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Abstract

One of the major goals of this research was to investigate ion transport within the
catalyst layer of fuel cell electrodes and attempt to improve it.

One method used to study ion transport within fuel cell electrodes was to incorporate
electroactive metal complexes into the catalyst layer to act as a probe. It was found that a
lower fraction of the complexes were electrochemically active in the cathode of an
operating fuel cell, compared to similar electrodes in contact with an aqueous sulfuric
acid solution. It is anticipated that in many cases, the method of electroactive probes will
be more advantageous than (or complimentary to) standard methods.

Electrochemical impedance spectroscopy was also used to study ion transport in fuel
cell catalyst layers. It was found that limiting capacitance correlates with active area.
Also, results indicate that the non-ideal impedance behavior of fuel cell electrodes is due
to variation of their ionic conductivity with distance from the membrane.

In order to increase proton conductivity in the catalyst layer, we have explored the
attachment of a sulfonated silane directly to the catalyst surface. It was found that the
modified catalysts outperformed the unmodified catalyst at low Nafion loadings (<15%).
The optimum performance achieved with the modified catalyst was similar to that of the
untreated catalyst, despite the fact it contained 66% less Nafion. This result is explained
by the fact that both optimized catalyst layers contained approximately the same

concentration of sulfonate groups.
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Another major goal of this work was to study the materials from which direct
methanol fuel cells (DMFC) are constructed. Here we report the systematic optimization
of all membrane-electrode assembly components, using standard fuel cell materials. This
has led to significant improvement in performance.

To combat the issue of methanol crossover in DMFCs, we have prepared
polypyrrole/Nafion composite membranes, which have previously been shown to be
significantly less permeable to methanol. DMFC performance achieved with composite
membranes was superior to that achieved with Nafion membranes. The improved
performance results from increased cathode activity, which is due to less methanol

crossover and a lower water flux across the membrane.
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Chapter 1

General Review of Fuel Cells



1.1. Introduction to Fuel Cells

In today’s society there is an enormous demand for energy. Environmental
concerns necessitate that new energy sources must be highly efficient and have zero (or
very low) emissions. The fuel cell is an emerging technology that can meet these
demands.

A fuel cell is defined as an electrochemical device that can continuously convert
chemical energy into electrical energy.! Much like a battery, a fuel cell produces
electrical energy. However, unlike a battery, the reactants are continuously supplied and
products are continuously removed. Hence, a fuel cell does not store energy. Typically,
hydrogen is the fuel consumed at the anode; oxygen (usually from air) is consumed at the
cathode. In an acid electrolyte, the cell reaction occurs as follows:

H, ——= 2H'+2¢ Eg 1.1

O,+4H*+4e —— 2H,0 Eq. 12

The main advantage a fuel cell has over heat engines is that they are theoretically
more efficient’ and produce no noxious emissions. Also, fuel cells operate very quietly,
reducing noise pollution.’ Because of these advantages, fuel cells are being developed for
numerous commercial and military applications, such as automobiles, portable electronic
devices, and mobile and stationary power generation.

Sir William Grove first demonstrated a hydrogen-air fuel cell in 1839.* Almost a

century later, in 1932, Francis Bacon produced a successful device in the first major fuel



cell project. Subsequently, fuel cells were used in the Gemini and Apollo Space programs
in the 1960s.’

There are, however, several hurdles that must be overcome before fuel cells can
become a commercially viable technology on a large scale. Cost is one such factor. The
required catalyst, membrane and cell hardware (e.g. bipolar plates) are expensive,
resulting in a very high initial cost. Also, hydrogen storage requires a large (weight and
volume) storage system. This reduces the operational range of portable fuel cell devices.
There is much research for better ways to store hydrogen. In particular, storing hydrogen

678 and metal hydrides”'®!" has received a great deal of attention

in carbon nanotubes
recently.

There are also issues when it comes to delivering hydrogen. Currently there is no
infrastructure to distribute hydrogen on a large scale. Adapting the current fossil fuel
distribution infrastructure would be very costly. '

There are various types of hydrogen/air fuel cells. They differ mainly by their

electrolyte. Proton exchange membrane fuel cells (PEMFC) are the focus of this thesis

and will therefore be reviewed in detail. All others will only be briefly discussed.

1.2 Proton Exchange Membrane Fuel Cells (PEMFC)
The following sections discuss the main components of a proton exchange

membrane fuel cell (PEMFC), namely the membrane and the electrodes.



1.2.1 The Proton Exchange Membrane (PEM)

As the name implies, a PEMFC employs a proton exchange membrane (PEM).
The PEM serves as a physical barrier between the anode and cathode gases and also as
the electrolyte (hence it is also known as a solid polymer electrolyte). Today, the most
common PEM is Nafion’, a perfluorosulfonic acid membrane developed by E.I. DuPont
de Nemours & Co. The structure of Nafion is shown in Figure 1.1. The values of x and y
can be varied to create materials with different equivalent weights (EW). 1100 EW is the
most common, though EWs of 900-1400 are available. Since Nafion is similar in
structure to polytetrafluoroethylene (PTFE or Teflon), it has excellent mechanical
strength, water insolubility, and chemical and thermal stability. The sulfonated side
chains endow Nafion with high proton conductivity and cation exchange capacity. Nafion
has found numerous applications, such as liquid and gas separations, fuel cells, and the

chloro-alkali industry.
[(CE, CE) x(CF,CH)]y
O

CF
Nafion 2

CFCF;

O—CF,CF,SO; H"

Figure 1.1: The structure of Nafion.

* Nafion is a registered trademark of E.I. DuPont de Nemours & Co.



