




Following the process outlined in Chapter 3 for normalizing and plotting the data, the profiles in
Figure 5.2 were obtained. Normalizing the data in this way allows us to account for variations in
MEA performance due to operating conditions or manufacturing variability. As seen in Figure 5.2,
the variations in the peak voltages between each MEA in Figure 5.1 are eliminated. From this

analysis, the slopes of the curves can be more easily compared to one another.

From the previous Chapters 3 and Chapter 4 we established a baseline voltage degradation rate of
136.4 pV/hr at the target operating conditions of 0.4 A/cm?, 200°C, atmospheric pressure and
anode/cathode stoichiometric ratios of 1.5/2. Table 5.1 shows a distinct decrease in the degradation
rate related to increasing pressure. This can be seen in the results for PBI 9 through 11 operated
at pressures at or above 200 kPa. PBI 7 and 11 were tested to assess the impact of humidity. The
testing for PBI 11 included both a continuous humidity and a pressurization to 200 kPa, whereas
PBI 7 varied several levels of humidity in both transient and continuous humidity modes. PBI 7
is an extension of the previously studied PBI 6 presented in Chapter 4. The results for each MEA

are explained further with independent plots in the section below.
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Figure 5.3: Voltage profiles of PBI 7 on stand 2 and stand 3 under varying operational
conditions

The complete voltage profile for PBI 7 is presented in Figure 5.3 with three sections of the graph
shaded with a different greyscale pattern and each corresponding to a different phase of the testing.
From left to right there is the dark grey section labeled “Initial 200 hour”, the angled light grey

hash marks labeled “Hydrated Cart Test”, and the grey vertical lined section titled “Greenlight

Stand”.

Testing of this MEA began after the break in period with the conditions stated in the Chapter 4 for
PBI 6: 200°C, 0.4 A/cm?, atmospheric pressure, Hz/Air stoichiometric ratio of 1.5/2, and over 200

hours of runtime. The initial 200 hours of data can be seen in the first section of Figure 5.3 and
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shows a typical linear decrease in performance over time, consistent with what we established for

these conditions in the previous chapters.

After the initial 200 hours measurements it was decided to attempt to rehydrate the MEA. For this
phase in the testing, which lasted about 100 hours, the MEA was renamed to PBI 7 to differentiate
from the earlier testing under standard voltage degradation conditions as PBI 6. However, it is
important to emphasize that this is the same physical MEA operated with a different testing
protocol. In the second phase of the testing (i.e., middle zone in Figure 5.3), we looked at the
impact of liquid water injections using the upgrades made to the in house fuel cell stand, referred
to as Stand 1 in the Introduction section. Each of the boxes numbered 1-4 is a reference to a times

of four different water injections.

Table 5.2: Liquid water injections for PBI 7

Injection Volume [mL] Injection method
1 0.1 Manual
2 0.3 Pneumatic
3 0.3 Pneumatic
4 0.3 Manual

Injection 1 was conducted by manual operation of a 1 mL plastic syringe to inject deionized (DI)
water directly into the cathode gas line immediately upstream of the cell hardware inlet port. The
Pneumatic method employed a automated dispensing device to accurately add DI water to the
cathode gas line at the same location as the manual method. As seen in Figure 5.3, the impact of

the first manual water injection can be seen as a flattening of the curve for several hours prior to

103



injection number 2. Based on these initial results, it was decided to increase the quantity of water

for Injections 3 and 4 to 0.3 mL.

For Injection 2, the method was altered to utilize the pneumatic dispenser. It was anticipated that
the device would simplify the injection process and provide a more repeatable result.
Unfortunately, this method did not work as desired, while the root cause was not determined we
speculated that it was due to an error made during the setup. Injection 2 resulted in a sharp decrease
in voltage corresponding to the exact time the injection occurred. While the cell made a recovery
to previous voltage levels in the hours following Injection 2this was neither the desired outcome,

nor what we had expected due to the previous success of Injection 1.

Believing that we had made a mistake during the setup of the pneumatic dispenser, we removed,
retested, and reinstalled the system prior to repeating the test with Injection 3, however this attempt
yielded even worse results, with voltage decreasing all the way to a negative voltage for a brief
period. After this quick voltage drop, the voltage slightly increased and then began to decrease

again, all at a voltage lower than prior to the injection.

At this point, we were unsure if the issue lay with the method, or the quantity of water used. The
earlier manual injection method as repeated with the increased quantity of 0.3 ml of water for the
4™ and final water injection. Unlike for Injection 1 but similar to 2 and 3 there was a slight
decrease in the voltage immediately after injection, smaller in magnitude than the voltage drops
seen in either Injections 2 or 3 but none the less is still observable. It was suspected that this
decrease in voltage was due to a dilution or mass transport loss as the water reached the cell
hardware, rapidly heated to 200°C and vaporized. Immediately after the decrease in voltage,

Injection 4 resulted in a voltage increase of several millivolts.
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After these injections, the profile of the voltage curve changed from linear to an nonlinear shaped
curve with the voltage decreasing rapidly post injection. The issues with the liquid injections were
suspected to stem from the rapid vaporization of water within the cell hardware. To overcome this
hurdle the cell was cooled, purged with nitrogen, and the gas lines capped off to transfer the cell
to Stand 2, as this apparatus was equipped with gas saturators while Stand 1 was not. The
saturators allowed the humidification of the reactant gases without subjecting the cell to a sudden

volume of liquid water as seen in the previous setup.
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Figure 5.4: PBI 7 humidified operation expanded operation on stand 2

The data of the third shaded section in Figure 5.3 “Greenlight Stand” is expanded in Figure 5.4.

The left-hand axis in Figure 5.4 shows the cell voltage and corresponds to the dark black symbols.
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It is important to note that the scale of the voltage axis has changed to better display the data. The

right-hand axis shows the water additions rate in mL/min and refers to the grey symbols.

After placing the cell on Stand 2, it was allowed to equilibrate for 24 hours. After this
normalization period, the experiments on the transient addition of water undertaken previously on
Stand 1 (first and second shaded zones in Figure 5.3) were continued. The water addition rate on
the new setup was maxed out for 30 minutes then reduced back to zero and monitored for 24 hours.
This was repeated twice and can be seen in Figure 5.4 as the 2 spikes in the water addition rate
occurring at roughly 24 and 50 hours. The non-linear decay of the voltage seen after the two water

additions is very similar to that of the Injection 4 in the previous experiments run on Stand 1.

One notable difference between the results of the previous experiments performed on Stand 1 and
the current experiments presented in Figure 5.4 is the temporary decrease in voltage post water
addition. While both setups saw an initial drop in voltage, the first setup saw a drop all the way to
a negative voltage, the second setup only saw a drop of roughly 2.5 mV. This observation supports
the hypothesis that the direct injection of liquid water was leading to obstruction of the reactants
and that the switch to Stand 2 resolved the issue. The small drop in voltage in the second setup is
attributed to the flow of gas through the saturators. When the saturators are engaged, the reactant
gases are rerouted through a heated bubbler, and this change in gas flow is believed to account for

the brief drop in voltage.

Interestingly, the voltage profile seen after these two additions is similar to the profile observed
during the initial 24-hour equilibrium period. It is possible that during the cool-down and transfer
between test stands some water was introduced or allowed to condense within the cell hardware

and contributed to the unique shape of the voltage profile seen in Figure 5.4.
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Moving away from the transient addition of water, we introduced a constant stream of humidified
reactants after 50 hours in Figure 5.4, and varied the rate from 0.03 to 0.06, and finally 0.11
mL/min. The continuous addition of small amounts of water had a beneficial impact on the cell
voltage. The addition of 0.03 mL/min resulted in a voltage increase of roughly 20-25 mV. The
doubling of this rate to 0.06 mL/min also resulted in an increase in voltage, however, there was a
decreasing benefit with the voltage only increasing a further 20 mV, with increasing level of
voltage instability. Further increasing the water addition to 0.11 mL/min produced no voltage
increase over the 0.06 mL/min rate. Under the continuous flow of 0.06 mL/min occurring around
the 100-hour mark in Figure 5.4 the voltage becomes more unstable, and this trend will be
explained in detail further in connection with PBI 11 where the effect becomes even more

pronounced.

Through the associated increase in cell voltage, the addition of water under continuous or transient
modes has been shown to have a beneficial impact on the performance of the HT-PEM fuel cell.
While this is an interesting development as HT-PEM cells are often touted as not requiring external
humidification, the improvement in performance was not the goal of this set of experiments. Here
we set out with the goal of increasing the lifespan of a HT-PEM cell through the rehydration of
the electrolyte. In Figure 5.4, after roughly 135 hours, we returned to a continuous rate of 0.03
mL/min with the intention of running under this condition for an extended period to determine a
new (presumably lower) voltage degradation rate. Unfortunately, after roughly 165 hours the stand
experienced an unexpected shutdown that can be seen by the increase in the water addition rate.
It is unknown why the shutdown caused this spike in water addition, but upon restarting the stand

the cell’s performance seemed to have been permanently altered and the cell began degrading
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rapidly. Testing on PBI 7 was completed after a second stand shutdown at 185 hours that resulted

in the effective failure of the MEA.

PBI 8: Intermittent humidification

Following the experimentation on humidification with PBI 7, PBI 8 utilized a transient water
addition method. Initially every 24 hours then every 50 hours after 100 hours total elapsed time,
the cell was humidified with water for 30 minutes at a rate of 0.3 ml/min. This was done to
investigate the effect of intermittent humidification on the cell over the course of a 200 hours run.
The interval period of 24 hours was chosen to emulate a once daily humidification cycle that could
be achievable for a commercial system. PBI 8 operated at 200°C, 101.3 kPa and 0.4 A/cm? for
190.1 hours. The full 200 hours was not completed due to an unintended stand shutdown at that
damaged the cell as a result of an issue with the heater set up on Stand 2. Although the stand itself
went into an unplanned emergency shutdown, the heating element of the cell continued to draw
power. This caused the cell to sit with no gas flow or current draw at a temperature of 200°C for
several hours. After baking in the cell hardware, attempts were made to restart the system but it

was clear the MEA was no longer operational.
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Figure 5.5: voltage degradation profiles of PBI 8 at 0.4 A/cm?, 200°C, 101.3 kPa with H2/air
stoichiometric ratios = 1.5/2, and intermittent humidification

In Figure 5.5 at 48 hours there is a large fluctuation in voltage. This fluctuation corresponds to the
second, 30-minute humidification period. It is unknown what caused this voltage change as
nothing unique happened during this event when compared to the other humidification periods.
During the 30-minute period, the voltage varies from a low of roughly 0.28 V to a high of around
0.81 V. The 24 hours humidification interval was derived from the initial success of the transient
water experiments in PBI 7. It was hypothesized that the humidification of the cell would rehydrate

the MEA, improving the conductivity and recovering/preventing performance loss. However, the
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measured degradation rate of 140 uV/h showed no improvement over the previously established

rate of degradation for PBI-based HT-PEM cells run at the same nominal operating conditions.

