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Abstract

Direct Methanol Fuel Cells (DMFC) typically operate using Nafion-based Membrane
Electrode Assemblies (MEAs) up to 100'C. Above this temperature, Nafion begins to degrade,
hindering performance. Because temperature improves fuel cell performance PBI-based MEAs
were investigated for an intermediate range temperature DMFCs. Nafion MEA performance
curves confirmed the relationship between temperature and performance. However, polarization
plots for PBI MEAs could not be generated. Despite this, PBI exhibited a sustained current

density of 900 mA/cm? at 0.10 V using hydrogen.



Chapter 1: Introduction

Fuel cell technology was first used commercially in the 1960’s when the United States
space program chose to implement the technology rather than rely on other technologies like
nuclear power, much more dangerous or solar power, which are much more expensive (Fuel Cell
& Hydrogen Energy Association). However, fuel cell technology has been in existence for much
longer. In 1839, Sir William Grove built the first fuel cell and titled it a “gas battery” (FCTec
Home Page). With numerous improvements over the past 170 years, fuel cells have the potential
to be one of the most efficient and environmentally friendly power generation devices (Cheddie

et al., 2000).

Today, there are many types of fuel cells, including: Phosphoric Acid fuel cell (PAFC),
Proton Exchange Membrane fuel cell (PEM), High Temperature Proton Exchange Membrane
fuel cell (HT-PEM), Molten Carbonate fuel cell (MCFC), Solid Oxide fuel cell (SOFC), Alkaline
fuel cell (AFC), Direct Methanol fuel cell (DMFC), Regenerative fuel cell, Zinc Air fuel cell
(ZAFC), Protonic Ceramic fuel cell (PCFC), and Microbial fuel cell (MFC) (FC2K, 2000). For
the purposes of this paper, the focus will mainly be on Direct Methanol Fuel Cell (DMFC)

technology.

Fuel cell technology currently has various applications in industry. For example, DMFCs
can be found in portable electronics, such as cellphones and laptops (Toshiba's methanol fuel
cell, 2004). One of the main advantages to having a DMFC run one’s cell phone or laptop is that
the fuel cell will allow the unit to run for longer than a standard battery (FC2K, 2000). Other
types of fuel cells can be found in much larger applications, such as running hospitals, office

buildings, or stores. In most applications, especially large scale, hydrogen is the fuel source;



hydrogen fuel cells are very popular for use in cars and buses (Transforming the Energy
Network). Fuel cells are an attractive energy source because they produce lesser amounts of

greenhouse gases especially when compared to gasoline run vehicles.

Figure 1, below, summarizes six of the main types of fuel cells and gives some idea of
the typical operating temperature. Essentially, hydrogen and oxygen are combined in the fuel cell
to produce water, small amounts of CO, and electricity (Basic Overview, 2008). The fuel source
containing hydrogen is fed into the anode side of the fuel cell while oxygen is fed to the cathode
side. At this point the gases pass through the gas diffusion layer, which will regulate the flow as
well as store electrons. The catalyst, usually composed of platinum, breaks down the hydrogen or
methanol into a number of protons and electrons. The protons pass through the electrolyte and
the electrons travel to the cathode via an external circuit, which creates an electric current. At the
cathode, the protons and electrons react with the oxygen, which creates water. In Figure 1, the

third set of reactions down shows the process of a DMFC.
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ANODE CATHODE

GLECTROLYTH

Figure 1: Fuel Cell Model (US Fuel Cell Council)
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One of the largest advantages to fuel cell technology is their low emissions. As can be
seen in Figure 2, fuel cells significantly less emissions than their competitors. A typical fossil
fuel plant produces almost 25 pounds of pollutants per 1000 kWh, whereas the fuel cell will
produce much less than 1 pound of pollutant per 1000 kWh (DOE- Fossil Energy: Office of

Fossil Energy Home Page, 2010).

FUEL CELL EMISSIONS

25
(Pounds of emissions per 1000 kWh NOx,

CO, SOx, Hydrocarbon, Particulates)

20 |

Average U.S. Microturbine Combined cycle Fuel cell
fossil fuel plant gas lurbine

Figure 2: Comparison of Emissions (DOE- Fossil Energy: Office of Fossil Energy Home Page, 2010)

Fuel cells in vehicles that run on hydrogen stored on board the vehicle produce zero
pollutants, the only byproduct being water vapor (Fuel Cell & Hydrogen Energy Association). In
addition, using fuel cells in trucks to power air conditioners and accessories, emissions could be
reduced by up to 45% (FC2K, 2000). If fuel cells were used in Class 8 trucks, 670 million

gallons of diesel fuel and 4.64 million tons of CO, could be saved per year.



Direct Methanol Fuel Cells

The direct methanol fuel cell (DMFC) uses methanol and O, as fuel sources and a
polymer electrolyte membrane (PEM) to force an external electrical circuit. A DMFC typically
runs at temperatures between 50 to 120°C and has efficiencies of around 40%. (USFCC) This
varies from the generic hydrogen PEM fuel cell, which typically runs at 80°C and has an

efficiency of 40% to 50%.

Mechanism

DMEFC’s generate electrical power via an oxidation and reduction reaction, as shown in
Figure 3. In the oxidation reaction, methanol is oxidized in the presence of water and a catalyst
as shown below. Hydrogen ions are formed at the anode electrode. The reduction reaction at the

cathode utilizes supplied oxygen and the protons from the methanol dissociation to form water.