Structurally, Nafion is a fascinating polymeric material. The exact structure of
Nafion is not known but there have been several models proposed to describe the way in
which ionic groups aggregate within Nafion membranes. These models include the
Mauritz-Hopfinger Model,"” the Yeager Three-Phase Model,'* the Eisenberg-Hird-More
Model of Hydrocarbon lonomers,"” and the Gierke Cluster Network Model.'® Each of
these models attempts to predict the fundamental features of equilibrium ionic
selectivities and ionic transport. Electrostatic interactions cause the ionic groups to
aggregate and form tightly packed regions referred to as clusters.'” These electrostatic
interactions (between the ions and the ion-pairs) enhance the intermolecular forces and
considerably influence the properties of the parent polymer. Small angle X-ray scattering
(SAXS)'® and neutron scattering experiments clearly indicate that ionic clustering is
present in Nafion. However, details on the arrangement of matter within these clusters are
not fully understood. Although no one model has been found to provide a complete
explanation of the properties and selectivities found, several models base these properties
and selectivities on an extensive micro-phase separated morphology.'**°

Yeager’s model describes Nafion as consisting of three regions: a fluorocarbon
region (A), an interfacial zone (B) and an ionic cluster region (C). These regions are
depicted in Figure 1.2. Region A consists of the fluorocarbon backbone and is quite
hydrophobic. Region C consists of clusters of pendant sulfonate groups. This region is
quite hydrophilic, most absorbed water and counterions exist in this region. Gierke has

proposed that these 1onic clusters are spherical and exist as a network interconnected by

smaller channels.”' Region B is an interfacial region containing the pendant side chain



material and sulfonate groups that are not clustered. Hence, only part of the absorbed
water and counterions exist in this region (typically larger, more hydrophobic cations

such as Ru(2,2"- bipyridine);”").

Figure 1.2: Yeager's three-phase model of Nafion; a fluorocarbon region (A), an
interfacial zone (B) and an ionic cluster region (C).

Reprinted from Yeager, H. L.; Steck, A. J. Electrochem. Soc. 1981, 128, 1880.,
Copyright 1981. Reproduced with permission of the Electrochemical Society.

The proton conductivity of Nafion is dependant on its hydration state. In the dry
state, Nafion is a poor ion conductor, but ionic conductivity increases sharply with water
content.”? Because of this, reactant gases are often humidified before they enter a

PEMFC. This can however induce water management issues at the cathode. This also



limits the operational temperature of Nafion based PEMFCs to under ca. 100°C since
sufficient liquid water must be present for good conductivity. However, if too much
water is present, electrode pores and flow fields are filled by water, leading to mass
transport issues (i.e. by preventing reactant gas from reaching active catalyst sites). This
is often referred to as “flooding”. Therefore, water management is often a delicate
balance that is critical to good performance.

Companies such as Dow, Aciplex, Gore, and Ballard have developed other
membranes. The scientific community has studied these membranes in less detail since
they are proprietary to the companies that developed them. Generally, they have similar

sulfonated perfluorocarbon structures.

1.2.2 PEMFC Electrodes

PEMFC electrodes are complex three-dimensional structures consisting of a
number of different materials in a heterogeneous mix. Much skill and art have been
developed to produce structures with improved performances. Usually a 10-50 um thick
layer, consisting of carbon-supported Pt catalyst (or Pt black) bonded with recast Nafion
and/or PTFE is applied onto a gas diffusion backing. The backing is typically carbon
fiber paper (CFP) or carbon cloth (carbon fibers woven into a cloth-like material) that
serves as a current collector and gas conduit. The backing is often treated to aid water
management within the cell. The recast Nafion in the catalyst layer originates from a
Nafion solution that can be mixed with the catalyst before electrode preparation or added

once the catalyst layer has been formed. Its primary purpose is to provide a medium for



proton conduction within the catalyst layer, because only those Pt sites that are in ionic
contact with the membrane can be active for oxidation or reduction of the fuel (typically
hydrogen) or oxidant (typically oxygen). The purpose of PTFE is to bind together the
electrode particles and to aid in water management.

The catalyst, Nafion and PTFE are typically mixed together with water and
alcohol(s) to form an ink. This ink is then either spray-applied, brush-applied or even
screen printed” onto the backing. Recently, several proprietary methods have been
reported where the catalyst mixture is applied directly onto the membrane.****2

Typically, electrodes are hot-bonded to each side of the membrane to form the
membrane and electrode assembly (MEA). An MEA is shown in Figure 1.3. The thin size
(ca. 75-300 um) and low mass of the MEA is the main advantage of a PEMFC. This
allows for the formation of compact lightweight “stacks”. A fuel cell stack consists of
several MEAs (2 or more) electrically connected in series by bipolar plates. The bipolar
plate serves as an electrical connection between the MEAs and also physically separates
the reactant gases. A schematic diagram of a 3-cell PEMFC stack is shown in Figure 1.4.
Bipolar plates have flow fields machined onto each side to distribute the reactant gases
throughout the entire area of the electrode. The most common flow field shapes are
serpentine and interdigitated. There is much engineering research devoted to optimizing

27,28,29,30,31,3

fuel cell flow field design, 2 but this will not be discussed here.
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Figure 1.4: Exploded view of a 3-cell PEMFC stack.

1.2.2.1 PEMFC Anodes

PEMFC anodes typically consist of a Pt catalyst, either Pt black or Pt on a carbon
support. These anodes perform very well when pure hydrogen is used, but storage and
infrastructure issues make hydrogen an inconvenient fuel to supply. To circumvent these
issues, hydrogen can be generated in situ by reforming other fuels (methanol, propane,

natural gas, etc.).”> For example, methane can be steam reformed to produce hydrogen:

CH, + H,0

3H, + CO Eq. 13

However, reformate gas also has a major drawback: carbon monoxide. CO
poisons a Pt catalyst by adsorbing strongly onto its surface, blocking active sites for
hydrogen electro-oxidation, resulting in losses of electrical current. There is an

unacceptable performance loss when as little as 10 ppm of CO is present in the fuel
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mixture. To reduce CO levels in the reformate, the “water-gas shift reaction” can be

employed:

co + H,0

H, + CO, Eq. 1.4

Even after using a “state of the art” water-gas shift reactor, CO levels are still greater than
2500 ppm.** Further gas processing (e.g. selective oxidation, methanation) is required to
reduce CO levels, but these reactors are bulky and expensive.*

Methanol can also be steam reformed:

CHOH + HO — = 3H, + CO, Eq L5

Although steam reforming of methanol does not produce CO directly, CO is still present
in small quantitieé because the water-gas shift reaction is reversible (see Eq. 1.4).%°

In order to use reformate gas in a PEMFC, even after being processed, CO must
be tolerated in concentrations up to 100 ppm. One method that has been proven effective
1s the use an “air bleed”. When air is mixed with the reformate feed (ca. 2% Oy), it will
react with CO adsorbed on Pt (producing CO,), freeing active sites for H, oxidation.*”*
However, any O, that does not react with CO will react with H,, thereby wasting fuel.