PBI 11 Continuous Humidification and pressure

With the results of minimal performance or durability improvements from transient and
intermittent humidification observed for PBI 8, a continuous humidification regime was tested
with PBI 11. It was expected that as the intermittent humidification had not yield any observable
results, being neither better nor worse than the baseline operation, continuous humidification
would introduce more water to the system and generate some response from the cell. Here the
same nominal temperature and current density conditions of 200°C and 0.4 A/cm? were used,
however the cell was humidified at a rate of 0.09 mL/min with increased pressure of 200 kPa.
Testing was performed on the Stand 2 setup. Unfortunately, as can be seen in Figure 5.6, the

voltage fluctuated widely during this test, bringing the validity of the results into question.
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Figure 5.6: voltage degradation profiles of PBI 11 at 0.4 A/cm?, 200°C, 0.09 ml/min, and 200
kPa with H2/air stoichiometric ratios = 1.5/2

To identify the cause of the voltage fluctuations observed in Figure 5.6, each parameter logged
from the test was plotted against the cell voltage over time. There were many parameters logged
by the stand including pressure, temperatures, humidity, and flow rates all representing different
locations and components of the stand. Among these parameters, an anomaly was identified in

the cathode inlet pressure, and it was discovered to coincide with the fluctuations in voltage.
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Figure 5.7: Impact of pressure fluctuations on voltage, PBI 11

Figure 5.7 presents the cell voltage with the black symbols (left y-axis) and cathode inlet pressure
with grey (right axis). The x-axis ranges from 116 to 116.5 hours due to the resolution required to
observe the pattern in fluctuations. This time period does not have any significance and was
chosen arbitrarily to observe the correlation between cathode pressure and voltage fluctuations that
occurred during all stages of the test. The noise in the voltage signal observed during the testing
period was found to coincide with a clicking sound emanating from the rear of the fuel cell stand.
Further investigation found that the clicking sound originated from a solenoid controlling the inlet
water to the cathode saturator. Based on the recorded data and the observed noise, it is believed
that the opening of the solenoid to maintain water level in the cathode saturator caused an increase

in the pressure resulting in the fluctuation in the cells voltage seen in Figures 5.6 and 5.7.
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Effect of Pressure

The dehydration of phosphoric acid, identified previously as a suspected driver behind the
increased degradation rate of these cells at 200°C, prompted the experiments at above ambient
pressure. The effect of pressure on a fuel cell is well understood and increases in pressure are

known to result in increased voltage as per Equation 1[1].

AV =V, —V; ==In (i—j) + Aln(B) + CP (Eq5.1)

In practice, the increase in voltage gained due to pressurization comes at the cost of the higher
power draw of the associated air machinery. The discussion in this section does not focus on the
performance impact of pressurization as the findings of this research agree with the established
work on the performance impact of pressurization. This section will focus on the impact of

approaching the vapor pressure of phosphoric acid at 200°C on the degradation of a HT-PEM cell.
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Figure 5.8: voltage degradation profiles of PB1 9 and 10 at 0.4 A/cm?, 200°C, 200 kPa with
H2/air stoichiometric ratios = 1.5/2

For the data presented in Figure 5.8, both PBI 9 and 10 were operated at 200°C, 0.4 A/cm?, and
200 kPa for 200+ hours on Stand 1. PBI 9 can be differentiated from PBI 10 in Figure 5.8 due to
the fluctuations seen every 24 hours. This difference between the two data sets stemmed from the
testing protocol, not a difference in MEA type or operational parameters. During testing for PBI
9, the water collection vessel used for pH and water quantity data was emptied every 24 hours
along with a daily HFR measurement. A two-valve airlock style setup was designed and employed

to minimize pressure fluctuations during this daily event. However, from the voltage profile of
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PBI 9 in Figure 5.8 it seems that this setup did not entirely reduce the pressure fluctuation/ impact
of HFR on the cell during testing. For testing of PBI 10, which actually preceded PBI 9, the stand
was reconfigured to hold all product water for the duration of the testing and HFR measurements

were made only at the beginning and end of testing.

In Figure 5.8, PBI 10 shows a gradual decline and then recovery in voltage after roughly 225 hours.
This was due to a lab issue that resulted in a loss of hydrogen flow. As the hydrogen supply
gradually lost pressure and flow in the line decreased, the voltage dropped. The quantity of flow
was not known over that period, however, after the hydrogen supply was restored, the voltage
increased to match previous values before the loss of hydrogen supply. The degradation rate was
calculated using values prior to the hydrogen supply issues and the remainder of the test after 225
hours was only continued and included here as an interesting point on the impact of stoichiometry

on fuel cell operation.
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Figure 5.9: Polarization curves for PBI 9 measured at beginning-of-life (after break-in) and end-
of-life (at completion of durability testing) for temperature of 160, 180 and 200°C at 101.3 kPa
(figure A) and 200 kPa (figure B)
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The polarization (POL) curves in Figure 5.9 above cover three different temperatures and two
different pressures for beginning-of-life (BOL) and end-of-life (EOL). Measurements were taken
after the break-in and before cooling the stand at the end of testing, respectively. The order of
the POL curve testing was: 160,180, and finally 200°C at 100kPa, then the same order of
temperatures at 200kPa during BOL testing. At EOL this order changed to 200, 180 and finally
160°C at 200 kPa. After the 200 kPa tests, the cell was depressurized to 100 kPa and the
polarization curves proceeded first with 160, then 180 and finally 200°C. This order was chosen
to minimize the temperature and pressure fluctuations on the cell. As expected, a trend of higher
voltage performance at higher temperatures can be seen across all curves with the end-of-life POL
curves in Figure 5.9A (101.3 kPa) showing greater change over life than Figure 5.9B (200 kPa).
This may indicate more about the effect of depressurization on the cell than a loss of performance
due to MEA degradation over time. For POL curves at both 100 and 200 kPa, Figure 5.9 shows a
downward translation indicating an increasing ohmic loss in the system as well as an increase in
performance loss at higher current density that is indicative of a mass transport effect. The mass

transport loss appears to be more pronounced in the 100kPa curves (Figure 5.9A).
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Figure 5.10: Polarization curves for PBI 10 measured at beginning-of-life (after break-in) and
end-of-life (at completion of durability testing) for 3 temperature 160,180,200°C at 100 kPa
(figure A) and 200 kPa (figure B)

The POL curves were repeated using a similar protocol for PBI 10 (Figure 5.10). The same trends
with temperature and pressure seen for PBI 9 previously were observed for PBI 10. A key
difference between the two cells is the reduction in the voltage loss at higher current densities,
indicating a reduced mass transport effect in addition to a lower ohmic loss over the entire range
of current densities. This may be due to the difference in testing protocols, with PBI 9 undergoing
a slight depressurization due to water collection and a current fluctuation due to HFR measurement
every 24 hours, while PBI 10 was not subjected to these periodic measurement cycles. The larger
performance loss seen in the POL curves of PBI 9 compared against PBI 10 is also reflected in the
calculated degradation rate of the cell over time in Table 1: 116 uV/h for PBI 9 versus 92.3 uV/h

for PBI 10.
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PBI 14

Chapter 4 previously reported an average voltage degradation rate of 136.4 uV/h using the same
test apparatus . PBI 9 and PBI 10 both showed improvements against the baseline test data in
Chapter 4. With the relatively small magnitude of the change and small sample size with only two
tests to draw from, it is difficult to state confidently that the observed improvement is statistically
significant. However, building off the apparent improvement in durability observed with
increasing system pressure to 200 kPa (PBI 9 and PBI 10 PBI), cell PBI 14 was operated with

pressure further increased to 300 kPa (Figure 5.11).
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Figure 5.11: voltage degradation profiles of PBI 14 at 0.4 A/cm?, 200°C, and 300 kPa with
H2/air stoichiometric ratios = 1.5/2
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Two inconsistencies jump out immediately in the voltage profile presented in Figure 5.11. The
first is the step down the voltage takes at roughly 20 hours. It is unknown what caused this
downward voltage change, and it most certainly had a negative impact on the degradation rate

calculation.

The second major inconsistency is the voltage fluctuation beginning after an elapsed time of 225
hours, about 75 hours from the end of testing. This resulted from a buildup of water in the anode
exhaust water trap. Figure 1.4 in the Introduction outlines the construction of the stand where the
water trap can be seen. As the water trap filled, the anode exhaust flow became submerged and
resulted in bubbling. With the pressure building in the system, a bubble of gas would be pushed
out of the anode exhaust, lowering the pressure in the stand and causing voltage fluctuations. The

purpose of the trap was to allow the collection of the water exiting the anode of the system.

As seen by the inconsistencies in voltage every 24 hours in PBI 9 (Figure 5.8) the water could not
be drained from the stand during pressurized testing. The water trap was designed to be as small
as possible to limit the volume of hydrogen present in the stand for safety purposes. The rate of
water collected from the anode during past experiments was used to calculate the size of the water
trap needed for a 200-hour run. As can be seen in Figure 5.11, this worked well as the cell made
it past 200 hours before filling the water trap. The data beyond 225 hours, when the voltage
fluctuations begin, was not used in the degradation rate calculation and was only included to
demonstrate the significant effect of varying back pressure on the cell performance and voltage

stability.
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Figure 5.12: Polarization curves for PBI 14 measured at beginning-of-life (after break-in) and
end-of-life (at completion of durability testing) for 160,180,200°C at atmospheric pressure

Figure 5.12 shows the POL curves for PBI 14. Due to the pressure of 300 kPa the stand could not
handle both the flows of running at higher current densities and the pressure. No pressurized POL
curves were run here. The MEA showed a trend of increasing performance across the board with
increasing temperature, and a decrease in performance between BOL and EOL. For PBI 14 an

ohmic loss appears to be dominating the performance loss of the cell over the run time.
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Impact of pressure fluctuations
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Figure 5.13: PBI 11 vs PBI 9 effect of pressure fluctuations

In both PBI 11 and PBI 9 pressure fluctuation played a significant role in the visible noise of the
voltage profiles. Figure 5.13 contrasts the voltage profiles of both MEASs to further investigate the
impact of this pressure change on the cell performance. Both MEAs underwent a 200 kPa testing
cycles and had reduced voltage degradation rates when compared against the previously
established baseline (Chapter 4). Comparing these two against the other pressurized experiments
run shows that the impact of the pressure fluctuations on cell durability must not be significant.
This conclusion stems from the fact that all the pressurized tests had comparable degradation rates

regardless of the degree of pressure fluctuations.
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For PBI 9, we do not have any pressure data to compare the voltage noise against. For the first
three spikes in voltage leading to the fourth event at roughly 100 hours, the voltage returns to a
value consistent with the previous trend. After 100 hours, this seemingly changes with the daily
procedure creating a permanent translation and the profile becomes more erratic. As we do not
have pressure data for this test, it can only be speculated what may be the underlying cause. It may
be that the repeated opening of valves introduced a leak somewhere in the system allowing a slight

change in pressure over time.

Returning to Figure 5.7 and the impact of pressure fluctuation on PBI 11, a change in pressure of
around 2 kPa corresponds to a change in voltage of around 0.01 V. In fact, over the course of the
test for PBI 11, there is never a recorded pressure change of more than 2.2 kPa. However, this
may be where the error lies. Fuel cell Stand 2 internally averages the values for each data point
over a one-minute interval. For a parameter which may vary rapidly with an activated solenoid
valve, the pressure would momentarily jump then re-adjust allowing neither the magnitude of the

voltage change nor the pressure swing to be accurately recorded.