Anode

Oxidation CH;0H + H,0 > 6 H* + 6e~ + CO,

Cathode

Reducti 3
eduetion 502+ 6H* + 6e™ - 3H,0

11 Reacti 3
Overall Reaction CH30H + 20, — 2H,0 + C0,

Figure 3: Reaction Mechanisms

Diluted liquid methanol flows through a flow chamber to the anode, passes through the
anode gas diffusion layer and comes in contact with the platinum/ruthenium catalyst. Unreacted
methanol and water exits the anode through a waste stream. Similarly, oxygen or air flows to the

cathode gas diffusion layer and then comes in contact with a platinum catalyst.
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The bipolar plates, made of graphite, duals as a casing for the fuel cell MEA and are
relatively cheap yet durable electrical conductors (Fuel Cell Store, 2011). Graphite contains rows
of carbon that share electrons covalently and allows for an electrical current to form when there
is a difference in voltage. The voltage can be induced using a load box connected to the bipolar
plates through electrodes. The positive electrode is connected to the cathode plate whereas the
negative electrode connects to the anode plate. This setup allows for control of the voltage

differential across the plates and for measuring the electrical current.

e ¢y —

b S
Catalyst H,O
1
ANODE 54 it CATHODE
H,0 18
311 _

Bipolar {88884 <— Bipolar
plate HH plate

MeOH + H,0 Membrane 0,
(Nafion) /

Gas diffusion layer

Figure 4: Schematic of DMFC (Hackguard, 2005)

Etched into each bipolar plate is a flow channel, also referred to as a serpentine pattern, which

increases methanol contact to the anode electrode.



Figure 5: Serpentine pattern on bipolar plate

The gas diffusion layer (GDL) is a porous material that facilitates contact between the
methanol-water solution and the catalyst (Han-Kyu Lee, 2003). Carbon cloth is often used as the
diffusion layer because the carbon-carbon bonds allow for efficient electron conduction. An ideal
GDL allows for uniform permeation across the plane in contact with the catalyst (Hai, 2005).
Additionally, the GDL serves to protect the catalyst from cracking by acting as a barrier and
dampening heat energy. Catalyst cracking reduces the permeative selectivity of the system and

increases the rate of methanol crossover, which will be discussed later.

The catalyst reduces the amount of energy required for each half reaction to occur
(Garcia, 2004). Figure 6 helps demonstrate the effect of catalysis on a reaction. At lower

energies of activation a higher yield of product can be achieved per unit time.
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activation
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uncatalysed reaction
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Figure 6: Energy of Activation (Extend 2011)

The Proton Exchange Membrane (PEM) acts as a proton transport medium, carrying
protons across the membrane from anode to cathode electrode. The membrane must have
sufficient tensile strength to remain structurally intact under pressure and high temperatures.
PEM also duals as a barrier between the anode and cathode fuels. However, the PEM does a poor
job keeping the fuels separate; Vilekar et al. has shown that hydrogen is able to permeate through
the PEM, reducing the Open Circuit Voltage (OCV) from its thermodynamic voltage (1.2V) to
about 1.0V (S.A. Vilekar, 2010). The average OCV for DMFCs is even further reduced to ~0.6V

due to the inability of PEMs to stop methanol crossover.
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PEMs conduct protons and force an electrical current through a loop to the cathode. The
polarization curve shown in Figure 7 shows a typical Nafion 117 membrane’s performance.
Current density is a calculated value corresponding to the current measured from a load box

located in series with the loop.
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Figure 7: Polarization curve for Nafion 117 Membrane, 3M, 2ml/min, 70°C

Issues

Although DMFCs use a more convenient fuel source then the H,-O, PEMFCs there are
several issues that need to be addressed. The overall performance of a DMFC is impaired by

methanol crossover, high overpotential and CO poisoning of the anode (Lobato, P., Rodrigo, &

Linares, 2009).

Methanol crossover occurs when methanol from the anode side passes through the PEM to the

cathode either via diffusion or electro-osmotic drag (Pivovar, 2006). Crossover allows for the
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oxidation of methanol to occur at both electrodes reducing fuel efficiency and creating an anode
overpotential. Overpotential refers to the difference between the theoretical maximum potential

and the actual potential of the bipolar plate.

PEM

Figure 8: Fuel Cell Overpotential

Both anode and cathode have overpotential. Further contributing to the drop in DMFC
performance is ohmic loss; as current density increases, voltage proportionally increases based

on the applied resistance and V =IR.

cz <1>

Equation < 1 > is methanol flux across the membrane; methanol thermodynamically wants to

diffuse along a gradient from higher concentration to lower. This gradient is a natural product of
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the PEM acting as a barrier to methanol or hydrogen. Researchers have varied the thickness of
the membrane in an effort to reduce dC/dz and have found that thickness will alleviate crossover

but at reduced proton conductivity (Jin Hu, 2008).

A DMFC relies on water as a reactant at the anode and is a product of the cathode. Both
instances will be referred to under water management, which is another issue affecting DMFC
performance. Liquid water readily adheres to pores in the GDL which creates mass transfer
limitations for gas flow (Han-Kyu Lee, 2003). Vapor based DMFCs are an attractive option

because of the higher kinetics compared to the sluggish kinetics of liquid based.
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Chapter 2: Literature Review

Nafion Based MEAs

DMEFCs have a variety of parameters which affects its overall performance. The types of
parameters include: methanol concentration, the operating temperature of the fuel cell, the flow
rate methanol, and membrane thickness. By optimizing these parameters, high DMFC
performance can be obtained while keeping methanol crossover, along with the crossover flux,

low.