Obviously, a CO tolerant catalyst is desired. Pt is easily poisoned but bi-metallic
Pt/X co-catalysts (X = Ru, Mo, Sn) have been shown to be more tolerant to CO. The
second (promoter) metal 1s deposited with Pt and will either reduce poisoning or decrease

the potential at which CO is removed. Ru has been shown to be the most effective.”
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However, adding Ru further increases the cost of the anode. Operating at higher

temperatures can also decrease the effect of CO poisoning.

1.2.2.2 PEMFC Cathod;:s

The oxygen reduction reaction (ORR) is a multi-electron process consisting of
numerous elementary steps, involving both series and parallel pathways. It is generally
accepted that oxygen reduction on Pt (in acid) occurs via dissociative adsorption of O,
followed by protonation of the adsorbed species, with the former being the rate-
determining step. There have been several models that attempt to describe these
pathways.***"*%%4 Several models successfully interpret the same data due to their
similarity (often the only differences are the inclusion/exclusion of absorbed species that
cannot be proven to exist). One such model is the bridge model*® of the ORR on Pt in

acid, illustrated in Figure 1.5.

Pt P2 OH Pt*
z \O 4e-
Pt'+ O, 2H* — +2H,0
| — 2H+
o)
pe” P{"—OH Pt*

Figure 1.5: The bridge model of oxygen reduction on Pt, where z represents
the oxidation state.

Because of the bridging oxygen system, it is obvious that optimal Pt particle spacing (and

. . . . 46
size) is of critical importance.

12



The complicated pathway(s) of the ORR results in slow electrochemical kinetics.
One measure of the rate of an electrochemical reaction is its exchange current density, jo.
jo for the ORR on Pt is 10° less than j, for hydrogen oxidation at Pt.*’ It is because of this
huge difference that the activity at the cathode most influences hydrogen/air cell fuel cell
performance. Therefore, enhancing the cathode activity has been a major focus for
PEMEFC electrode development.

In order to increase cathode activity, one must increase catalyst utilization. This
will not only increase performance but can also lead to a lowering of the required Pt
loading. In order for a catalyst site to be electrochemically active, a pathway for electron,
proton and gas transport must all be present.*® The active area of Pt is typically measured
using cyclic voltammetry (CV) in acid electrolyte. Specifically, the area under the
hydrogen adsorption/desorption peaks is determined,* as shown in Figure 1.6.° A larger
area (per mass of Pt) indicates a larger active area.

One very successful method to increase catalyst utilization is to employ a carbon
supported Pt catalyst. Typically, Pt particles (3-10 nm) are dispersed onto the
electronically conducting carbon particles, ca. 30-50 nm.”" The ideal carbon support
should possess high chemical/electrochemical stability, good electronic conductivity, and
a suitably high surface area and pore size distribution.? The type of carbon that appears
to be best suited to be a fuel cell catalyst support is carbon black. There are several types
of commercial carbon blacks that are have been studied for use with fuel cells, Vulcan

XC72 (Cabot Corp.) is the most common.
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Figure 1.6: Current-potential curve for a platinum electrode in 0.5M H,SOj4(aq).
Regions of oxide formation (Q4) and reduction (Q¢) as well as formation of Hydrogen
(Hp) and its reduction (Hc) are indicated.

Reprinted from Kozlawska, H; Conway, B.; Sharp, W. J. Electroanal. Chem. 1973,
43, 9., Copyright 1993, with permission from Elsevier Science.

Although carbon is an excellent electronic conductor, it is a very poor proton
conductor. This is mainly because carbon is hydrophobic. However, the carbon surface
does consist of some hydrophilic moieties. Carbon-oxygen complexes, such as phenol,
carbonyl, carboxyl, quinone and lactone groups can all be found on the carbon surface.
Typically, exposing the carbon to an oxidizing agent forms these complexes.

In order to study the effect that carbon surface functional groups have on fuel cell

performance, Pickup et al. explored the effect of increasing the hydrophilicity of the

14



carbon support. Supported catalysts treated with nitric acid were shown to outperform
untreated catalysts.” This was attributed to increased proton conductivity of the catalyst
layer, most likely due to the formation of surface carboxylic acid groups.

One serious issue with Pt/carbon fuel cell catalysts is the “sintering” of the Pt
particles. Sintering occurs when Pt particles become larger over their lifetime.>* This
decreases the Pt surface area, and ultimately leads to a decline in performance throughout
the lifetime of operation.

Ideally, a catalyst support material that is both electronically and ionically
conductive is desired. Pickup et al., have studied such a material, a conducting polymer
composite.”® The composite consists of one polymer that is electronically conductive (e.g.
polyprrole, poly(3,4-ethylenedioxythiophene)), and one that is a proton conductor (e.g.
polystyrenesulfonate). This material was tested as a replacement for carbon and reasonable
performance was achieved. However, low Pt utilization and polymer stability are still
issues.>

Another method to increase catalyst utilization is to add a proton-conducting
polymer (such as Nafion) into the catalyst layer. Pt catalyst near or directly in contact
with the Nafion membrane is utilized most efficiently. However, utilization drops off
deeper into the catalyst layer, largely due to the limited proton conductivity of the
catalyst layer. Nafion solution can be applied onto preformed electrodes or directly mixed
with the catalyst during ink preparation.’’>®>% This increases the proton conductivity of
the catalyst layer. In 1986, Raistrick was able to demonstrate that carbon-supported Pt

catalyst mixed with Nafion could outperform conventional Pt black electrodes that had
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ten times the Pt loading.®' This was a major breakthrough in fuel cell development in that
it made the cost of Pt required much more feasible.

When designing an electrode using carbon-supported catalyst and Nafion, they
must be mixed in proper proportions to form a stable “three-phase” boundary where the
gas, ion conductor and catalytically active electronically conducting phase are all present.
This requirement limits the amount of Nafion that can be added since the morphology,
low gas permeability, and poor electronic conductivity of Nafion disrupts this boundary
and adversely affects cell performance.®*®* Because of this, and the high cost of Nafion,
alternative methods for providing proton conductivity in the catalyst layer are of interest.