122



Water and pH measurements
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Figure 5.14: pH and volume of water collected at both cathode and anode exhaust for PBI 9

The pH and water volume data collected during testing of PBI 9 is presented in Figure 5.14. The
solid symbols correspond to the pH and the left-hand axis, while the open symbols correspond to
water volumes and the right axis. Both the anode and cathode pH show a similar trend with initially
low values that level off to around 5.75. The first measurement on the anode side had a lower pH
of around 3.25, and twice near the end of the test dropped to lower values. Even with the lower
pH on the anode side, the majority of the phosphoric acid is assumed to migrate out the cathode

due to the far greater quantity of water collected at that side.
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Figure 5.15: pH and volume of water collected at both cathode and anode exhaust for PBI 10

Unlike PBI 9 (Figure 14), for PBI 10 (Figure 5.15) we did not periodically collect and measure the
water samples during testing. Here the dots represent the pH on the right-hand axis and the shaded
bars are the volume of water produced on the left axis. The water was allowed to collect in traps
and then removed after the completion of testing. Unlike in the previous pH measurements with
PBI 9, PBI 10 saw a lower pH on the cathode side however a far greater volume of water was still

collected on the cathode side.
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Figure 5.16: pH and volume of water collected at both cathode and anode exhaust for PBI 14

For PBI 14 (Figure 5.16), an increase in anode water content was observed over that collected for
PBI 10, in line with the volume collected from the anode of PBI 9. The differences between PBI
10 and PBI 14 include both the increased volume of water in the anode and the anode pH, lower
in this run indicating a greater loss of acid out of the anode than in PBI 10. It is believed that the
relatively small amounts of water collected at the anode exhaust result from the net back diffusion

effect working against electro-osmotic drag within the MEA.

Water production [7:—:] = 0.3348 x % (Eq5.2)

Cc

Using equation 5.2 above the rate of the water production from the electrochemical reaction can
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be calculated during steady state operation for our given operating parameters [2]. Here Pe

represents the power production of the cell and V. is the voltage of the cell.
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Figure 5.17: Net volume of water collected compared against calculated water production rate
for PBI 9, 10, and 14

Figure 5.17 compares the value for the water production rate from equation 5.2 above with the
measured rate of water production. This was done by taking the total volume of water collected
and dividing it by the run time. The value for the calculated water production rate is 6.1 mL/h and
is represented in Figure 5.17 as a dashed line with the value 6.1 mL/h. The columns present the
total measured water production rates, with separate contributions from anode and cathode sides.
While PBI 10 and 14 agree closely with the calculated rate of water production, the experimental
result for PBI 9 is about 15% lower than the computed value. This is likely due to the distributed
measurement method for the test that divided the water measurement into smaller sample sizes,

thus compounding the error over the span of the test.
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High-frequency resistance (HFR)
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Figure 5.18: High-frequency resistance (HFR) as a function of time for PBI1 7 and PBI 9

Following the same time interval as the water sample collections, the resistance of the cell was
measured using high-frequency resistance (HFR) for both PBI 7 and 9 (Figure 5.18). For PBI 7,
an upward trend in resistance over time was observed and assumed to be linear with a best fit line
and equation displayed with the data. The data for PBI 7 were acquired during the baseline
durability experiment prior to any water injection testing. Compared to PBI 7, PBI 9 showed little
to no increase in resistance over a similar testing period. This was an interesting result, as PBI 9
was run at 200 kPa. It is worth noting that among the baseline measurements, PBI 7 had the highest

degradation rate at 156 puV/h which may exaggerate the effect of pressure on cell conductivity

change seen here.
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Figure 5.19: BOL and EOL measurements of HFR for PBI 10 and 14

The HFR measurement followed the procedure used for water sample collection. For PBI 10 and
14, the measurements were taken only at the beginning of testing after the break-in procedure, and
at the end of testing. This was done to minimize the impact of the HFR measurement on the cell
durability test as seen with the voltage fluctuation of PBI 9. For PBI 10 and PBI 14 shown in

Figure 5.19 there was only a slight increase in resistance over the course of the test.
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Figure 5.20: Effect of break in procedure on HFR for PBI 9 and 14

Figure 5.20 shows the impact of the break-in procedure on the HFR measurement of the cell for
PBI 9 and 14, by measuring the HFR immediately before and after the 24-hour beak-in cycle at
0.2 A/cm?, 160°C and 101.3 kPa. In both cases, there was a significant decrease in the HFR over
this period which in magnitude is greater than the increase seen over the course of testing
previously discussed in Figures 5.18 and 5.19. It is believed that the reduction of the HFR
measurement of the cells was due to an initial redistribution and rehydration of phosphoric acid
within the MEA. This change in the concentration and distribution of the phosphoric acid increases

the conductivity of the MEA decreasing the HFR measurement.
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Phosphorus acid content
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Figure 5.21: Phosphoric acid content of virgin MEASs vs PBI 9, 10, 14, and 16 at EOL

Using the same method as the phosphoric acid content measurements undertaken previously in
Chapter 4, the acid contents of four MEAs from this chapter were calculated and compared against
the same virgin MEA samples as the previous chapter. An ANOVA analysis of the presented data
showed a statistically significant variation between the degraded and virgin sample sets. However,
there was a significant variation between the degraded samples within and between the sample
locations. The source of the variation was identified to be PBI 14 at the inlet and PBI 9 at the
center. It is unknown why these MEAs and locations yielded outlying results. Each degraded
sample shows a decrease in the extracted phosphorus acid when compared with the virgin sample

set and is in close agreement with the previous findings in Chapter 4.
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Returning to the work in Chapter 3, PBI 16 which was operated at 160°C and 0.2 A/cm? for 1588
hours was included in the ex-situ, post-test measurements. The original intention of this MEA
was to confirm that the accelerated degradation seen in this work was due to our chosen operating
parameters and not the testing setup. This was done by running at widely studied and previously
reported conditions (160°C and 0.2 A/cm?) and confirming the results lined up with the published
results in literature. The results from the phosphorus content measurement of this MEA are
interesting as it has a comparable phosphorus content to the other MEAs while having been run
for far longer. Considering the total voltage performance loss over testing period and not just the
length of testing maintains the difference between PBI 16 and the other PBIs tested. With these
established differences between the PBI 16 and the shorter 200-hour tests, the loss of acid is
believed to stem not from the effects of elapsed operation time, temperature or pressure, but rather

from beginning of life compression during cell assembly.

Membrane mass change

Figure 5.22 compares the mass loss between beginning and end of testing, determined via two
different methods. The direct measurement method is represented in Figure 5.22 with the black
column, and was determined by weighing the MEA prior to and after testing, using a laboratory
scale. The open columns represent the mass loss calculated using the values of phosphoric acid
loss derived from Figure 5.21. The methodologies used here are explained further in the Methods

section of Chapter 4.
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Figure 5.22: MEA mass loss between beginning and end of testing for PBI1 9, 10, 14 and 16

From the results for PBI 9, 10, and 16, the mass change measured by the scale is consistent at 0.4
to 0.45 grams while the calculated mass loss from the acid content measurements for all MEAS
averages around 0.35 grams. Unlike the other three MEAs, PBI 14 does not have a lower value
for the calculated mass measurement. It was assumed that the measured mass change would be
greater than the calculated mass change due to the acid remaining in the sample after the extraction
process. The outlying measurement for PBI 14 may be associated with uncertainty in the direct

MEA weighing method.
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Membrane thickness change
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Figure 5.23: Thickness change over testing period of PBI 9,10,11,14, and 16

The thicknesses of the MEAs were also measured prior to and after testing (Figure 5.23). Due to
the physical structure of the MEAs with easily compressible gas diffusion layers it was difficult to
obtain accurate thickness results. A drop gauge with a set resistance was used in the measurements
to accurately measure the thickness. However, from the variation in the data between the tests, it
cannot be said that these data are very accurate and therefore not a lot of weight was placed on the

findings of this measurement.
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Oxygen-to-Phosphorus Ratio

Measurement
Table 5.3: Molar oxygen-to-phosphorus (O/P) ratio measurements

MEA tested

Anode Out

Virgin 4.1 4.7 3.9

PBI 4 2.5 3.2 2.8

PBI 5 2.9 3.6 3.1

PBI 6 3.0 3.6 3.8

PBI 9 3.4 3.6 3.4

PBI 10 3.1 3.5 3.6

PBI 11 1.8 2.9 2.9

PBI 14 3.7 3.9 3.9

PBI 16 4.7 4.9 4.8

The molar oxygen-to-phosphorus ratio (O/P) measurements in Table 5.3 give an indication of the
hydration level of the acid within the membrane of the fuel cell MEA. Here the ratio of oxygen to
phosphorus for the MEAs in this chapter is compared against the same set of virgin MEAS reported
in previous chapters. The results in Table 5.3 show an increase in this ratio for PBI 9, 10, and 11
over the baseline established in the previous chapter, indicating a higher level of phosphoric acid

hydration at EOL was achieved by operating at 200 kPa. PBI 14 built on the success of these runs
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and was operated at 300 kPa which resulted in an even higher O/P ratio. Across all degraded MEA
measurements, the anode outlet (which corresponds to the cathode inlet) had the lowest ratio of
oxygen-to-phosphorus. This was expected, as the cell was oriented in counter-flow and thus the
anode outlet aligns with the cathode inlet. The cathode inlet carries a great volume of relatively
dry hot gas into the cell and was expected to be the site with the greatest dehydration of phosphoric

acid in the MEAs.

The O/P ratio for the experiments isolating the effect of pressure (PBI 9, 10 and 14) show an
increase over the ratio reported in the baseline testing (Chapter 4). Even among the pressurized
experiments PBI 14 which operated at the highest pressure of 300 kPa had the highest O/P ratio.
Nonetheless, even in PBI 14 some dehydration against the virgin material was observed. This may
be due to the vapor pressure of the electrolyte at 200°C being above 300 kPa or the actual
temperature of the cell being higher than 200°C. The cell temperature has been shown in other
setups to exceed the setpoint of the temperature, particularly at the catalyst layer where the reaction

is taking place.

PBI 16, first introduced in Chapter 3, was operated at 160°C, 0.2 A/cm? for 1588 hours. In the
O/P ratio testing, PBI 16 demonstrated a ratio higher than that of the virgin MEA. Initially, this
was believed to be a mistake, based on measurements conducted early in the research campaign to
develop the oxygen to phosphorus ratio (Chapter 2), it was shown that pure orthophosphoric acid
doped membrane samples prepared in-house also had ratios above that of the virgin MEA. This
was to be expected based on the 85% aqueous solution of the acid with the calculated molar ratio

of oxygen-to-phosphorous to be about 5.
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Figure 5.24: Break in voltage curves for PBI 6,7,9, and 14

The increase in voltages seen in Figure 5.24 for PBI 6, 7, 9 and 14 is typical for our MEAs during
the break-in period. As described in the Introduction section (Chapter 1), our break-in periods of
24 hours at 160°C and 0.2 A/cm? result in an increase in MEA performance prior to the start of
any durability or performance testing. In Figure 5.24 the difference in voltage between PBI 14 and
the other MEAs is believed to be a product of manufacturing deviation or variability in the cell
assembly process. It has been speculated that the improvement in performance observed during
the break in process is due to rehydration and redistribution of acid within the cell. This is

validated by the work in Chapter 2 on the rehydration of recently hot-pressed MEAs. This work
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showed that the hot-pressing procedure could dehydrate the MEA, which was observed through
the SEM oxygen-to-phosphorus ratio measurements. It was shown that rehydration was possible
and resulted in an increase in the oxygen-to-phosphorus ratio. The evidence in this chapter points
toward PBI 16 having undergone an initial rehydration during the break in period and experiencing

minimal dehydration during the entire 1588-hour runtime.