One of the parameters that can be changed to help improve DMFC performance is the
concentration of methanol. Jung et al. found that using a higher concentration of methanol
improved voltage and power density at higher current densities (Jung et al). As shown in Figure
9, arun at 50°C indicates that 3M methanol performed the best. Additionally, the voltage and
power density increased with increasing concentration at high current densities. This happens
because there is more methanol to react and thus more power per unit volume to react. However,
the OCV was lower as the concentration of the methanol increased because at lower current

densities there is less methanol that is needed to react, therefore there is not as much crossover.
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Figure 9: Results of Various Methanol Concentrations at 50°C (Jung et al., 2005)

The authors also obtained a polarization plot at 80°C. According to Figure 10 an increase

in temperature shifted the optimal methanol concentration to 1M rather than 3M.
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Figure 10: Results of Various Methanol Concentrations at 80°C (Jung et al., 2005)

This implies that methanol crossover is more significant at higher methanol

concentrations and higher temperatures. As the operating temperature increases it helps to
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increase the reactions of methanol with higher concentrations because the catalyst is more prone
to carbon monoxide poisoning. The increase in temperature allows for more protonation in the
catalyst which helps to increase performance but at the same time allows a higher chance to have
methanol crossover (Jung et al.). Figure 11 shows similar results done by Jung et al. which
shows the effects of methanol concentration and operating temperature of a DMFC (Jung et al.).
The fuel cell was operated at a temperature of 120°C. Like Figure 10 the highest methanol
concentration did not produce the best results; 2.5M performed better than the 4M methanol and
0.5M methanol feeds. This results show that there is a more consistent performance when there
is a balance between the methanol concentration and the temperature at which the fuel cell is

being operated. Another point to mention is that the OCV decreased with increasing methanol

concentrations.
1.0
0.9 } —0—0.1M CH,0H
0.8 ~#=0.5M CH,OH
- 0.7¥: —0-2 5M CH,0H
> 06| RSN —=—4.0M CH,OH
8 05t =, o
=] 1 o \
> 04} .
3 0 ™~
W 03}
0.2
0.1 L
1 . i i [ . 1
004 50 100 150 200 250

Current density (mA/cm?)

Figure 11: Results of Various Methanol Concentrations at 120°C (Jung et al., 1998)
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Temperature strongly influences the performance of the fuel cell. Figure 12 shows the

effect of temperature on a DMFC using a Nafion 112 membrane and 1M methanol. The increase

in the temperature of the fuel cell showed an increase in overall performance. Figure 13 shows a

similar cell run by the Jung et al 2005. with a Nafion 117 membrane and 2.5M methanol. Like

before, performance increases with increasing temperature because of improved kinetics.
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Figure 12: Various Operating Temperatures at 1M Runs (Jung et al., 2005)
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Figure 13: Various Operating Temperatures at 2.5M Runs (Jung et al., 1998)

Figure 14 shows the polarization plot of a Nafion 112 membrane with 3M methanol and
its performance with increasing temperatures. Although performance does improve with

increasing temperatures the 70°C and 80°C runs showed similar results.
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Figure 14: Various Operating Temperatures at 3M Runs (Jung et al., 2005)

Membrane thickness has an effect on the overall performance of the fuel cell. Figure 15
shows the performance of two membranes (Nafion 112 and 117) at 50°C using 2M methanol. At
higher current densities, the Nafion 112 membrane produced better results, but had a lower OCV
when compared to the Nafion 117 membrane. This shows that the Nafion 117 has a higher
resistance to methanol crossover but also reduces proton transport from the anode to cathode
resulting in ohmic polarization (Jung et al.). Ohmic polarization (V=IR) is the loss of potential
voltage in a fuel cell because of the resistance to the flow of ions in the electrolyte as well as the

resistance of the flow of electrons through the cathode.
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Figure 15: Nafion 112 and 117 Comparison at 50°C and 2M (Jung et al., 2005)

Jung et al. showed similar results, as shown in Figure 16, under different parameters
(Jung et al.). These results back up the fact that the fuel cell performance decreased with
increasing membrane thickness at higher current densities. In addition, a thicker membrane also

improves the OCV because it prevents methanol crossover.
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Figure 16: Nafion Membrane Comparison at 120°C and 2.5M (Jung et al., 1998)

The flow rate of methanol also impacts the performance of a DMFC. Qi et al. analyzed
the performance of varying flow rates using with a Nafion 112 membrane and 1M methanol
using various temperatures. According to Figures 17-19 as the flow rate of methanol increased so
did the overall performance. (Qi & Kaufman, 2002) Overall performance increased because there
was a larger supply of methanol to react. Further, with an increase in temperature, the
improvement between the flow rate increases became more significant. When comparing Figures
17 and 18, the performance of lower flow rates decreases with increasing temperature.
Meanwhile at higher flow rates, there is slight increase in the performance with increasing
temperature. The decrease in performance at lower flow rates is because the methanol that reacts
isn’t coming in at as fast of a rate as a higher flow rate as well as enhanced mass transfer at

higher flow rates.
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Figure 18: Various Flow Rates at 1M and 80°C (Qi & Kaufman, 2002)

Methanol crossover is a major issue specific to DMFC and affects the overall

performance of the fuel cell. This crossover not only wastes fuel but it can be electrochemically
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oxidized at the cathode. (Q1i & Kaufman, 2002) This oxidation can lower the cathode potential
and consume some of the cathode reactant. Crossover can degrade the cathode from too much

poisoning, which will result in lower performance and decreased efficiency.

As discussed, there are several operating parameters that are influential on DMFC
performance. Combinations of various parameters can work well together, depending on the
conditions in which they are operated. One of the biggest problems of concern is methanol
crossover. However, reducing methanol crossover can be made possible by optimizing these
various parameters. The fact of the matter is that getting the right combination of various

operating parameters requires extensive experimental testing and analysis.