Another approach to increase Pt utilization is to simply deposit Pt only in the
areas of the electrode where it would be electroactive. This can be done by sputter
deposition (SD) where layers as thin as 2 nm can be deposited. There have been many
studies that use SD to localize Pt catalyst at the front surface of the electrode or even
directly onto the membrane surface. Srinivsan et al. applied a 50 nm thick layer of Pt
onto an uncatalyzed gas diffusion layer (GDL) by SD and achieved a 10-fold reduction in
Pt loading (from 4 mg/cm? to 0.4 mg/cm?) without a loss in performance.** Hirano ef al.
later showed that electrodes prepared by sputter deposition with a Pt loading of 0.1
mg/cm? could perform the same as those prepared using standard materials (Pt/C) at a 0.4
mg/cm” Pt loading.”” Cha and Lee have further reduced the Pt loading to 0.04 mg/cm® by
alternating sputter deposited Pt layers and painted Nafion/Carbon ink layers, with
successively lower amounts of Pt in each layer.®® This leads to very efficient utilization of

Pt.
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SD is promising for fuel cells since a larger percentage of Pt is electrochemically
active (or utilized). Also, it allows for the fabrication of very thin active layers, which
decrease ohmic and mass transport overpotentials in the catalysts layer. Also, SD is a
well established industrial technique in areas such as thin films and integrated circuits®’
and it is anticipated that this technique could be readily applied to micro-fuel cell

applications.

1.3 Other Types of Hydrogen-Air Fuel Cell
Most other types of hydrogen/air fuel cell are classed by the electrolyte used. The

following section will briefly describe them.

1.3.1 Alkaline Fuel Cells

Alkaline fuel cells (AFC) have found use in the Apollo space missions as well as
the space shuttle program. AFCs operate at temperatures between 60-90 °C and employ
KOH as the electrolyte, typically in a stabilized matrix. Electrodes (both anode and
cathode) are generally fabricated from Pt catalysts supported on carbon. The half cell
reactions in an AFC are slightly different than those in a PEM because of the electrolytes

and are as follows:

H, +20H- — 2H,0 +2e Eq. 1.6

%0, +H,0+2 —= 200  Eg 1.7
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The main advantage of an AFC is that the kinetics of the ORR are significantly
faster in base. This results in a higher efficiency. However, AFC do have significant
drawbacks. For example, very pure gases are required. Even small amounts of CO; can
lead to “carbonation” of the electrolyte. Circulation of the electrolyte has been found to

reduce this effect.”® Also, hydrogen oxidation kinetics are slower in base (than in acid).

1.3.2 Phosphoric Acid Fuel Cells

Phosphoric acid fuel cells (PAFC) are the most advanced type of fuel cell with
respect to commercial development. As the name implies, phosphoric acid is the
electrolyte, it is usually stabilized in a SiC-based matrix. Recently, polybenzimidazole
(PBI) membranes that are doped with phosphoric acid have been developed.” Since the
electrolyte is an acid, the half-cell reactions are the same as those for a PEMFC (see Eq.
1.1 and 1.2).

Electrodes are usually fabricated from Pt/C. Water management can be a problem
since a liquid electrolyte is used. The use of a hydrophobic backing layer and the proper
amount of PTFE within the catalyst layer is critical for good performance. Also, leakage
of the liquid electrolyte over time can be a problem.

PAFCs typically operate at temperatures near 200°C. Because of this, they have a
better CO tolerance (up to 2% CO) than PEMFCs, thus allowing the use of reformate.”

Likewise, the higher temperature of the PAFC results in better cathode performance.
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1.3.3 Molten Carbonate Fuel Cells

Molten carbonate fuel cells (MCFC) employ a eutectic melt of either potassium or
sodium carbonate and lithium carbonate, usually stabilized by either an alumina or ceria
based matrix. The use of a molten carbonate as the electrolyte solves the problem of
electrolyte carbonation quite elegantly. Since carbonate is the electrolyte, the half-cell

reactions are slightly different than those of a PEMFC. The reactions are as follows:

Anode H, +CO2 —— 2H,0+CO,+2e FEq. 1.8
Cathode %0, +CO, +2¢¢ —= CO,> Eq. 1.9

MCFCs operate at ca. 650°C; hence there are significantly less polarization losses
at the cathode. Also, the increased ORR kinetics allow for the use of a less expensive
NiO catalyst (as opposed to Pt) at the cathode. Ni/Al and Ni/Cr alloys are common anode
catalysts. The higher temperature also allows for the internal reforming of methane.

The largest problem associated with developing MCFC (or any high temperature
fuel cell) is the selection of materials from which to construct the cells. Degradation,
sealing and thermal expansion are major problems for many materials constantly in a
high temperature environment. Cell materials will not be discussed here. An overview of

MCEFC cell materials has been published.”!
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1.3.4 Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFC) operate at temperatures above 900°C. Also, the
higher temperature increases the ORR kinetics at the cathode, leading to increased
performance as well as the ability to use less expensive catalysts.

SOFC’s employ a thin ceramic electrolyte of yttria-stabilized zirconia (YSZ)
electrolyte, which conducts oxygen ions. The advantage of the solid electrolyte is that,
unlike liquid electrolytes, it cannot leak. Also, carbonation from CO/CO, content in the
fuel stream does not occur.