Conclusions and Future work

The primary objective of the experiments reported in this chapter was to develop methods to reduce
the degradation of MEAs at 200°C and 0.4A/cm?. This was accomplished through the rehydration
of the electrolyte with the addition of water, or by the increase of operational pressure to be closer
to the vapor pressure of the ortho-phosphoric acid. While the degradation rate was reduced in
magnitude and improvements were shown to be made with increasing pressure, the degradation
rate was not reduced to the levels observed at more benign operating conditions with lower
temperature and/or current density. It is understood now that this is most likely due to the slight
dehydration of the acid in the membrane occurring at the triple phase boundary, where the reaction
is the hottest, and could have impacts beyond what the net dehydration of the membrane indicates.
In the future, to prove this point a pressure higher than 300 kPa should be tested to overcome the
concerns about the vapor pressure of the phosphoric acid. An O/P ratio of around 5, as seen in the
methods of Chapter 2, and the measurements of PBI 16 prove that little dehydration is occurring.
This point was never reached at 200°C. To confirm the validity of the hypothesis of cell
rehydration during the break in procedure and the initial loss of acid due to compression during

cell assembly, an MEA should be run though the break-in procedure with measurement of acid
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content and O/P ratio. The results from this Chapter showed no improvement in cell durability
with enhanced hydration, although hydration was conclusively shown to improve voltage

performance of the cell.
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Chapter 6 - Comparative Analysis of HT-PEM Performance Versus
Results of Prior Studies

For many of the fuel cell experiments described in Chapters 3, 4 and 5, a series of polarization
curves were measured at beginning-of-life to establish a baseline of performance. These
measurements were conducted after the break-in period (160°C @ 0.2 A/cm? for 24 hours) and
covered a range of temperatures and pressures depending on the objective of the specific MEA
experiment, as well as the capabilities of the testing stand used. Because of the wide ranges of
conditions tested using nominally equivalent PBI-based MEA materials, it was instructive to
compare the present results to prior reported data for HT-PEM systems because to the best of our

knowledge no such comparative analysis has been reported previously.

Several criteria were established for selecting data included within the comparative dataset. First,
the MEAs needed to be commercially purchased. This was important to ensure reasonable quality
control of materials tested across different studies and due to inherent variability with in-house
developed material, as observed in our in-house fabrication of MEAs reported in Chapter 2.
Secondly, we only included polarization data obtained at one of the three specific temperatures
(160, 180 and 200°C) and at atmospheric pressure. The operating temperature and pressure were
necessary criteria due to the obvious effects of temperature and pressure on cell performance. The
third requirement was that the cell needed to be operated on pure hydrogen and air. There exists
a wealth of data on the effect of CO and other impurities on cell performance, however, the
inclusion of impurities in the fuel has well-known negative impact on cell performance, and
therefore data from these studies cannot readily be compared to pure Hz-air systems. The fourth

requirement was that polarization data were acquired prior to any operation which could have

139



compromised the performance of the cell, such as an accelerated stress or a startup/shut-down

testing.

A computer-aided design (CAD) software method was used to extract data from previously
published papers. Figures from published manuscripts were processed in the Autodesk inventor
professional package to determine the numerical values of different data points of interest. Tables
of the raw data extracted using this method are provided in the Appendix and all studies included

in the analysis are listed in Table 6.1.
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Literature Review

Table 6.1: Studies utilizing Commercial MEAS sourced in this chapter

Reference | MEA Type | Area | Temperature | Stoich Notes
[cm?] [°C] Ratio
[H2/Air]
Present Advent PBI 45.2 160,180,200 1.5/2
study
Cicconardi | Commercial 45 160,180 1.2/2 Back pressure set to 1.2
etal. (2011) bar
Pilinski et Celtec®- 20.25 160 1.5/2 Tested load cycling and
al. (2015) P1100W acid uptake into flow
fields.
Schonvogel Celtec®- 20.25 160 1.5/2 Beginning of life data
et al. (2015) P1100W from several different
AST
Tseng et al. Advent 25 180 1.2/3 Also did studies with a
(2016) TPS® metal foam flow field,
these data not included
Waller et al. | Advent PBI 45.2 160,180,200 1.5/2
(2016)
Busselmann | Commercial 25 160 1.5/2 The difference in MEA (S
etal. (2017) vs. L) was tested after
characterization, but did
not impact BOL POL.
Zhou et al. Dapozol 46.5 160,180 2/4 Assessed the effect of
(2019) G77 humidity
Yang (2019) | Advent PBI 45.2 200 1.5/2
Advent Advent PBI 160 1.2/2
(2020)

Results of the comparative analysis are presented in Figures 6.1, 6.2 and 6.3, corresponding to

cell temperature of 160, 180 and 200°C, respectively. Each figure follows the same format with

the first two sub-figures (A and B) showing the full data sets, with the average of the present data

indicated by solid circles and connecting lines. The third and fourth sub-figures (C and D) show

the data from this study, with the solid symbols representing the average and the error bars

indicating the minimum and maximum values for all MEAs included in that dataset.
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Figure 6.1: Comparative voltage and power data for commercially available MEAs operated on
H> and air at 160°C

(A) Full polarization dataset (B) Full power data set (C) Average polarization data from present
study, with errors bars indicating min/max (D) Average power data from present study, with
errors bars indicating min/max

From Figure 6.1(A), the majority of the data sourced from literature can been seen to cover current

densities only up to 1.0 A/cm?. In the context of Figure 6.1(B) this becomes relevant as the

maximum power point in most studies exceeds the value measured at 1.0 A/cm?. In the case of

160°C, the maximum power point can be seen from the average in Figure 6.1(D) to be 0.51 W/cm?

at 1.3 A/cm?, with the error bars representing the maximum and minimum values obtained from
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all nominally equivalent MEASs tested under the same conditions. In Figure 6.1(C), the variability
in the data is shown to be consistent and generally independent of current density. The error is
multiplied when presented as power density, leading to an increasing min-to-max range with
increasing current density in Figure 6.1(D). It is unknown why exactly the voltage data for Zhou
et al. was significantly lower than the other datasets; it may stem from the cell assembly, MEA

fabrication, or testing setup.
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Figure 6.2: Comparative voltage and power data for commercially available MEAs operated on
H> and air at 180°C

(A) Full polarization dataset (B) Full power data set (C) Average polarization data from present
study, with errors bars indicating min/max (D) Average power data from present study, with
errors bars indicating min/max

At 180°C, the maximum power point for the MEA shifts farther out to 1.4 A/cm? with a power

density of 0.54 W/cm?. At 180°C there are far fewer data points from literature to compare against

than at 160°C.
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Figure 6.3: Comparative voltage and power data for commercially available MEAs operated on
H> and air at 200°C

(A) Full polarization dataset (B) Full power data set (C) Average polarization data from present
study, with errors bars indicating min/max (D) Average power data from present study, with
errors bars indicating min/max

Similar to 180°C, the maximum power point seen at 200°C was 0.54 W/cm? at 1.4 A/cm? with
even fewer studies in literature to include at this temperature. The work of both Yang (2019) and
Waller et al. (2016) exceed the performance of the average of the MEASs included in this study.
However, these earlier results from our research group are still covered within the spread of the

data shown with the error bars in Figures 6.3(C)- and (D).
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Application of TPS Type MEAs

Some limited fuel cell testing was also conducted with TPS type MEAs supplied by Advent
Technologies in 45.2 cm?size. TPS MEAs were selected for testing because we thought they
would have a lower degradation rate, as promoted by Advent and reported in several prior literature
studies. Based on the claims from Advent and positive results from at least some of the published
research, we believed that TPS MEAs would have a lower beginning-of-life voltage over the
current density range of interest, however, the system would benefit from less voltage degradation
over time. Essentially, we would be sacrificing initial performance for a more stable, longer lasting
system. This could have many benefits in reducing the cost of maintenance and repair of HT-PEM
systems. The TPS system is marketed for operation at 180-200°C whereas the PBI based system
for 160°C. All the testing on the TPS MEAs was performed on the Stand 1 testing setup and were
treated the same as the PBI MEAs in break-in and build procedure. Three TPS MEAS were tested
in 200 hours durability tests within beginning- and end—of- life polarization curves taken to

establish change in performance over time.
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Figure 6.4: (A) Voltage degradation profile of TPS 1 at 0.4 A/cm?, 200°C, and atmospheric
pressure with H2/air stoichiometric ratios = 1.5/2 (B) Polarization curves of TPS 1 at 160, 180,
and 200°C and atmospheric pressure with H2/air stoichiometric ratios = 1.5/2 for BOL and EOL

The voltage degradation profile for TPS1 can be seen in Figure 6.4(A) with the polarization data
for beginning- and end-of- life at 160, 180 and 200°C in Figure 6.4(B). The voltage degradation

profile shows a similar pattern to that of the PBI MEAs with the voltage peaking then following a
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relatively linear degradation profile for the remainder of the testing. However, the peak in voltage
can been seen at roughly 50 hours in Figure 6.4(A), a much longer time to peak than observed for
any of the PBI MEAs. TPS 1 had a degradation rate of 292.7 uV/h, far greater than the rate for the

PBI testing reported in previous chapters.
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Figure 6.5: (A) voltage degradation profiles of TPS 2 at 0.4 A/cm?, 200°C, and atmospheric
pressure with H2/air stoichiometric ratios = 1.5/2 (B) Polarization curves of TPS 2 at 160,180,
and 200°C at atmospheric pressure with H2/air stoichiometric ratios = 1.5/2 for both beginning

of life (BOL) and end of life (EOL)
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Figure 6.5 presents the results of experiments with TPS 2 with the voltage degradation profile in
Figure 6.5(A) and the beginning- versus end-of-life polarization data in Figure 6.5(B). Compared
to the majority of the PBI MEAs tested and the results from TPS 1 in Figure 6.4, this MEA
displayed a different voltage profile with the peak occurring at the beginning-of-life. It is unknown
what happened at roughly 100 hours to cause the voltage fluctuation, but it is assumed to be a
slight issue with the test stand. Noting the scale on the y-axis, the magnitude of the fluctuation is
relatively small, on the order of 30 mV. A degradation rate of 580.4 uV/h was calculated for this

MEA, which is far greater than the rate observed in both the previous PBI MEAs and TPS 1.
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Figure 6.6: (A) voltage degradation profiles of TPS 3 at 0.4 A/cm?, 200°C, and atmospheric
pressure with H2/air stoichiometric ratios = 1.5/2 (B) Polarization curves of TPS 3 at 160,180,
and 200°C at atmospheric pressure with H2/air stoichiometric ratios = 1.5/2 for both beginning

of life (BOL) and end of life (EOL)

The results for TPS 3 experiments run at 200°C are shown in Figure 6.6. The voltage data in

Figure 6.6(A) follow a similar profile to that of TPS 2 and not TPS 1, with the beginning of life
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voltage being the highest. Also, similar to TPS 2, the voltage degradation rate computed for TPS
3 was 542.5 uV/h. As observed for both TPS 2 and 3, the profiles appear to deviate significantly
from linearity and instead display two distinct regions with a change in slope occurring between
elapsed times of 75 and 125 hours. Compared to previously tested PBI-based cells and TPS 1,
there is an initial accelerated degradation and secondary normalizing and leveling of the voltage.
With the overall trend no longer linear it may not be appropriate to take the degradation rate over
the entirety of the testing period. Revising the measurement to just the linear region after the
change in slope gives an approximate voltage degradation rate of over 200 uV/h for both TPS 2

and 3, depending on where the selected region of the slope.
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Presentation of Normalized Data