PBI Based MEAs

Polybenzimidazole (PBI) is of major interest in fuel cell technology because it can
withstand operation at much higher temperatures than Nafion membranes. Increasing the
temperature of a fuel cell is desirable for maximizing the power output; PBI membranes operate

at temperatures in excess of 100°C with a vaporized feed (Wainright et al, 1995).

Advantages of PBI over Nafion membranes include thermal stability, reduced water
management and lower permeability to methanol. The two membranes conduct protons
differently which is a result of their chemistry. Nafion requires liquid water to be present for
proton transport by vehicle transport and Grotthus mechanism whereas PBI exhibits proton

transport via the Grotthus mechanism (Chen et al, 2005).
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Figure 19: Proton Transport Mechanisms (Choi et al, 2005)

The Grotthus, or “proton-hopping,” mechanism refers to covalent bonds being broken
and reformed as the proton “hops” along the PBI molecule (Cukierman et al, 2006). Figure 20
displays a single mer of the PBI chemical make-up. Nafion contains C-C single bonds whereas

PBI contains both phenyl and imidazole rings accounting for the far superior thermal stability.
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Figure 20: Mer structure for Nafion (left) (Dyck A., 2002) and PBI (right) (Polymer Chemistry 2010)
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H;PO,

PBI membranes are doped with an electrolyte because alone PBI’s conductivity is limited
(Pu et al, 2004). The electrolyte serves to allow PBI the ability to conduct protons via the

Grotthus mechanism and is usually phosphoric acid.

For every one molecule of PBI, retention of 2 H3;POj is possible corresponding to the
number of imidazole bonding sites (Lobato et al, 2006). Literature uses the term ‘acid doping’ or
‘acid content’ followed by an integer; this refers to the ratio of H;PO4to PBI molecules.
Researchers have studied the ratio of H3PO4 to PBI in order to maximize the conductivity of the

PBI membrane.
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Figure 21: Polarization curve for PBI-H3PO, for various acid doping; diamond (4.5) square (6.2) triangle (8)
(Cheddie et al, 2006)
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An increase in the amount of H3PO, effectively improves the conductivity of the PBI
membrane (Cheddie et al, 2006). Figure 21 shows polarization curves for three different MEA
systems identical in thickness and catalyst loading but with different amounts of H3PO,. It is
apparent that more H3POy gives a higher limiting current density. Chemically, a PBI molecule
should be able to hold onto two molecules of H3POy. In this graph the acid dopings are 4.5, 6.2
and 8.0 molecules of H;PO4per PBI. He et. al describes a ‘swelling’ of the membrane for acid
dopings greater than 2 which lead researchers to believe H;PO,4 can exist between PBI polymer
chains. (He et al, 2001). H;PO,4 located in these ‘pockets’ improves the proton conductivity but
reduces the secondary bonding of PBI molecules. With respect to the acid bath used to
impregnate PBI, Lobato et. al observed mechanical failure at concentrations of 15M H3;PO, and

above (Lobato et al, 2010).

The Grotthus mechanism is often described along with reduced water management but
research shows that PBI requires water in addition to H3POj, for reasonable proton conductivity
(Lobato et al, 2007). Lobato et. al tested the proton conductivity of PBI under the following
conditions to prove the importance of water: “at 190°C, for a PBI membrane with a doping level
of 6.2, proton conductivity is 0.015 S/cm when equilibrated in room air and 0.039 S/cm when
equilibrated in saturated air at 60°C” (Lobato et al, 2006). As a result of this finding studies
typically humidify the cathode feed to prevent PBI’s self-dehydration and maintain the

membrane’s proton conductivity (Pu et al, 2004).

Properties of PBI

PBI membranes are hygroscopic which can cause electrolyte leaching when exposed to

liquid water (Chen et al, 2005). Figure 22 demonstrates the significance of H;PO4 leaching.
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Figure 22: Relative change in weight of PB1-6.2 H;PO, over time; solid line represents 150°C and the dashed
line 175°C (Lobato et al, 2007)

During the first two hours of operation there is an approximate 16% weight loss in the
PBI MEA (Lobato et al, 2007). As previously discussed, H;PO4 exists mostly between polymer
chains. Water is being introduced through the anode feed and is being formed on the cathode

electrode; in both instances H3PO4 can get leached out of the membrane and carried away.
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Figure 23: Proton conductivity of a PBI membrane with respect to temperature (Benicewicz, 2009)

Operating at a range of 120 — 200°C PBI membranes have potential to become prevalent
in energy generation applications (Cheddie et al, 2006). As the temperature approaches 200°C
the rate of conductivity improvement with temperature begins to decrease. The membrane
remains thermally stable past 200°C but the improvement of kinetics is negligible to the cost of

maintain the operating temperature.
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Figure 24: PBI polarization curve using a 2:1 stoichiometric ratio of H, to air (Benicewicz, 2009)

Jalani et. al theorize that the limiting current density for PBI- systems is improved with
temperature due to mass transfer in the gas diffusion layer. At high temperatures, less water is

formed on the porous GDL which allows for improved diffusion (Jalani et al, 2006).

In an analysis of PBI- H;PO4 systems, PBI with embedded H;PO, and displayed a
methanol permeability of 15 x 107'® m® (STP)m/m? s Pa (Wainright et al, 1995). Wainright used
a 2:1 water methanol solution but recent work suggests using a higher concentration of methanol
in the feed. At concentrations in excess of 70% methanol, PBI permeability for methanol begins

to decrease (Pu et al, 2004).
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Figure 25: Permeability of methanol in PBI as a function of concentration (Pu et al, 2004)

Lobato et. al used multi-cycling sweep voltammetry to observe the effect of phosphoric
levels on the electrode layer (Lobato et al, 2007). Over time the catalyst particles begin to
agglomerate leading to a reduction in the active electrochemical surface area. Lobato observed
that the agglomeration is more prevalent at higher temperatures allowing him to conclude that

although temperature does improve performance it also causes a greater rate of degradation.