The half-cell reactions are slightly different than those of a PEMFC because of

the electrolyte. The reactions are as follows:

Anode H2 + 02_ — HZO + 2e Eq 1.10

Cathode %0, +2¢ ——= O Egq. 1.11

SOFC cathodes often consist of LaSrMnOs/YSZ composite electrodes that
perform quite well.”>® Anodes are typically made from Ni cermet (ceramic-metallic)
materials. Internal reforming of fuels is possible, as is the direct oxidation of different
fuels, 747576

Similar to MCFC, cell materials that can withstand high temperatures is a major

issue for SOFCs.
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1.4 Direct Methanol Fuel Cells (DMFC)
1.4.1 Introduction to Direct Methanol Fuel Cells

In a direct methanol fuel cell (DMFC), methanol 1s oxidized at the anode and
oxygen (usually in air) is reduced at the cathode. The electrochemical oxidation of

methanol (in acid electrolyte) occurs as follows:

CH,OH+H,0 ——» CO, +6H*+ Ge- Eq 1.6

There are many advantages to employing methanol as the fuel (as opposed to
hydrogen). Methanol is a liquid, hence its storage and transportation is less complicated.
Also, methanol could be supplied through the existing gasoline infrastructure. Although
hydrogen can be generated ir situ from methanol using a reforming process (see section
1.2.2.1), the reformer unit further complicates the fuel cell system. Also, reformed
hydrogen contains significant levels of CO that poison the Pt catalyst.

DMFCs were first studied over 40 years ago. At that time, an alkaline electrolyte
was used. However, carbonation of the electrolyte (caused by the evolved CO,) decreased
efficiency by reducing the electrolyte conductivity and de-polarizing the cathode.”” In the
late 1970s/early 1980s, several researchers explored the use of H,SOy as an e:lectrolyte.78
Currently, researchers mainly focus on the use of a polymer electrolyte membrane
(PEM), largely due its proliferation in hydrogen/air cells. A PEM has the same
advantages in a DMFC as it does in an Hy/air PEMFC (e.g. lightweight, good proton

conductivity, etc., see Section 1.2.1).
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The next sections describe the development of the individual components of a

DMFC MEA.

1.4.2 Direct Methanol Fuel Cell Anodes

MeOH oxidation is a complicated process; it has many steps and many
intermediates. The best catalyst to facilitate this oxidation process is Pt, however, CO
intermediates strongly adsorb and therefore poison the Pt catalyst. These CO
intermediates are only removed when there are oxygenated species present on the Pt
surface. There is still much debate as to the exact nature of the CO intermediates formed.

Still, the mechanism can be generally represented as follows:

Pt
CH,OH——— = Pt—CO_,, + 4H* + 4e Eq. 1.7
H,O + Pt ——— Pt—OH_ . + H* + e Eq. 1.8

Pt_COadS + Pt—OHads R — COZ + 2Pt + H+ + e- Eq 1.9

When water is present, oxygenated species only form on the Pt surface (via Eq.
1.8) when the potential is greater than 0.5 - 0.6 V.””** This large overpotential results in
severe performance losses. Higher temperatures increase the rate of methanol oxidation
and removal of CO intermediates; hence temperatures of 60-100 °C are employed. To
decrease the poisoning effect, a bi-metallic catalyst can be used (see Section 1.2.2.1).
Historically, only a few metals have been shown to give positive results.®' Ru has been

shown to be the most effective, although Sn and Mo show promise.
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Currently, Pt-Ru is the most effective bimetallic catalyst used for MeOH

oxidation. The simplified mechanism for methanol oxidation using Pt-Ru is as follows:

Pt

CH,OH —» Pt—CO,_ . + 4H* + 4e Eq. 17

H,O + Ru Ru—OH_, + H* + e Eq. 1.8
Pt—CO,4 + RU—OH,;, ———— CO,+ Pt+ Ru+ H + e Eq. 1.9'

The main advantage of Pt-Ru is that it lowers the MeOH oxidation potential
(compared to just using Pt).gz’83 4 This is because oxygenated species form on Ru (via
Eq. 1.8%) at lower potentials and Ru also decreases the amount of CO intermediates
formed on Pt.** Additionally, Ru is a fairly noble metal and therefore much more stable
than other promoters under the conditions of DMFC operation.

There is still much debate regarding the ideal Pt-Ru catalyst composition. Much
of this debate arises from the methods by which the catalysts are made. Pt-Ru catalysts
can be prepared by numerous methods, such as chemical deposition,*®
electrodeposition,”” sputter deposition,*® ball milling,® arc melting,”® and organometallic
routes.”’ Each method results in a catalyst with inherently different properties. These
properties, such as morphology, particle size, structure, composition, uniformity,
dispersion state and alloying state, all influence catalytic activity.”>** Also, catalyst
“activation” techniques can greatly influence performance.”*"

The oxidation state of Ru is one such issue (that arises from the preparation

method) that is disputed. Rolison ef al.’® have claimed that Pt’Ru’ (pure metallic alloy)

catalysts are much less active for methanol oxidation than mixed phase PtRuO,H,
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catalysts. They based their conclusions on the fact that the presence of hydrous oxides
would be expected to increase the rate of methanol oxidation by promoting the formation
of Ru-OH, s species.97 Also, RuOHy are proton conductors. In fact, DMFC anodes
containing RuOyH, have been shown to require less Nafion ionomer in the catalyst layer
because of the proton conductivity of RquHy.98

However, the role of RuOxH, as a methanol oxidation catalyst is debated. X-ray
absorption experiments by Grady et al.” indicated that at the potentials at which
methanol oxidation occurs, the metal oxides were reduced to their metallic form.
Furthermore, using in sifu X-ray absorption fine structure (XAFS) experiments on well-
mixed Pt-Ru/carbon catalysts, Russell et al.”” have concluded that both metal oxides
were reduced to their metallic form existing as a bi-metallic alloy.

This structural debate also feeds into the debate over the optimal atomic ratios of

1'% reported that 30% Ru is optimal for Pt-Ru

Pt to Ru. For example, Gasteiger ef a
alloys prepared by arc melting. However, catalyst manufacturer Johnson Matthey claims
that their 50% Pt-50% Ru is the most active. This was explained by Garau et al.,'” who
studied the lattice parameters of both arc melted Pt-Ru alloys and high surface area mixed
phase Pt-Ru catalysts prepared by borohydride reduction. They found that for the mixed
phase catalysts, smaller Ru atoms phased out of the alloy, leaving a more Pt-rich alloy

whose surface composition was very similar to arc-melted Pt/Ru alloys with higher Pt

contents.
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1.4.3 Direct Methanol Fuel Cell Cathodes

Cathode activity is a very important, but often ignored, part of a DMFC. The use
of an aqueous methanol feed at the anode, and its subsequent crossover into the cathode
compartment, can cause a drastic reduction in cathode activity. Methanol (or other
organics) will be oxidized at the cathode. This creates a “mixed” electrode potential that
will be lower than the standard potential for oxygen reduction. For example, if methanol
is present in a concentration of 0.01 M at the cathode, it will cause a 300 mV reduction in
electrode potential.'” Poisoning of the Pt cathode catalyst by CO intermediates can also
occur, reducing the cathode activity over time.