Normalizing the data for comparison of the three different TPS runs, shows the inconsistency in
the data and also highlights the severity of the degradation for TPS2 and 3. It is unknown what
caused the accelerated degradation of these systems when the expectation based on claims and

prior studies was that they would experience a reduced degradation rate.
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Figure 6.7: Normalized voltage degradation profiles of TPS 1,2, and 3 at 0.4
Al/cm?, 200°C with H2/air stoichiometric ratios = 1.5/2

It may be that the system does not function well at 200°C as it is designed for operation at 180°C,
or it may be due to a shelf life limitation. This batch of MEAs was left over from a larger batch
of MEAs obtained during previous testing. They have been sitting in the original packaging in a
climate-controlled room for about 10 years. Based on direct communication with Advent
Technologies, they concurred the unexpectedly poor performance was most likely a shelf-life

issue, however they have had some customers using MEAs of about the same age.
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Conclusions

The results presented in this chapter established both performance and repeatability data for a
range of temperature conditions for HT-PEM. The current work compares the tests run in this
study with those of other commercial MEASs. The findings demonstrate that the maximum power
point is greater than indicated in many previous studies, and the significant increase in data points
thoroughly establishes a baseline of operational performance. Given the use of commercially
available MEAs, assembled under stringent laboratory conditions, the work in this study
established the performance range which can be expected from these cells due to manufacturing
and assembly variations. This can be highly useful for the future modeling of fuel cells by defining
the latitude of cell performance. The durability of TPS type MEAs was also tested and found to

perform poorly relative to PBI-based materials, likely due to the age of the MEAs.
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Chapter 7 - Techno-Economic Analysis of SOFC vs. HT-PEM for
use with Reformate Fuel Derived from Co-pyrolysis

Introduction

Currently one of the greatest obstacles to the widespread deployment of fuel cells is the lack of an
inexpensive, distributed supply of hydrogen [1]. One potential answer to this issue is the use of
reformate fuels derived mostly or entirely from renewable resources. Pyrolysis of biomass offers
an appealing supply of renewable energy. Co-pyrolysis of waste plastic and biomass allows the
conversion of a waste steam into a usable reformate fuel, while also providing an economically
viable pathway to handle difficult-to-manage waste materials such as agricultural mulch film [2,3].
In this study, a co-pyrolysis unit was modeled as an integrated system with either a solid oxide
fuel cell (SOFC) or high-temperature proton exchange membrane (HT-PEM) fuel cell and
analyzed based on cost. This is accomplished by normalizing the power outputs of the two systems
to 1 kW and calculating the cost of both configurations. This work drew heavily from the earlier
research of James (2012) on the cost comparison of low-temperature proton exchange membrane
(LT-PEM) fuel cell, HT-PEM fuel cell, and SOFC run on natural gas [4]. James investigated the
effect of power production and manufacturing quantity on the cost per unit of these different fuel
cell systems. He found that for all but the lowest production quantity (< 100 units/year), and lower
power output (1 kW), SOFC was the best option in terms of total cost of ownership. However, in
the 100 unit/year and 1kW case, HT-PEM was the superior choice. In the current study it was
anticipated that SOFC not HT-PEM would be the less expensive option, due to the composition of
the pyrolysis gas with higher H2 concentration that may enable internal reforming within the SOFC

stack. However, it was considered important to extend the earlier results of James (2012) by using
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the most recent cost data available for SOFC and HT-PEM stacks, materials and balance-of-plant

components, in the context of renewable hydrogen fuels derived from biomass.

Methods and Results

An overall system diagram is provided in Figure 7.1. Here the process begins on the far left in the
blue shaded region with the pyrolysis operation. As this is simulating a co-pyrolysis process, there
are biomass and plastic inputs as well as operational parameters related to the biomass-to-hydrogen
syngas conversion process. Depending on the material makeup of the inputs, as well as the
condition under which the pyrolysis reaction is managed, the composition of the product gas can
be changed. This gas composition can then be fed directly into an SOFC or alternatively directed
through a reforming stage and then into an HT-PEM Fuel cell. The model was sized for a 1 kW
power output with the cell active areas determined based on assumed voltage/current performance
and gas flow rates dependent on assumed anode and cathode stoichiometric ratios. With both the
HT-PEM and SOFC systems designed to satisfy the 1 kW power requirement, the cost of both
systems was then calculated. It is important to note that the costs used in this analysis do not take

the life cycle costs into account, only capital cost of the system is calculated.
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Figure 7.1: System Diagram

Co-pyrolysis system

To determine the concentrations of the gases produced through the pyrolysis process, Table 7.1
was based on co-pyrolysis processes reported in the literature, including the inputs and outputs of
the system. It was found that the work of Serio et al (2008) “Pyrolysis of Mixed Solid Food, Paper,
and Packaging Wastes” best reflected the planned co-pyrolysis supply of this study for intended

use with agricultural biomass residues and waste low-density polyethylene (LDPE) mulch film.
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Table 7.1: Summary of prior biomass-plastic co-pyrolysis studies (PLA-Polylactic acid, PE-
Polyethylene, PP-Polypropylene, PS-Polystyrene, PHB- Polyhydroxybutyrate, LDPE-Low
density polyethylene, HDPE- High density polyethylene)
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To obtain the greatest power output for both the SOFC and the HT-PEM systems, the sample
composition which produced the highest concentration of hydrogen, while maintaining material

inputs similar to those desired for the feedstock in this study was selected (Table 7.2)

Table 7.2: Sample Composition 4B refers to the sample set in the sourced reference.

Sample composition polyethylene Lignin Food Cellulose

4B 4 3 60 33 (paper)

The setup for this run used a 2-chamber pyrolysis unit with the first unit heated to 700°C and the
second cracking chamber heated to 1050°C. The unit was operated in dynamic mode ensuring a
constant flow of gas. Samples were translated though the chambers at 0.76 cm/min. The output

gas concentrations from the co-pyrolysis process described above are presented in Table 7.3 below.

Table 7.3: Composition of gas exiting the co-pyrolysis process

H2 CO2 CO CHas CoHa

37.5 17.0 16.5 23.1 6.0

These gas concentrations were assumed to be scalable while maintaining this presented gas
composition. The intention was to scale the pyrolysis unit to meet the fuel flow demand of the

fuel cells without changing the output concentration of the gas.

SOFC system
The solid oxide fuel cell was assumed to not require any pre-reforming of the gas. This is due to

the ability of the solid oxide fuel cell to self-reform fuels within the cell [17]. Operating a SOFC
directly off biogas has been studied by Shiratori (2008) in research on “feasibility of direct-biogas

SOFC” Shiratori found that a SOFC system could be operated directly off biogas and produce
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stable performance over time [18]. He also investigated losses associated with fuel selection and
found these to stem from contamination of hydrogen sulfide (H2S), not the reforming of methane
(CHa). Itis important to note that the biogas used in this prior study was comprised of 62.6% CH4
and 35.7% CO>. The gas composition sourced from pyrolysis proposed here includes much higher
initial, and post reforming, concentrations of Hz as well as lower initial concentrations of CHa.
This indicates that the system would be able to be directly fed from the pyrolysis gas supply

without prior reforming and without suffering performance losses.

With the introduction of water to the system, methane (CHa), carbon monoxide (CO) and ethylene

(C2Hg) are known to be reformed within a SOFC fuel cell according to the following reactions:

CH, + H,0 & 3H, + CO (Eq7.1)
CO + H,0 & H, + CO, (Eq7.2)
C,H, + 2H,0 © 2C0 + 4H, (Eq 7.3)

Equation 7.1 is the steam methane reforming reaction that dominates the reformation of methane
within the cell [19]. The methane reforms with the added steam and forms carbon monoxide as
well as hydrogen, which can further feed the fuel cell electrochemical reaction. The addition of
the carbon monoxide concentration from the steam reforming of methane in turn enters a water
gas shift reaction (Equation 7.2), and forms CO. with more Hz [20]. The interaction of ethylene
within SOFC reforming is, however, less well understood. It has been shown that ethylene can
undergo steam reforming under similar conditions to that of methane, (Equation 7.3) [21]. It
understood that the nickel catalyst used in this reaction is stable in the reforming of biogas, and it
has been shown that ethylene is not a contaminant of concern for the proper function of an SOFC

cell [22]. The contamination concern is greatest with nickel, as the effect of most major fuel
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impurities is seen through an impact on the catalyst. The reformation of ethylene produces further

hydrogen and carbon monoxide with the CO undergoing a water gas shift reaction[23].

Sample polyethylene Lignin  Food Cellulose
Composition .
mass % a 3 60 33(paper) Operational

Biomass and Parameters

plastic inputs

Internally Reformed

Gas Composition Sl

M%) €O, [%] CO[S] CHy[36] CoH, [%] “ﬂ?g"""‘] mﬂz"?""‘]

Co-pyrolysis

37.5 17 165 231 [

Operational
parameters

Pyrolysis  Cracking Movement Carrier flow
chamber  chamber rate (Nz)
700°C 1050°C 0.76 cmfmin 610 cc/min

Figure 7.2: Sub-model of co-pyrolysis and SOFC system

Figure 7.2 shows the sub-model of the SOFC co-pyrolysis system. In blue are the values sourced
from the work of Serio et al. (2008) and on right in yellow is a compilation of information on the
performance of the fuel cell based on the pyrolysis inputs required to achieve the desired 1 kW

power output.
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The cell size was determined from the power density of SOFC running on reformate fuel and the
requisite power requirement of the system [24]. From the cell size, current density and gas
concentration defined above, reactant flow rates were calculated assuming hydrogen/air

stoichiometric ratios of 1.2/1.5.

HT-PEM system
A HT-PEM cell does not have the benefit of internal reforming as does SOFC. In the case of HT-

PEM, the steam reformation and water gas shift processes occurring internally within the SOFC
system, need to be mechanized as sub-systems outside the HT-PEM fuel cell stack itself. This is

required due to the known deleterious effect of carbon monoxide on the cell [25].

s Lignin  Food
‘Composition
mass % a 3 &0 33(paper)

Biomass and
plastic inputs

Power Qutput

Gas Composition Gas Composition 1 Kw

(Gas Composition H2 €Oz co Water Gas
CO-pVFOIVSiS CPOX 053 013 0.3 Shift reactor

Operational
parameters

Operational

Operational Operational
parameters

parameters parameters

Pyrolysis chamber Cracking chamber Movementrate Carrier flow [N; )
TO0°C 1050°C 0,76 cm/min 610 cc/min

Figure 7.3: Sub-models of co-pyrolysis, two fuel reforming stages, and HT-PEM systems

As in Figure 7.2 the blue region in Figure 7.3 represents the pyrolysis process as reported by Serio
etal. (2008). The first reforming stage shows a catalytic partial oxidation process (CPOX), chosen
over a steam reforming process due to the parasitic loss of heating the steam reforming reaction

and the scaling issues with downsizing a water gas shift reactor [26].
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CHy +50; > 2Hy + CO (Eq 7.4)

C,H, + 0, > 2H, + CO (Eq7.5)

The CPOx reaction is exothermic, thus offering a smaller footprint, is less expensive, and with the
inclusion of a catalyst can offer conversion efficiency with H2/CO ratios of 2:1 over steam
reforming. Equation 7.4 describes the CPOXx reaction for methane [27,28]. The reaction of
ethylene with a CPOX reaction is not as well documented. Equation 7.5 describes the equilibrium
for ethylene conversion via CPOX, but in practice ethylene has been linked to increased coke and
soot production [29]. The buildup of coke and soot can lead to the deactivation of the catalysts and
a loss in conversion efficiency of the reformer. However, in the coke and soot scenario, the
ethylene formed within the reactor may be an indicator of a system level issue or an
incomplete/side reaction rather than an effect of the ethylene itself. In this study, it is assumed
that complete reforming of all gases occurs via the equations above, with ethylene conversion via
Equation 7.5. From the reactions above, the gas flow out of the CPOX reactor and into the water

gas shift may be calculated.