At high temperatures the embedded phosphoric acid can undergo a chemical

transformation (J. Lobato, 2006).
2H;PO4— H4P,07; +H,0 <2>

Orthophosphoric, H3;PQOy, is desirable whereas pyrophosphoric acid, H4P,07, is far less
conductive. This reaction does not occur often but evidently during long term operation of a PBI-

H3PO4 system the performance diminishes as seen in Figure 26 (Benicewicz, 2009).

31



1,0
09 - -~ Hydrogen / Air
0,8 -
0,7 1
06 - e ———
0,5 1
04 -
0,3
0,2 1
0,1 1

0,0 I T T
0 5000 10000 15000 20000

Time [h]

Cell Voltage [V] at 0.2 A/lcm

Figure 26: Durability polarization curve for a PBI membrane operated at 160°C (Benicewicz, 2009)

Performance diminishes over time for three previously discussed reasons; the agglomeration of
catalyst particles, conversion of orthophosphoric acid into pyrophosphoric acid and most

importantly leeching of H;PO4 by water.
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Chapter 3: Experimental

To test and measure the performance of a Nafion MEA in a DMFC, a conventional fuel
cell station was used. Figure 27 shows a conventional fuel cell set up used for both Nafion and
PBI MEAs. The methanol tank was used to feed the anode of the fuel cell while the ISCO Series
D Pump Controller right below the tank was used to regulate the flow of the inlet. The
temperature gauge and thermocouple was used to set the internal temperature of the fuel cell to
the desired. The Tylan General RO-28 flow controller was used to regulate in the inlet flow of
oxygen or hydrogen into the cathode and anode, respectively. The Hewlett Packard 6060 B
System DC Electronic Load box was used to measure voltage and current of the fuel cell via an

applied internal resistance.
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Figure 27: Fuel Cell Station Set up
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The fuel cell stack in Figure 28 shows the side view of a fuel cell stack. It is very
important when assembling the fuel cell stack to line up the gaskets and MEA directly over the
serpentine pattern. When the gasket is placed on the anode bipolar plate, then the MEA is laid
over that gasket, lining up the electrode over the flow channel minimizes leaks and poor contact
with the fuel. After the MEA is lined up, a second gasket is placed over the MEA, followed by
the cathode bipolar plate. This set up was used to test a commercial Nafion MEA from the fuel

cell store under various parameters, including temperature, concentration and flow rate.

Figure 28: Side View of Fuel Stack
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In order to run a PBI MEA in the setup being used, modifications were made to the fuel
cell setup. While a Nafion MEA can run on a liquid feed, a PBI MEA requires a vapor feed due
to its hygroscopicity. Therefore, the liquid methanol from the pump needed to be vaporized
before entering the fuel stack. Further, the heat would cause the plastic tubing used for the inlet
feed to melt. This plastic piping was replaced with metal piping. The metal piping was long
enough to ensure the methanol would vaporize before reaching the fuel cell stack. To prevent
heat loss, heating tape was wrapped around the metal piping and then was covered with a cloth
wrap for insulation. The heating tape temperature was set by a control box and monitored by a
temperature gauge. The PBI MEA that was used was purchased from BASF and was
commercially made. There was no further prep work that needed to be done to the MEA as it
was already good to be used in testing. Lastly, the gaskets being used in the fuel cell stack
needed to be able to withstand temperatures ranging well over 100 °C. These gaskets also need to
be of the proper thickness as to ensure the electrode of the MEA was in proper contact with the

feed in the flow channel of the bipolar plates.
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Chapter 4: Results

Nafion Based MEAs

Nafion membranes, typically used in a DMFC were tested extensively under various
parameters. The purpose of these experiments was to better understand how a fuel cell operates.
The parameters tested where: the fuel cell temperature, the concentration of the methanol liquid
feed and the flow rate. These runs used commercially produced MEAs to ensure high accuracy

results.

The first parameter that was tested was temperature. Since a Nafion membrane is
unstable at temperatures ranging above 100°C the temperatures tested here were 25°C, 50°C,
70°C and 90 °C. Temperatures exceeding 100°C decrease the performance of the fuel cell
because the Nafion MEA will degrade. Figure 29 shows four runs done at four different
temperatures with a constant flow rate of 1 ml/min and a 1M liquid methanol feed. These results
show that overall performance increases as fuel cell temperature increases because as the
temperature increases the rate of reaction increases causing there to be a higher current output.
Figure 30 consists of three runs at various temperatures but with a change in its feed
concentration (3M). However, the figure still shows the increased performance as the
temperature is increased. Between the polarization plots shown in Figure 29and Figure 30, there
is a clear difference in performance; the 3M runs have a much higher current density than the 1M
runs, which indicates increased performance with increased concentration. At higher
temperatures the amount of crossover at higher current densities is minimal as the temperature

helps to increase proton conductivity and there increases the overall performance of the fuel cell.
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Figure 29: Temperature Variation (1M)
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Figure 30: Temperature Variation (3M)

Next, the concentration of the methanol liquid feed was changed to measure the overall
performance of the fuel cell. IM and 3M liquid methanol were tested at 70°C with a flow rate of