Additionally, the crossover of water from the anode feed to the cathode can cause
flooding. This is often overcome by increasing the airflow rate. However, from a system
design standpoint, higher airflows are not desirable as they would require a more
powerful pump/compressor and decrease the system’s overall efficiency.

In order to circumvent some of these issues, one can optimize the electrode
composition. High Pt loadings are employed to reduce the mixed potential loss.
Generally, a large degree of hydrophobicity is incorporated into the cathode catalyst layer
and backing to aid water removal. Research to develop methanol tolerant catalysts is

ongoing.'*
1.4.4 Direct Methanol Fuel Cell Proton Exchange Membranes

Although significant performance gains have been achieved using PEMs, many

problems still exist that must be overcome before the DMFC becomes marketable. The
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best available PEM to date is Nafion. However, Nafion is permeable to methanol (and of
course water). This permeability enables methanol to “crossover” from the anode to the
cathode and has drastic effect on cathode performance. Because of this, several
alternatives to Nafion are being proposed and developed. One common approach is to
create membranes that exhibit less methanol crossover. Sulfonated poly(ether ketone),'®
sulfonated polysulfones and poly(ether sulfones) 1% based membranes have been
developed and tested. While these membranes exhibit less methanol permeability than
Nafion, their proton conductivities are substantially lower and hence they do not perform
as well. Pickup et al.'” '® have developed composite poly(1-methylpyrrole)/Nafion
membranes. These membranes exhibit ca. 50% less methanol crossover without a
significant increase in the resistance (or decrease in conductivity) of the composite
membrane.

Another approach is to develop membranes that can be used at higher
temperatures. Increasing cell temperature can increase the rate of methanol oxidation and
reduce the rate of CO poisonihg; However, Nafion is essentially limited to temperatures
below ca. 100 °C, since at higher temperature its proton conductivity drastically decreases
and it begins to degrade. Polybenzimidazole membranes doped with phosphoric acid
have been shown to have good proton conductivity up to ca. 200 °C and are currently
being studied for DMFC applications.'? Also, Nafion /zirconium phosphate composite

111

membranes''° and Nafion/silica composite membranes''! are promising candidates for

DMFC applications at elevated temperatures.
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1.5 Other Fuels

While methanol is the most common hydrocarbon that is being explored for direct
oxidation in fuel cells, many other hydrocarbons have been either proposed or studied.
Savadogo’s group has studied running fuel cells directly on both propane''* and
acetals.'"® H Power has recently reported good low-current density performance for cells

running on 2-propanol.''* Ethanol is also being e){plored as a possible fuel.!"

1.6 Evaluating Fuel Cell Performance
The performance of a PEMFC is usually determined by obtaining a polarization
curve (or V-I curve), where cell voltage is plotted as a function of current density.
Naturally, a higher cell voltage at a specific current indicates better performance.
However, we can also gain information from the polarization curve about factors that are
affecting cell performance. Performance losses caused by slow kinetics, ohmic resistance
and mass transport can all be diagnosed from a polarization curve. Figure 1.7 shows a
“typical polarization curve for a fuel cell. Also shown are the regions where kinetic, ohmic
and mass transport losses occur. Kinetic losses are typical seen as a sharp drop in
potential at low current densities. Ohmic losses (i.e. from the membranes/electrode
resistances) are usually observed in the linear region at intermediate current densities
Mass transport losses can be diagnosed from sudden drops in potential at high current

densities.
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Figure 1.7: Contributions to fuel cell performance by the anode and the
cathode, displaying the kinetic, ohmic and mass transport regions.

1.7. Thesis Objectives

The general goals of this thesis are to improve PEMFC and DMFC performance
and understand the underlying factors that influence it. Chapter 3 explores the use of
electroactive probes as a diagnostic technique to determine the degree of electrochemical
activity within a PEMFC electrode. We demonstrate two strategies for incorporating
electroactive probes into PEM fuel cell electrodes and show how they can provide insight
into the transport properties of the electrodes.

Chapter 4 describes PEMFC cathode catalysts that have been treated with a
sulfonated silane. The treatment procedure endows the surface with a chemically bonded
silane monolayer that contains a proton conducting sulfonate group. The effect of the

treatment on fuel cell performance and catalyst layer proton conductivity is described.
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While there have been numerous studies of the various phenomena associated
with DMFCs, there is virtually no literature that describes the optimization of all MEA
components. With that in mind, Chapter 5 deals with the systematic optimization of all
(standard) MEA components and the characterization of Nafion membranes of different
thickness.

Conducting polymer/Nafion composite membranes are promising candidates for
DMFC applications because of their reduced methanol crossover. Chapter 6 describes the
characteristics that these membranes display in a DMFC.

Electrochemical impedance spectroscopy (EIS) is a powerful technique to
characterize electrochemical systems. In Chapter 7, EIS is used to characterize the

fundamental behavior of different cathode catalyst mixtures.
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Chapter 2 :

Chemicals and Instrumentation



Unless stated otherwise, all commercial chemicals and solvents were used as
received without further purification. Reported yields are not optimized. Experimental

details relevant to a particular topic are written in each chapter.

2.1. Electrochemical Instruments

Electrochemical experiments were performed using the two following
Instruments:
Solartron 1286/1250

A Solartron (Schlumberger) 1286 electrochemical interface and 1250-frequency
response analyzer controlled using custom software. Electrochemical Impedance Spectra

(EIS) were collected using Z-plot software (Scribner Associates, Inc).

EG&G PAR 273A Potentiostat/Galvanostat/ 5210 Lock-in Amplifier
An EG&G PAR 273A Potentiostat/Galvanostat, equipped with a 5210 lock-in
amplifier, controlled using EG&G/PAR M270 electrochemical software. EIS data was

acquired with PAR Powersine software.