The water gas shift reaction follows Equation 7.3 above and is included to reduce the concentration
of CO within the reactant stream. The impact of CO on PEM fuel cells is widely documented and
it is known to have a negative impact on cell performance and longevity [30]. Through the addition
of water, CO is converted into additional H> and CO2. This is beneficial to the cell performance
as COz is known to have only a diluting effect on a HT-PEM cell, contributing a relatively small

mass transport voltage loss at high current density [31].
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Cost Analysis

The foundation of the cost analysis presented below was the previously mentioned study by James
(2012) that analyzed the costs of SOFC, LT-PEM and HT-PEM fuel cell systems. Several updates
were made to the cost data included here. Due to the technical rationale outlined above, it was
determined that current SOFC systems should not require a separate fuel reforming sub-system
when fueled with hydrogen-rich syngas produced by biomass-plastic co-pyrolysis. This is due to
the difference in the source of reactants between the two studies, the pyrolysis system generating
a fuel stream with a relatively high starting concentration of H. instead of the methane (natural
gas) fuel assumed by James. Additionally, as the price data in the James study were published in
2012 or earlier, an adjustment for inflation of 30% over that period has been made to reflect the
change in price over time [32]. This value was sourced from the US bureau of labor statistics
using the consumer price index. The inflation rate calculated uses the average rate of inflation from
2012 to the average of the months of January-September in 2022. Data for the full year of 2022
is not available. Furthermore, based on the HT-PEM performance data established in the previous
chapters, as well as the cited studies on the performance of SOFC on biogas and reformate,
adjustments were made to the stack cost. This had the effect of decreasing the cost of both the
SOFC and HT-PEM stacks, reflecting on the improvements in performance achieved in recent

years.
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Figure 7.4: Presentation of cost data for 1 kW SOFC and HT-PEM systems at annual production
scale of 100 units/year

From Figure 7.4 it can be seen that the total cost of the SOFC system is lower than the HT-PEM
alternative. Between the two, most components are of comparable cost. There are two major
factors influencing the difference in price between the two systems, the fuel processing cost, and
the fuel cell stack cost. The fuel processing cost of the SOFC is zero due to the internal reforming
assumed for the cell. For HT-PEM, the cost of reforming was reduced by 75% due to the more
favorable composition of the co-pyrolysis gas used in this study. However, this sub-system still
represents a large cost to the HT-PEM system that is not present in the SOFC case. The values

used for the price data for HT-PEM and SOFC are displayed in 2022 dollars in table 7.4 below.
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Table 7.4: Comparative cost data for SOFC and HT-PEM systems in 2022 dollars

Component SOFC [$] | HT-PEM [$]

Cost margin 1390 1190
Housing/assembly 1250 1270
Power/electronics 1000 1000

Fuel processing 0 3980

Fuel cell stack 3510 1300
Balance of plant 1490 1750
System assembly and testing 500 500
Total cost 9140 10,990

The cost of the pyrolysis unit was not included in this study as there does not exist much price data
for small-scale pyrolysis units. Additionally, the required reactant flow for the SOFC and HT-
PEM systems are so similar, that an almost identical co-pyrolysis unit would be required for both

scenarios, with no significant impact on the cost difference.

Conclusions and Future Work

With the total cost of the SOFC system in Figure 7.4 being greater than the cost of the HT-PEM
system it was shown that for a 1 kW system operating off a co-pyrolysis unit, SOFC would be a
less expensive option. This confirmed our initial hypothesis and was due to the option of internal
reforming within the SOFC stack despite the increased cost of SOFC stacks over that of HT-PEM.
In future work it would be beneficial to investigate the effect of ethylene and methane on a HT-
PEM cell. If like carbon dioxide, methane and ethylene can be considered dilutants, rather than a
contaminant like carbon monoxide it may allow the simplification of the reforming stages,
bringing costs down for HT-PEM. This would have the impact of requiring a greater flow rate to
increase the amount of hydrogen to make up for what was not gained due to reforming. However,

in this study the feedstock was considered a waste and assigned no cost.
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Chapter 8 - Conclusions and Future Outlook

To date the majority of HT-PEM fuel cell research has been focused on improving performance
through the development of novel MEA chemistries, focusing on testing at more benign operating
conditions. The objective of this work was to see what is possible with the systems we currently
have, operating at higher temperatures and current densities which can be considered more
aggressive on the cell. In this work we focused on commercially available MEAs, establishing
repeatability within constant operating conditions. With this method we were able to investigate
previously understudied temperatures and current densities for HT-PEM systems. We found that
operating under these aggressive conditions resulted in a greatly increased rate of degradation that

we interpreted to indicate a shortened lifespan of the system.

Observing the variability in published data on the preparation of fuel cell MEAs, we identified the
hot-pressing procedure to be both understudied and of importance to the fabrication of a quality
PEM fuel cell MEA. By varying the hot-pressing parameters for sample MEAs we were able to
optimize the pressing conditions resulting in an improved MEA performance. With this initial
step we then investigated the impact of electrode layer thickness and catalyst composition. Finding
thinner electrodes to be superior to a point. During hot press testing it was observed that at higher
temperatures, pressures, and over longer times the MEAs performed poorly. This was shown to
be a reversable process with post press rehydration, achieving an improvement in performance of

the MEA.

Through preliminary ex-situ, and in-situ testing of the MEAs we identified phosphoric acid loss,
taking the form of both dehydration and migration, to be the primary driver of this accelerated

degradation. Attempts were made to mitigate the degradation through increasing the operating
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pressure and by the addition of water to the system. While water was shown to improve
performance, it was not observed to have a conclusive impact on the degradation rate. Increasing
the pressure, however, leads to a slightly decreased rate of voltage loss over time. Ex-situ testing
showed that increasing the pressure reduced the dehydration of the phosphoric acid due to the
change in the vapor pressure. It was found that the migration of electrolyte out of the system
occurred at the beginning of life due to cell compression and at a greatly reduced rate during
operation. SEM EDX was identified and proven to be an accurate and repeatable method for

determining acid content of aqueous samples.

With the current focus of HT-PEM research geared towards innovative breakthroughs and
modeling, the relatively large quantity of MEAs tested in this dissertation offered a unique
opportunity to create a standardized baseline for the current performance of HT-PEM systems.
This was done for 3 operating temperatures of 160, 180, and 200°C utilizing BOL POL data. This
study used commercially available MEAs in repetition to establish a baseline of performance, and
also tested at higher current densities finding the peak power point to be greater than anticipated.
This set of data can be very beneficial for modeling and understanding the variations in

performance between nominally identical MEAs.

With the greatest benefit of HT-PEM systems being realized at higher temperatures it is
unfortunate that operating at higher temperatures shortens the life of the system. Future research
should be undertaken towards optimizing operating pressure at different temperatures to reduce
acid dehydration. While the vapor pressure of phosphoric acid at 200°C may be too high to
reasonably operate a system at, this may be practical for lower operating temperature such as

180°C.
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One of the greatest advantages of high temperature operation is the ability to withstand higher
concentrations of CO. As noted in the previous chapters CO occupies the platinum active sites
leading to reduced cell performance. Future work should investigate if the CO poisoning occurring
at lower temperatures is reversable at higher temperatures, and the time that this takes. If this is
possible it could lead to a system which cycles a high temperature mode to mitigate the effect of

CO while primarily operating at a lower temperature to reduce MEA degradation over time.
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Appendix -Chapter 6

160°C POL Curves

Pilinski
Current Voltage Power
Density [V] Density
[Alcm?] [W/cmz]
0 0.96 0
0.05 0.78 0.04
0.1 0.73 0.07
0.15 0.70 0.11
0.2 0.68 0.14
0.25 0.66 0.17
0.3 0.64 0.19
0.35 0.63 0.22
0.4 0.61 0.24
0.45 0.59 0.27
0.5 0.58 0.29
0.55 0.56 0.31
0.6 0.55 0.33
0.65 0.54 0.35
0.7 0.52 0.36
0.75 0.51 0.38
0.8 0.48 0.38
0.85 0.47 0.40
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0.9 0.46 0.41
0.95 0.45 0.43
1 0.43 0.43
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MEA C.L,Busselmann

Current Density Voltage | Power Density
[Alcm?] [V] [Wicm?]
0 0.96 0.00
0.05 0.76 0.04
0.1 0.72 0.07
0.15 0.69 0.10
0.2 0.67 0.13
0.25 0.64 0.16
0.3 0.62 0.19
0.35 0.60 0.21
0.4 0.58 0.23
0.45 0.56 0.25
0.5 0.54 0.27
0.55 0.53 0.29
0.6 0.51 0.30
0.65 0.49 0.32
0.7 0.47 0.33
0.75 0.45 0.33
0.8 0.43 0.34
0.85 0.40 0.34
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MEA B.L,Busselmann

Current Density Voltage | Power Density
[Alcm?] [V] [Wicm?]
0 0.93 0.00
0.05 0.74 0.04
0.1 0.71 0.07
0.15 0.69 0.10
0.2 0.66 0.13
0.25 0.65 0.16
0.3 0.63 0.19
0.35 0.62 0.22
0.4 0.60 0.24
0.45 0.58 0.26
0.5 0.57 0.28
0.55 0.55 0.30
0.6 0.54 0.32
0.65 0.52 0.34
0.7 0.51 0.36
0.75 0.51 0.38
0.8 0.48 0.38
0.85 0.46 0.39
0.9 0.45 0.40
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MEA A.L,Bisselmann

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.86 0.00
0.05 0.70 0.04
0.1 0.67 0.07
0.15 0.63 0.09
0.2 0.60 0.12
0.25 0.58 0.15
0.3 0.56 0.17
0.35 0.56 0.20
0.4 0.54 0.22
0.45 0.52 0.23
0.5 0.50 0.25
0.55 0.49 0.27
0.6 0.47 0.28
0.65 0.45 0.29
0.7 0.44 0.31
0.75 0.42 0.31
0.8 0.40 0.32

183




MEA C.S,Biisselmann

Current Density Voltage Power Density
[Alem?] V] [W/cm?]

0 0.98 0.00
0.05 0.82 0.04
0.1 0.76 0.08
0.15 0.74 0.11
0.2 0.71 0.14
0.25 0.67 0.17
0.3 0.66 0.20
0.35 0.64 0.22
0.4 0.63 0.25
0.45 0.61 0.27
0.5 0.60 0.30
0.55 0.58 0.32
0.6 0.57 0.34
0.65 0.55 0.36
0.7 0.53 0.37
0.75 0.52 0.39
0.8 0.50 0.40
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MEA B.S,Biisselmann

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.92 0.00
0.05 0.75 0.04
0.1 0.71 0.07
0.15 0.69 0.10
0.2 0.67 0.13
0.25 0.66 0.16
0.3 0.64 0.19
0.35 0.63 0.22
0.4 0.62 0.25
0.45 0.61 0.27
0.5 0.59 0.29
0.55 0.58 0.32
0.6 0.56 0.34
0.65 0.55 0.36
0.7 0.54 0.38
0.75 0.52 0.39
0.8 0.51 0.40
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MEA A.S,Busselmann

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.84 0.00
0.05 0.74 0.04
0.1 0.70 0.07
0.15 0.68 0.10
0.2 0.66 0.13
0.25 0.64 0.16
0.3 0.62 0.19
0.35 0.60 0.21
0.4 0.58 0.23
0.45 0.57 0.26
0.5 0.55 0.28
0.55 0.54 0.30
0.6 0.53 0.32
0.65 0.51 0.33
0.7 0.50 0.35
0.75 0.49 0.36
0.8 0.47 0.38
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LC1a,Schonvogel

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.97 0.00
0.05 0.75 0.04
0.1 0.71 0.07
0.15 0.70 0.10
0.2 0.67 0.13
0.25 0.65 0.16
0.3 0.64 0.19
0.35 0.63 0.22
0.4 0.61 0.24
0.45 0.59 0.27
0.5 0.58 0.29
0.55 0.57 0.31
0.6 0.55 0.33
0.65 0.53 0.35
0.7 0.52 0.36
0.75 0.51 0.38
0.8 0.50 0.40
0.85 0.48 0.41
0.9 0.46 0.42
0.95 0.45 0.43
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1 0.44 0.44
LC2,Schonvogel
Current Density Voltage Power Density
[Alcm?] [V] [W/cm?]