1 ml/min. Figure 31 shows the results of three 3M runs and two 1M runs. The results show that
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voltage increases with concentration at higher current densities because the methanol
concentration is greater and therefore creates more proton conductivity. Another important
observation is the OCV; the OCV using 1M MeOH is higher than 3M MeOH. This lower OCV
is due to increased methanol crossover. Methanol crossover increases with concentration,
however, at higher current densities the more methanol is needed to react. This explains why the
performance is better at higher concentrations because there is more methanol to continue to
react with the electrode. Although the results are not consistent with each other and there was
different performance for the same concentrations and performance is increased with methanol
concentration to a certain degree. Too high a concentration at these lower temperatures (<100°C)
will results in significant crossover and an extremely low OCV that will result in poor
performance. A lower concentration of methanol (<1M) will result in a higher OCV but the
overall performance will decrease because there will not be as much methanol to react as current

density is increased.
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Figure 31: Concentration Variation (1M & 3M)
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Because of the inconsistent results from Figure 32, the MEA’s consistency was tested.
An MEA was run several times under the following conditions: 70°C, 3M MeOH and 2 mL/min.
Figure 32 shows the results of 5 different runs over 15 hours. The results show reproducible
results, which indicate that the MEA and fuel cell are performing consistently. The performance
of an MEA over an extended period of time is subject to the conditions that it is run at. If a
Nafion MEA is run for an extended period of time at high temperatures and high concentrations
i.e. 90°C and 3M then the lifetime of that MEA will be shortened and the performance will

decrease with time.
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Figure 32: Consistency Run (70 C, 3M, 2 ml/min)

These Nafion MEA tests were done with the purpose of measuring performance under
various parameters. These experiments gave good insight as to how sensitive a DMFC’s
performance is based on parameter changes. These informative results helped in the

experimentation of PBI MEAs in the DMFC set up. Since PBI MEAs must be run at higher
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temperatures and our data obtained indicates that overall should increase. However, methanol

vaporizes at higher temperatures and so the concentration of methanol must be adjusted.

PBI Based MEAs

To extend the range of temperatures for DMFCs, PBI-based MEAs were tested Despite
the high quality of the BASF PBI MEAs, they did not perform as well as expected. Vapor
methanol achieved an OCV of 0.22V at 140°C at a flow rate of 2.0 ml/min and concentration of
12M. An OCV of 0.44V was obtained using non-humidified oxygen and hydrogen at 150°C.
Again at 150°C, an induced voltage of 0.10V output a current of 4.50A; this experiment was

allowed to run for 60h and the current dropped to 3.90A.

Despite the good performance on a single occasion the PBI membranes failed to perform
on a consistent basis. Systematic troubleshooting was performed to account for all of the reasons
why high temperature PBI MEA lacked performance. The pressure at the anode was observed to
reach elevated levels using vapor methanol. Additionally, OCV data suggested a short circuit
when using hydrogen. Finally, the compressibility of the membranes was unknown until recently

and the proper gasket material was not used.

In order to run the PBI membrane, the methanol feed needed to be vaporized to avoid
loss of the electrolyte. The vaporized feed caused a fluctuation in the anodic pressure which was
observed on the methanol pump. During standard operation the pump would reach a pressure of
about 20 atm. Start up for vaporized methanol would show normal behavior but after
equilibration had occurred and the destination temperature reached, the pressure of the pump
would spike to values close to 60 atm. This fluctuation in pressure increased the methanol
crossover occurring which is a very likely reason for the low 0.22V OCV. In order to address
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this issue, the flow rate on the methanol pump was set to constant pressure; however, the inlet
flow rate would fluctuate anywhere between land 18 ml/min. Too high a flow rate and proper
vaporization of the feed is not achieved; when liquid reaches the MEA there is a good chance for

desorption which permanently reduces the membranes effectiveness.

Fuel cell assembly is crucial in order to get performance. The bipolar plates are bolted
together to a particular tightness. The tightness used for Nafion membranes is what was
originally used for the PBI membranes; however after several unsuccessful runs the tightness of
the bolts was tested. The bolts were loosened from ~65 lbs-in and it was found that if the bolts
were tightened past 45 Ibgin, the performance of the cell would drop to 0.02 immediately.
According to BASF engineer the proper torque of 6 N-m or ~62 ibgin was the right tightness of
the bolts for the fuel cell stack. Unfortunately, this only helped the performance for a short

period of time and eventually the OCV dropped down again.

The MEA must be properly aligned with the flow channels; the slightest error in
assembling the fuel cell can result in gas leaks or short circuits. One membrane suffered what
was initially a pinhole in the top left corner. This eventually turned into a large hole shown in
Figure 33. This tear in the membrane allowed both oxygen and methanol to flow freely through
the membrane, causing over potential at both cathode and anode electrodes. A tear of this
magnitude renders the MEA useless because it is unable to serve as a fuel barrier. The fuel cell
stack was frequently disassembled and inspected in order to assure the MEA was in proper

functioning condition.
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Figure 33: Torn PBI MEA

A Nafion MEA typically has a compression of around 20%, however, the PBI membrane
purchased from BASF has a 50% compression. These values coincide with the reported
observation about bolt tightness; higher compression rating requires a lower amount of applied
torque. Operating PBI membranes at a higher than required torque would result in a higher

methanol flux, thereby increasing the rate of acid desorption.

Inside the fuel stack, gaskets are inserted between the bipolar plates and the MEA. It is
important that the gasket material is adequate for the fuel cell’s operating temperature. It is
imperative that the membrane be made out of a material that has a melting point higher than the

operating temperature.