2.2 Fuel Cell Testing
2.2.1 Fuel Cell Electrode Preparation
Fuel cell electrodes were prepared by thoroughly mixing and sonicating the dry

catalyst with the desired proportions of Nafion and/or PTFE (Teflon), water and/or
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2-propanol to create an “ink”. The ink was then applied to the electrode backing (e.g.
carbon fiber paper) by using either a brush or a spray gun.

If the electrode contained Nafion (no PTFE), the electrode was dried at 135 °C for
ca. 30 minutes. However, if the electrode contained PTFE, it was “sintered” at a
temperature step of 110 °C, 280 °C, and 360 °C, each for 30 minutes. Sintering allows the
PTFE to form a evenly distributed gas diffusion network. After cooling to room
temperature, Nafion solution (5% in alcohols/water, Dupont) was either spray or brush
applied to the electrode (Note: Nafion partially decomposes at temperatures greater than
200 °C and therefore electrodes containing Nafion cannot be sintered).

Catalyst, Nafion and PTFE loadings were determined gravimetrically using either
a top-loading balance (for larger/heavier samples) or an analytical balance (for

smaller/lighter samples).

2.2.2 MEA Preparation

Full cell MEAs were prepared by hot-pressing two electrodes across a Nafion
membrane at 130 °C with a pressure of 140-180 kg/cm? for 90-180s using a Carver
laboratory press equipped with temperature controlled heating block to maintain
temperature while pressure was applied. Reinforced Teflon templates were used to
achieve proper alignment of electrodes. Half-cell MEAs were prepared in a similar

manner as full-cell MEAs except that only one electrode was used.
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2.2.3 Fuel Cell MEA Testing

MEA’s were tested in 1, 5, 10 or 25 cm® cells. The 5, 10 and 25 cm? fuel cells
were commercial models sold by Fuel Cell Technologies, constructed from graphite
blocks with serpentine flow-fields. A schematic of these cells are shown in Figure 2.1.
The 1 cm” cell was constructed from Plexiglas with an open current collector ring on
each side which allowed gas to flow to each electrode. All cells were sealed using

silicone rubber gaskets.

X

Anode L =V Cathode
inlet outlet

Figure 2.1: Schematic diagram of a fuel cell with serpentine flow fields.

Gas tlow was controlled by flow meters (Cole-Parmer). Humidification of gases
was achieved by passing the gas flow through a bubbler prior to entering the cell. The
temperature of the bubbler was the same as that of the cell unless otherwise specified and
was controller using a temperature controller. Flow rates are reported as the reactant
stoichiometry at 200 mA/cm?” where relevant. Flow rates are reported as the reactant

stoichiometry at 200 mA/cm? where relevant.
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When using a direct methanol fuel cell (DMFC), air was not humidified.
Methanol solution was supplied from a heated 4 L tank using a Micropump 180 series
magnetically driven suction shoe pump head equipped with a variable flow DC pump
drive. The methanol solution was first passed through a pre-heating tube (to ensure it was
at the cell temperature) before entering the cell. Since only a fraction of the methanol
supplied to the cell is actually oxidized, the anode effluent was returned to the original
tank and reused. The tank was large enough so that the methanol concentration changed
very little over the course of a typical eight-hour experiment. A schematic diagram of the
DMEFC test system is shown in Figure 2.2. The methanol solution was supplied at a flow

rate of 25 mL/min unless otherwise specified.

Anede

MeQH
presheuter

| MeOH Flow b ST

Temperature Controller

Figure 2.2: Schematic diagram of a direct methanol fuel cell testing system.

43



Fuel cells were tested by applying either a constant current or voltage from a
potentiostat or power supply, or by applying a constant resistance from a rheostat. The
method used in specific experiments is stated in the experimental section of the each
chapter. Voltage and current measurements were made using either a potentiostat or a
digital multi-meter. Measurements were recorded after allowing sufficient time for the
reading to stabilize, typically 30-60 seconds.

Methanol crossover measurements were made in a fuel cell by passing humidified
nitrogen through the cathode compartment and increasing the cell voltage to +0.85 V.
Under these conditions, methanol can only be oxidized at the cathode and must first
diffuse through the membrane (H, is evolved at the anode)." This is depicted in Figure
2.3. Crossover current was measured after ca. 5 minutes, although readings typically

stabilized in less than 2 minutes.

N, HO | . CHOH

" CH,OH

CHOH + H,0

\ 4

CO, + 6H' + 6¢

Figure 2.3: Schematic representation of the measurement of
methanol crossover in a fuel cell.
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Half-cell measurement were performed in a three-electrode configuration by

exposing the test electrode to aqueous sulfuric acid solution. A schematic diagram of the

half-cell is shown in Figure 2.4.

Carbon-fibre
paper

1 M H,S0,

Nitrogen e

Catalyst
layer

[ ]

+ 1M MeOH

Reference _ counter

electrode

Nafion

- electrode

.
gi

SR

e

membrane

Figure 2.4: Half-cell configuration for testing gas diffusion electrodes.
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2.2.4 Reproducibility of Fuel Cell Results

The fabrication methods used to prepare electrode surfaces make it extremely
difficult to precisely reproduce results. Nonetheless, reasonably results were reasonably
reproducible. Approximately 5% variation in electrode performance was typical for all

experiments.

2.3 Nuclear Magnetic Resonance Spectra

Nuclear magnetic resonance (NMR) spectra were acquired on a GE-300NB
instrument at 300 MHz. Chemical shifts are reported against TMS ((CHj3)4S1) as an
internal standard. For all spectra, peaks are reported as chemical shift, o (ppm),
multiplicity (s = singlet, d = doublet, dd = double doublet, t = triplet, m = multiplet), and
relative integration ratio. Data processing was accomplished with the NUTS software

package (Acorn).

2.4 Electron Microprobe Energy Dispersive X-ray Analysis

Elemental compositions of electrodes and MEAs were investigated using electron
microprobe energy dispersive X-ray (EDX) emission analysis with a Tracor Northern
5500 energy dispersive X-ray analyser in conjunction with a Hitachi S-570 scanning
electron microscope. Relative element concentrations were estimated using Tracor
Northern’s software package “SQ” (Standardless Quantitative Analysis). This program

provides a rapid, easy and standardless analysis of X-ray spectra acquired from bulk
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specimens. It removes background, extracts peaks areas, calculates normalized intensity

ratios, and corrects for matrix effects.