0 0.95 0.00
0.05 0.77 0.04
0.1 0.73 0.07
0.15 0.70 0.11
0.2 0.68 0.14
0.25 0.66 0.16
0.3 0.64 0.19
0.35 0.62 0.22
0.4 0.61 0.24
0.45 0.59 0.27
0.5 0.58 0.29
0.55 0.56 0.31
0.6 0.55 0.33
0.65 0.53 0.35
0.7 0.52 0.36
0.75 0.50 0.38
0.8 0.49 0.39
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0.85 0.47 0.40
0.9 0.46 0.41
0.95 0.44 0.42

1 0.43 0.43
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LC1b,Schonvengle

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.95 0.00
0.05 0.76 0.04
0.1 0.72 0.07
0.15 0.69 0.10
0.2 0.67 0.13
0.25 0.66 0.16
0.3 0.64 0.19
0.35 0.62 0.22
0.4 0.60 0.24
0.45 0.59 0.26
0.5 0.57 0.29
0.55 0.56 0.31
0.6 0.54 0.33
0.65 0.53 0.34
0.7 0.51 0.36
0.75 0.50 0.38
0.8 0.48 0.39
0.85 0.47 0.40
0.9 0.46 0.41
0.95 0.44 0.42
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1 0.43 0.43
Waller
Current Density Voltage Power Density
[Alcm?] [V] [W/cm?]

0 1.01 0.00
0.05 0.75 0.04
0.1 0.72 0.07
0.2 0.66 0.13
0.3 0.64 0.19
0.5 0.60 0.30
0.7 0.56 0.39
0.9 0.52 0.47
1.1 0.48 0.53
1.3 0.45 0.58
1.4 0.43 0.60
1.5 0.41 0.61
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Zhou

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.96 0.00
0.05 0.69 0.03
0.1 0.62 0.06
0.15 0.57 0.09
0.2 0.52 0.10
0.25 0.48 0.12
0.3 0.42 0.13
0.35 0.36 0.13
0.4 0.27 0.11
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Advent

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.99 0.00
0.1 0.73 0.07
0.2 0.69 0.14
0.3 0.66 0.20
0.4 0.63 0.25
0.5 0.60 0.30
0.6 0.57 0.34
0.7 0.54 0.38
0.8 051 041
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Cicconardi

Current Density Voltage Power Density
[A/lcm?] [V] [Wicm?]

0 0.91 0.00
0.2 0.67 0.13
0.4 0.60 0.24
0.6 0.55 0.33
0.8 0.51 0.40

1 0.50 0.50
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This Study

PBI S PBI 10 PBI 11 PBI 12 PBI 13 PBI 14 PBI 16 PBI 17
Current
Density Vv W/cm? \Y W/cm? \% W/cm? \Y W/cm? Y W/cm? \Y W/cm? \Y; W/cm? \Y W/cm?
[A/cm?]
0 1.02 0.00 1.02 0.00 1.00 0.00 0.96 0.00 1.02 0.00 0.99 0.00 1.03 0.00 0.99 0.00
0.1 0.73 0.07 0.74 0.07 0.73 0.07 0.72 0.07 0.73 0.07 0.69 0.07 0.80 0.08 0.73 0.07
0.2 0.70 0.14 0.70 0.14 0.68 0.14 0.68 0.14 0.69 0.14 0.64 0.13 0.67 0.13 0.68 0.14
0.3 0.66 0.20 0.67 0.20 0.65 0.19 0.65 0.19 0.66 0.20 0.59 0.18 0.62 0.19 0.66 0.20
0.4 0.64 0.25 0.65 0.26 0.62 0.25 0.62 0.25 0.64 0.25 0.56 0.22 0.60 0.24 0.62 0.25
0.5 0.61 0.31 0.62 0.31 0.59 0.30 0.60 0.30 0.61 0.31 0.53 0.26 0.57 0.29 0.60 0.30
0.6 0.59 0.36 0.60 0.36 0.56 0.34 0.57 0.34 0.59 0.35 0.50 0.30 0.55 0.33 0.57 0.34
0.7 0.58 0.41 0.58 0.41 0.54 0.38 0.55 0.39 0.56 0.39 0.47 0.33 0.52 0.36 0.55 0.39
0.8 0.55 0.44 0.56 0.45 0.51 0.41 0.53 0.42 0.53 0.42 0.45 0.36 0.50 0.40 0.53 0.42
0.9 0.52 0.47 0.55 0.49 0.48 0.44 0.51 0.46 0.51 0.46 0.42 0.38 0.48 0.43 0.50 0.45
1 0.51 0.51 0.52 0.52 0.46 0.46 0.48 0.48 0.48 0.48 0.40 0.40 0.44 0.44 0.47 0.47
1.1 0.49 0.53 0.50 0.55 0.43 0.47 0.46 0.50 0.47 0.52 0.38 0.41 0.41 0.45 0.44 0.48
1.2 0.46 0.56 0.48 0.57 0.40 0.47 0.43 0.52 0.44 0.53 0.35 0.42 0.39 0.46 0.42 0.50
1.3 0.44 0.58 0.46 0.59 0.36 0.47 0.42 0.55 0.38 0.50 0.33 0.43 0.36 0.47 0.38 0.50
1.4 0.42 0.59 0.43 0.61 0.33 0.46 0.38 0.54 0.33 0.46 0.30 0.42 0.33 0.46 0.36 0.50
1.5 0.40 0.59 0.41 0.61 0.29 0.43 0.36 0.53 0.30 0.45 0.29 0.43 0.30 0.45 0.33 0.50
1.6 0.37 0.59 0.38 0.61 0.24 0.39 0.33 0.52 0.25 0.40 0.27 0.43 0.27 0.43 0.30 0.48

POL curve data for PBI MEAS run in this study at 160°C, stoichiometric ratio of 1.5,2 H2/Air and 101.3 kPa, with column v showing voltage

and W/cm? showing power density.

195
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PBI 9 PBI 10 PBI 12
Current
Density Vv W/cm? Vv W/cm? \Y, W/cm?
[A/cm?]
0 1.02 0.00 1.05 0.00 1.03 0.00
0.1 0.77 0.08 0.77 0.08 0.76 0.08
0.2 0.73 0.15 0.72 0.14 0.72 0.14
0.3 0.70 0.21 0.70 0.21 0.69 0.21
0.4 0.68 0.27 0.66 0.27 0.66 0.26
0.5 0.66 0.33 0.64 0.32 0.64 0.32
0.6 0.64 0.38 0.61 0.37 0.62 0.37
0.7 0.62 0.44 0.60 0.42 0.59 0.42
0.8 0.59 0.47 0.57 0.46 0.57 0.46
0.9 0.58 0.52 0.55 0.50 0.55 0.50
1 0.56 0.56 0.53 0.53 0.53 0.53
1.1 0.54 0.59 0.51 0.56 0.51 0.56
1.2 0.52 0.62 0.48 0.58 0.49 0.59
1.3 0.50 0.65 0.46 0.60 0.47 0.61
1.4 0.49 0.68 0.43 0.61 0.45 0.63
1.5 0.47 0.70 0.41 0.62 0.42 0.64
1.6 4,51 7.22 0.39 0.62 0.40 0.64

POL curve data for PBI MEAS run in this study at 160°C, stoichiometric ratio of 1.5,2 H2/Air and 200 kPa, with column v showing voltage

and W/cm? showing power density.
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180°C POL Curves

Zhou
Current Density Voltage Power Density
[Alcm?] [V] [Wicm?]
0.00 0.98 0.00
0.03 0.78 0.02
0.05 0.73 0.04
0.08 0.69 0.05
0.10 0.66 0.07
0.13 0.63 0.08
0.15 0.61 0.09
0.18 0.58 0.10
0.20 0.56 0.11
0.23 0.53 0.12
0.25 0.51 0.13
0.28 0.48 0.13
0.30 0.44 0.13
0.33 0.40 0.13
0.35 0.36 0.12
0.38 0.31 0.12
0.40 0.26 0.10
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Cicconardi

Current Density [A/cm?] Voltage [V] Power Density [W/cm?]

0 0.91 0.00
0.05 0.76 0.04
0.1 0.71 0.07
0.15 0.67 0.10
0.2 0.64 0.13
0.25 0.61 0.15
0.3 0.59 0.18
0.35 0.57 0.20
0.4 0.55 0.22
0.45 0.53 0.24
0.5 0.51 0.25
0.55 0.49 0.27
0.6 0.47 0.28
0.65 0.45 0.29
0.7 0.43 0.30
0.75 0.41 0.31
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Tseng

Current Density [A/cm?] Voltage [V] Power Density [W/cm?]

0 0.92 0.00
0.04 0.79 0.03
0.08 0.73 0.06
0.1 0.72 0.07
0.14 0.69 0.10
0.20 0.66 0.13
0.25 0.63 0.16
0.30 0.61 0.18
0.35 0.59 0.20
0.40 0.57 0.23
0.49 0.53 0.26
0.50 0.52 0.26
0.60 0.49 0.29
0.70 0.45 0.31
0.74 0.43 0.32
0.80 0.40 0.32
0.82 0.39 0.32
0.90 0.34 0.31
0.93 0.33 0.30
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Waller

Current Density [A/cm?] Voltage [V] Power Density [W/cm?]