Gasket thickness is also important for successful DMFC operation. The thickness of the
gasket is proportional to the thickness of each side of the electrode assembly. The purchased
BASF PBI MEAs had an overall MEA thickness of 0.98mm with each electrode accounting for
0.44 mm. In Appendix V, there is a table given by BASF to measure gasket thickness based on

the compression of the MEA and the thickness of each electrode.
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PBI-H3POy is prone to acid desorption which was observed in the lab. Firstly, the
experiment done at 0.1V showed an initial current of 4.5A and then 60 hours later a current of
3.90A. The MEA was fresh in the sense it had not been used prior to that experiment. The drop
in current is due mostly to acid desorption. Additionally, experiments done with non-humidified
hydrogen oxygen showed diminishing OCV after repeated experiments. One PBI MEA that had
gone from 0.44V to 0.02V several runs later was administered an acid treatment; several drops
were placed around the electrode assembly on each anode and cathode side of the membrane and
given a day to sorb in. The MEA was run under the same conditions with hydrogen and showed
improvement of OCV back up to 0.42V. Interestingly, after only an hour the OCV had already
dropped back to 0.02V. It is probable that H;PO4 had only been deposited on the surface of the
membrane where it is most prone to desorption. The remediated OCV showed that the acid
treatment works but the rapid drop in OCV proves the unreliability of re-treating PBI membranes

with H3PO,.
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Chapter 5: Conclusions

Nafion Based MEAs

After analyzing the data taken under this study it can be concluded that as the
concentration of the inlet feed of liquid methanol increased, the performance of the Nafion MEA
would also increase with the range of concentrations tested. It was observed that at low current
densities, a lower concentration of methanol improved performance; this is due to methanol

crossover being more prevalent at low current densities.

Polarization curves focused on the effect of changing temperature and keeping the feed
concentration and flow rates constant. Over the temperature range of 25°C to 90°C Nafion
membranes performed better with higher temperatures. Also, the limiting current density

increased as temperature was increased.

PBI Based MEAs

Polarization curves could not be obtained for PBI based MEAs due to time limitations.
The PBI-H3;PO4 MEA was used with both vaporized methanol and hydrogen in the DMFC with
little success; an OCV of 0.44V was obtained for non-humidified hydrogen at 150°C and an
OCV of 0.22V for vapor methanol at 140°C. A current of 4.50A was obtained at a voltage of
0.1V at a temperature of 150°C using a fresh PBI MEA. This membrane was permitted an

uninterrupted 60 hour operation after which the current was 3.90A.

The pressure of the anode feed was observed to be extremely high for DMFC PBI

operation at 140°C and above resulting in excessive methanol crossover and no performance.
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The compression of the BASF PBI membrane was higher than expected, 50%, and many of the
failed runs were attempted at too high a torque between the bipolar plates Additionally, the
gasket material used was not ideal for PBI operation because it ran the risk of melting and was
not of perfect thickness. Lastly, H;PO, desorption was observed as the OCV dropped from
0.44V to 0.02V. An acid treatment was administered and the resultant OCV was remediated but

only for a short time.

Overall, the effect of temperature on performance was observed through use of Nafion
membranes and literature review. Concentration of methanol in the feed was also varied and
comparison of polarization curves showed signs of methanol crossover. PBI membranes did not

give consistent data but did show promise for large current density at intermediate temperatures.
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Chapter 6: Recommendations

Although we were unsuccessful in producing polarization curves for PBI-H;POj there are
several points that should be considered that might enable consistent performance. Firstly and
most importantly, a gasket material specific to the electrode thickness should be used that can
withstand operation up to 200°C. BASF sells specific gaskets depending on thickness and
compressibility of the membrane. Secondly and related to the first point is the amount of torque
applied to the bipolar plates. The tightness of the bolts was shown to directly affect whether or
not current could be obtained from the system; too high a torque and short circuiting occurred
and too loose leakage will occur. We recommend using a torque of 40, 45 1bs-in to get the best

results.

Consideration should be placed on how the MEA is ‘broken in.” Lobato et. al showed
performance as a function of the 24h break in temperature; at high temperatures new MEAs
loose water and acid content much quicker at more moderate temperatures (J. Lobato, 2006).
Desorption of H;PO4 can be reduced by breaking the MEA in at 100-120°C before turning up the

temperature to a desirable operating value.

After running a MEA for several days’ worth of experiments diminished performance
should be expected; use of a 10M H3;PO4 bath was shown to temporarily produce remediated
OCYV levels. It is likely that the longer the MEA is allowed to soak in the acid bath, the greater
the retention rate of H;PO4. There are two ways to go about testing the MEA for H;POy4
retention; observe how long it takes for the OCV to decrease by a certain value or weigh the
MEA after an amount of time and compare to the starting weight (Lobato, Canizares, Rodrigo, &

Linares, 2007).
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Lastly, we recommend frequent disassembly and inspection of the MEA and flow
channels. Small bits of carbon cloth were observed to ‘clog’ up the small flow channels and had
to be removed. The MEA can form small pinholes that are difficult to detect with the naked eye;
inspecting the outer perimeter of the electrode assembly for any damage or wear should be a

habit every time the fuel assembly is reconstructed.
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Appendices

Appendix I: self-Made MEAs Andrew and Bob

__________
Run 1 1 ml/min 1 Molar Run 2 1 ml/min 1 Molar

__________

__________

0.4 16 0.4 0.01 2
[ [ P T e e e
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- 4+ ! ! ¢ - | | | [ |
Runl 1ml/min 70C 1 Molar Run2 2ml/min 70C 1 Molar Run3 2ml/min 70C 1 Molar
~ voltage current cDensity ~ voltage current Cdensty ~ voltage current cdensity
0.2 0.48 96 0.2 0.51 102 0.19 0.42 84
o025 0% 72 025 04 8 02 035 70
0.3 0.25 50 0.3 0.28 56 0.29 0.21 42
o3 013 26 03 015 3 035 013 26
0.4 0.06 12 0.4 0.08 16 0.39 0 0
o4 001 2 045 005 10