0 1.00 0.00
0.05 0.76 0.04
0.1 0.73 0.07
0.2 0.69 0.14
0.3 0.66 0.20
0.5 0.61 0.31
0.7 0.57 0.40
0.9 0.54 0.48
1.1 0.50 0.55
1.3 0.46 0.60
1.4 0.44 0.61
1.5 0.42 0.63
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This Study
PBI 9 PBI 10 PBI 11 PBI 12 PBI 13 PBI 14 PBI 16 PBI 17
Current
Density \% W/cm? \% W/cm? \% W/cm? \% W/cm? \% W/cm? \% W/cm? \Y W/cm? \% W/cm?
[A/cm?]
0 1.01 0.00 1.00 0.00 0.99 0.00 1.00 0.00 1.02 0.00 0.98 0.00 0.99 0.00 0.98 0.00
0.1 0.74 0.07 0.74 0.07 0.73 0.07 0.73 0.07 0.73 0.07 0.69 0.07 0.72 0.07 0.74 0.07
0.2 0.69 0.14 0.70 0.14 0.65 0.13 0.69 0.14 0.71 0.14 0.66 0.13 0.64 0.13 0.68 0.14
0.3 0.66 0.20 0.67 0.20 0.63 0.19 0.66 0.20 0.68 0.20 0.61 0.18 0.59 0.18 0.65 0.20
0.4 0.64 0.26 0.65 0.26 0.62 0.25 0.63 0.25 0.63 0.25 0.57 0.23 0.52 0.21 0.62 0.25
0.5 0.62 0.31 0.63 0.31 0.59 0.30 0.60 0.30 0.62 0.31 0.54 0.27 0.49 0.24 0.60 0.30
0.6 0.60 0.36 0.61 0.36 0.56 0.34 0.58 0.35 0.61 0.36 0.50 0.30 0.45 0.27 0.58 0.35
0.7 0.58 0.40 0.59 0.41 0.54 0.38 0.56 0.39 0.59 0.42 0.48 0.34 0.44 0.31 0.55 0.38
0.8 0.55 0.44 0.57 0.45 0.51 0.41 0.53 0.43 0.57 0.46 0.44 0.36 0.42 0.34 0.53 0.42
0.9 0.54 0.48 0.55 0.49 0.48 0.43 0.51 0.46 0.56 0.50 0.43 0.38 0.40 0.36 0.50 0.45
1 0.52 0.52 0.52 0.52 0.46 0.46 0.49 0.49 0.53 0.53 0.40 0.40 0.40 0.40 0.47 0.47
1.1 0.50 0.55 0.51 0.56 0.43 0.47 0.46 0.51 0.50 0.55 0.38 0.42 0.38 0.42 0.46 0.50
1.2 0.48 0.57 0.49 0.59 0.40 0.48 0.44 0.53 0.48 0.58 0.35 0.42 0.37 0.45 0.43 0.52
1.3 0.46 0.59 0.48 0.62 0.36 0.47 0.41 0.54 0.43 0.56 0.33 0.43 0.36 0.46 0.42 0.54
1.4 0.44 0.62 0.46 0.65 0.33 0.46 0.38 0.54 0.43 0.60 0.31 0.43 0.34 0.48 0.38 0.53
1.5 0.42 0.63 0.44 0.66 0.29 0.44 0.36 0.53 0.40 0.60 0.29 0.43 0.31 0.46 0.36 0.55
1.6 0.40 0.64 0.41 0.66 0.25 0.40 0.32 0.52 0.37 0.59 0.27 0.43 0.26 0.42 0.33 0.52

POL curve data for PBI MEASs run in this study at 180°C, stoichiometric ratio of 1.5,2 H2/Air and 101.3 kPa, with column v showing voltage

and W/cm? showing power density.
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This Study

PBI 9 PBI 10 PBI 12
Current V W/em? vV W/cm? V W/cm?
Density
[A/cm?]
0 1.01 0.00 1.05 0.00 1.01 0.00
0.1 0.74 0.07 0.78 0.08 0.76 0.08
0.2 0.69 0.14 0.74 0.15 0.73 0.15
0.3 0.66 0.20 0.71 0.21 0.69 0.21
0.4 0.64 0.26 0.68 0.27 0.67 0.27
0.5 0.62 0.31 0.66 0.33 0.64 0.32
0.6 0.60 0.36 0.64 0.38 0.63 0.38
0.7 0.58 0.40 0.61 0.43 0.60 0.42
0.8 0.55 0.44 0.59 0.47 0.58 0.47
0.9 0.54 0.48 0.56 0.51 0.56 0.51
1 0.52 0.52 0.54 0.54 0.54 0.54
1.1 0.50 0.55 0.51 0.56 0.52 0.58
1.2 0.48 0.57 0.51 0.61 0.50 0.60
1.3 0.46 0.59 0.50 0.65 0.48 0.63
1.4 0.44 0.62 0.48 0.68 0.46 0.64
1.5 0.42 0.63 0.46 0.69 0.44 0.65
1.6 0.40 0.64 0.44 0.71 0.41 0.66

POL curve data for PBI MEAS run in this study at 180°C, stoichiometric ratio of 1.5,2 H2/Air and 200 kPa, with column v showing voltage

and W/cm? showing power density.
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200°C POL Curves

Waller
Current Density [A/cm?] Voltage [V] Power Density [W/cm?]
0.05 0.78 0.04
0.1 0.74 0.07
0.2 0.69 0.14
0.3 0.67 0.20
0.5 0.62 0.31
0.7 0.58 0.40
0.9 0.54 0.49
1.1 0.50 0.55
1.3 0.46 0.60
1.4 0.44 0.61
1.5 0.42 0.63
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Yang

Current Density [A/cm?] Voltage [V] Power Density [W/cm?]

0 1.00 0.00
0.05 0.78 0.04
0.1 0.75 0.08
0.2 0.71 0.14
0.3 0.68 0.20
0.5 0.64 0.32
0.7 0.61 0.43
0.9 0.57 0.52
1.1 0.54 0.59
1.3 0.50 0.65
1.5 0.45 0.67
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This Study

PBI 6 PBI 7 PBI 9 PBI 10 PBI 11 PBI 12 PBI 13 PBI14 PBI 16 PBI 17
Current
Density \ W/cm? \Y W/cm? \Y W/cm? Y W/cm? Y W/cm? Y W/cm? Y W/cm? Y, W/cm? \% W/cm? \% W/cm?
[A/em?]
0 0.96 0.00 1.00 0.00 1.01 0.00 0.99 0.00 1.00 0.00 1.00 0.00 1.02 0.00 0.99 0.00 1.02 0.00 0.97 0.00
0.1 0.72 0.07 0.74 0.07 0.74 0.07 0.75 0.07 0.73 0.07 0.73 0.07 0.74 0.07 0.70 0.07 0.80 0.08 0.72 0.07
0.2 0.68 0.14 0.71 0.14 0.70 0.14 0.71 0.14 0.68 0.14 0.69 0.14 0.71 0.14 0.66 0.13 0.68 0.14 0.66 0.13
0.3 0.65 0.19 0.68 0.20 0.67 0.20 0.68 0.20 0.65 0.20 0.65 0.20 0.68 0.21 0.62 0.18 0.63 0.19 0.63 0.19
0.4 0.62 0.25 0.65 0.26 0.64 0.26 0.65 0.26 0.62 0.25 0.62 0.25 0.63 0.25 0.58 0.23 0.60 0.24 0.61 0.24
0.5 0.60 0.30 0.63 0.32 0.62 0.31 0.63 0.32 0.60 0.30 0.60 0.30 0.63 0.31 0.56 0.28 0.58 0.29 0.55 0.27
0.6 0.58 0.35 0.61 0.37 0.60 0.36 0.61 0.37 0.57 0.34 0.57 0.34 0.61 0.37 0.52 0.31 0.54 0.33 0.53 0.32
0.7 0.56 0.39 0.60 0.42 0.58 0.40 0.59 0.41 0.55 0.38 0.55 0.38 0.59 0.41 0.50 0.35 0.52 0.36 0.51 0.36
0.8 0.53 0.43 0.58 0.47 0.56 0.45 0.57 0.46 0.52 0.42 0.52 0.42 0.57 0.46 0.45 0.36 0.49 0.39 0.49 0.39
0.9 0.52 0.46 0.56 0.50 0.53 0.48 0.55 0.50 0.49 0.44 0.50 0.45 0.57 0.51 0.44 0.40 0.47 0.42 0.46 0.41
1 0.49 0.49 0.54 0.54 0.51 0.51 0.53 0.53 0.47 0.47 0.47 0.47 0.53 0.53 0.41 0.41 0.44 0.44 0.43 0.43
1.1 0.47 0.52 0.52 0.57 0.49 0.53 0.51 0.56 0.44 0.48 0.44 0.49 0.52 0.57 0.39 0.42 0.40 0.44 0.41 0.45
1.2 0.45 0.54 0.50 0.59 0.46 0.55 0.49 0.59 0.41 0.49 0.41 0.50 0.49 0.59 0.38 0.45 0.38 0.45 0.37 0.44
1.3 0.44 0.57 0.48 0.63 0.44 0.58 0.47 0.61 0.38 0.49 0.40 0.52 0.45 0.59 0.35 0.46 0.36 0.46 0.34 0.44
1.4 0.42 0.58 0.46 0.65 0.41 0.57 0.45 0.63 0.34 0.48 0.36 0.50 0.43 0.61 0.33 0.46 0.33 0.46 0.30 0.42
1.5 0.40 0.60 0.43 0.65 0.38 0.57 0.42 0.63 0.30 0.46 0.33 0.49 0.41 0.61 0.31 0.46 0.30 0.44 0.26 0.40
1.6 0.35 0.56 0.43 0.68 0.35 0.56 0.40 0.64 0.27 0.42 0.29 0.47 0.38 0.60 0.28 0.45 0.26 0.42 0.22 0.36

POL curve data for PBI MEAS run in this study at 200°C, stoichiometric ratio of 1.5,2 H2/Air and

101.3 kPa, with column v showing voltage and W/cm? showing power density.
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PBI 9 PBI 10 PBI 12
Current
Density \Y} W/cm? Vv W/cm? Vv W/cm?
[A/cm?]
0 1.03 0.00 1.03 0.00 1.01 0.00
0.1 0.79 0.08 0.80 0.08 0.76 0.08
0.2 0.75 0.15 0.75 0.15 0.75 0.15
0.3 0.72 0.22 0.73 0.22 0.71 0.21
0.4 0.70 0.28 0.70 0.28 0.67 0.27
0.5 0.67 0.34 0.69 0.34 0.64 0.32
0.6 0.66 0.39 0.66 0.40 0.62 0.37
0.7 0.64 0.45 0.65 0.45 0.60 0.42
0.8 0.62 0.50 0.63 0.50 0.58 0.46
0.9 0.60 0.54 0.62 0.55 0.56 0.50
1 0.58 0.58 0.60 0.60 0.54 0.54
1.1 0.57 0.62 0.58 0.64 0.52 0.57
1.2 0.54 0.65 0.56 0.67 0.50 0.60
1.3 0.53 0.68 0.55 0.71 0.48 0.62
1.4 0.51 0.71 0.53 0.74 0.45 0.64
1.5 0.49 0.74 0.51 0.76 0.43 0.65
1.6 0.46 0.74 0.49 0.78 0.41 0.65

POL curve data for PBI MEAS run in this study at 200°C, stoichiometric ratio of 1.5,2 H2/Air and 200

kPa, with column v showing voltage and W/cm? showing power density.
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Reference | MEA Type | Area | Temperature | Stoich Notes
[cm?] [°C] Ratio
[H2/Air]
Present Advent PBI 45.2 160,180,200 1.5/2
study
Cicconardi | Commercial 45 160,180 1.2/2 Back pressure set to 1.2
etal. (2011) bar
Pilinski et Celtec®- 20.25 160 1.5/2 Tested load cycling and
al. (2015) P1100W acid uptake into flow
fields.
Schonvogel Celtec®- 20.25 160 1.5/2 Beginning of life data
et al. (2015) P1100W from several different
AST
Tseng et al. Advent 25 180 1.2/3 Also did studies with a
(2016) TPS® metal foam flow field,
these data not included
Waller et al. | Advent PBI 45.2 160,180,200 1.5/2
(2016)
Busselmann | Commercial 25 160 1.5/2 The difference in MEA (S
etal. (2017) vs. L) was tested after
characterization, but did
not impact BOL POL.
Zhou et al. Dapozol 46.5 160,180 214 Assessed the effect of
(2019) G77 humidity
Yang (2019) | Advent PBI 45.2 200 1.5/2
Advent Advent PBI 160 1.2/2
(2020)
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