0.5 0 0 0.57 0 0
N N T I I T T N O e ey e
MEA Homemade-Bob
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0.5

0.4

0.3 =¢=Bob run 1(1ml/min)
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=f=Bob run 2 (2ml/min)
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==f=Bob run 3 (2ml/min)
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0 20 40 60 80 100 120
Current Density (mA/cm~2)
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Appendix II: commercial MEA Experimental Runs and Results

11/2/2010 Voltage Current Cdensity 11/4/2010 Voltage Current Cdensity 11/8/2010 Voltage Current Cdensity

) N ) [ Y O N Gz MG G

11/9/2010 Voltage Current Cdensity 11/10/2010 Voltage Current Cdensity 11/11/2010 Voltage Current Cdensity

o1 o8 72 019 03 & 019 227 454
0.25 0.83 166 0.25 0.31 62 0.24 1.97 394

02 08 0 02 03 6 029 16 332
0.35 0.73 146 0.35 0.23 46 0.35 1.24 248

o4 07 M0 04 020 4 04 093 18
0.45 0.61 122 0.45 0.15 30 0.45 0.61 122

o5 ot 102 05 008 % 05 03 72
0.55 0.38 76 0.55 0.05 10 0.55 0.21 42

o6 02 4 06 001 2 06 006 12
0.65 0.08 16 0.63 0 0 0.63 0.02 4

N SSNGY7E I G ) ) ) v S
0.73 0 0
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‘Run7  1ml/min 70C  3Molar  Run&  Iml/min 70C  3Molar  Run9  Iml/min 50C  3Molar
11/15/2010 Voltage Current Cdensity 11/16/2010 Voltage Current Cdensity 11/18/2010 Voltage Current Cdensity
02 175 30 019 343 68 019 203 406
0.25 1.49 298 0.25 3.04 608 0.24 1.73 346
03 12 24 029 246 42 029 15 306
0.35 0.87 174 0.35 2.11 422 0.35 1.13 226
04 o0& 124 04 15 34 04 091 182
0.45 0.41 82 0.45 1.28 256 0.45 0.61 122
o5 02 4 05 073 146 05 043 8

0.55 0.08 16 0.55 0.55 110 0.55 0.18 36
06 003 6 06 084 28 06 01 20
0.63 0 0 0.63 0.08 16 0.63 0.05 10

‘Run10  Iml/min 25C  3Molar  Runll  Iml/min  90C 3Molar
11/23/2010 Voltage Current Cdensity 11/27/2010 Voltage Current Cdensity
o1 103 206 019 138 276
0.24 0.85 170 0.24 1.23 246
o2 073 14 029 111 222
0.35 0.51 102 0.35 0.93 186
o4 03® 76 o4 075 150
0.45 0.22 44 0.45 0.53 106
~ os 015 3 05 033 66

0.55 0.03 6 0.55 0.13 26
e 02 2 06 0 0
0.63 0 0 0.63 0 0
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Commercial MEA
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Commercial MEA Comparison (25 C)
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Commercial MEA Comparison (70 C)
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12/8/2010 Voltage Current Cdensity 12/9/2010 Voltage Current Cdensity

Commercial MEA #3
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Appendix III: Consistency Data

—--—-—--—-—--—
________-I
0.6 0.09 18 0'6 0'03 6
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Appendix IV Nafion MEA run with Hydrogen-Oxygen feed

4/12/2011 70C  H202  4/13/2011 70C H202
Voltage Current Cdensity Voltage Current Cdensity
018 119 238 019 118 236
0.24 1.13 226 0.24 1.11 222
. 029 11 20 029 103 206
0.35 0.95 190 0.35 0.95 190
04 08 170 04 08 170
0.45 0.78 156 0.45 0.76 152
o5 065 10 05 06 132
0.55 0.56 112 0.55 0.58 116
. o058 04 8 058 051 102

0.68 0.18 36 0.68 0.28 56
o078 005 10 078 008 16
0.9 0 0 0.9 0 0
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Appendix V: Gasket Thickness Calculation Table

The Chamical Carnsany

Cell Gasket Thickness Calculation Table

unit: pm
MEA-thickness Anode Cathode Total gasket thickness Compression

700 250 300 550 21.4%
710 250 300 550 22.5%
720 250 300 550 23.6%
730 250 300 550 24.7%
740 250 300 550 25.7%
750 300 300 600 20.0%
760 300 300 600 21.1%
770 300 300 800 22.1%
780 300 320 820 20.5%
7980 300 320 620 21.5%
800 320 320 640 20.0%
810 320 320 840 21.0%
820 320 320 840 22.0%
830 320 320 840 22 9%
840 320 350 670 20.2%
850 320 350 870 21.2%
860 320 350 670 22.1%
870 320 350 670 23.0%
880 350 350 700 20.5%
g8e0 350 350 700 21.3%
200 350 370 720 20.0%
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210 350 370 720 20.6%
220 350 370 720 21.7%
230 370 370 740 20.4%
=n 370 370 740 21.3%
250 370 370 740 22.1%
280 370 370 740 22.0%
a70 370 400 770 20.6%
280 370 400 770 21.4%
280 370 400 770 22.2%
1000 400 400 800 20.0%
1010 400 400 800 20.8%
1020 400 400 800 21.6%
1030 400 420 820 20.4%
1040 400 420 820 21.2%
1050 420 420 240 20.0%
1060 420 420 240 20.8%
1070 400 450 850 20.6%
1080 400 450 850 21.3%
1080 420 450 870 20.2%
1100 420 450 870 20.8%
Han Yu, 5/6/2010
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