2.5 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared (FTIR) spectra were obtained from KBr/analyte
pellets using a Matheson Polaris FT-IR spectrometer. Data processing, including KBr

background subtraction, was performed using the Matheson Polarison software package.

2.6 Electronic Absorption Spectroscopy
All electronic absorption measurements were carried out on a CARY-5E UV-Vis-
NIR spectrophotometer. Absorption spectra were collected from solutions contained in

quartz cuvettes (path length = 1 cm).

2.7 X-ray Diffraction Spectra

Powder X-ray diffraction was used to determine the Pt particle size of various
catalysts. Spectra were acquired using a Rigaku Ru 200 diffractometer using CuK,
radiation (0.15405 nm). Average particle sizes were estimated from the spectral line
broadening using commercial software (Jade 1994, Materials Inc.) that uses the Scherrer

equation and includes an instrument calibration parameter.
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Chapter 3

Probing Electrochemical Activity in Proton
Exchange Membrane Fuel Cell Electrodes using
Electroactive Probes



3.1 Introduction to Electroactive Probes

The chemical modification of electrodes is now a mature subject area, and there
are many methods for functionalizing electrodes and to thereby endow them with
desirable properties.' One of the major scientific benefits of modified electrodes is the
insight that they have provided into the chemistry and structure of diverse classes of
materials, from ion-exchange polymers to carbon nanostructures and inorganic materials
such as clays and zeolites.> > * In this chapter, we demonstrate how some of the concepts
and techniques developed over more than 20 years of research on modified electrodes can
be applied to the investigation of the electrochemistry of gas diffusion electrodes used in
proton exchange membrane fuel cells (PEMFC).

One of the key parameters for a PEMFC electrode is its electrochemically active
catalyst area. This is generally determined by cyclic voltammetry in which the areas of
the peaks for electrochemical hydrogen adsorption/desorption provide a measure of the
active Pt area (discussed in detail in Chapter 1). However, the use of this parameter has a
number of limitations, including the fact that it cannot be measured while the fuel cell is
actually operating. Furthermore, the full Pt area that is active for hydrogen adsorption is
unlikely to be active for the fuel cell reaction because of insufficient reactant gas access
(to the Pt particle) and resistance losses at high current densities.

The chemical modification of fuel cell electrodes with electroactive probes has
the potential to improve the diagnostic value of data obtained by techniques such as
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The

quantity of the probe present can be accurately controlled so that the percentage that is
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active can be determined. Furthermore, probes can be deliberately placed in certain
regions (macroscopic or microscopic) of the catalyst layer to monitor local properties.
Electroactive probes can provide better accuracy and precision in active-area
determinations and simplify the analysis of impedance data. In addition, chemical
modification methods can be used to improve the characteristics of the electrode, such as
proton conductivity and hydrophilicity/hydrophobicity. They can also be used to
immobilize transition metal complex catalysts within the electrode.

In this chapter, we demonstrate two strategies for incorporating electroactive
probes into PEM fuel cell electrodes, and show how they can provide insight into the
transport properties of the electrodes. In the first strategy Os(bpy)s*" (bpy = 2,2'-
bipyridine) was incorporated into the Nafion binder as counterions. M(bpy)s** (M = Ru,
Os, Fe) complexes have been commonly used to explore ion and charge transport with
thin polymer films (including Nafion) on electrodes.>® Here, we apply that methodology
to three-dimensional gas-diffusion electrodes to gain similar insights.

The second strategy was to covalently bind Ru(terpy)(dabpy)Cl" (terpy =
2,2°,6",2" -terpyridine, dabpy = 4,4 -dicarboxylic acid-2,2 -bipyridine) to the surface of
the carbon particles via a silane linkage. Silanes have been widely used to anchor desired
functional groups, including metal complexes, to electrode surfaces. For example,
Murray and coworkers studied the electrochemistry of several ferrocene complexes that
were covalently attached to Pt electrodes via silane linkages.” This methodology has also
been used for carbon electrodes. Here, we again applied that methodology to three-

dimensional gas-diffusion electrodes to gain insight into their electroactivity.
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The work described in this chapter has been published as:

Easton, E. B.; Pickup, P. G. Electrochem. Solid-State Lett. 2000, 3(8) 259-261.

3.2 Experimental
3.2.1 Preparation of Modified Electrodes Containing Os(bpy);,2+
Os(bpy);Cly:6H,0 was prepared by a method similar to that of Anson et al® A
solution of K,OsClg (Aldrich) (0.48 g) and 2,2 -bipyridine (0.68 g) in glycerol (10 mL)
was refluxed for 5 hours. The dark green product was collected and purified by mixed
solvent crystallization using a mixture of glycerol (5 mL), methanol (25 mL), and ether
(1.5 L). After cooling in an ice bath, dark green crystals were collected via suction
filtration (0.76 g, 89% yield). The purity of Os(bpy);Cl,:6H,O was confirmed by NMR
spectroscopy, cyclic voltammametry and electronic absorption spectroscopy.
Os(bpy)s*" modified electrodes were prepared by spreading a suspension of 20%
Pt/C (Electrosynthesis) in a mixture of Os(bpy);Cl; in 0.1 M H,SO4 (aq) and Nafion
solution (5% in alcohols, Solution Technology), each in determined amounts, onto

wetproofed carbon fiber paper (Toray TGPH090).

3.2.2 Preparation of Modified Electrodes Containing Silane Tethered

Ru(terpy)(dabpy)Jr

The route by which the silane tether Ru(terpy)(dabpy)Cl" was prepared is

illustrated in Scheme 3.1.
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Scheme 3.1: Synthetic route to tethering Ru(terpy){dabpy)Cl* to the carbon surface

Dried Vulcan XC-72 carbon black (200 mg) was placed in a septum-capped flask
under a nitrogen atmosphere. To this, anhydrous toluene (20 mL) and N-
3(trimethoxysilyl)propyl]ethylenediamine (2 mL, Aldrich) were added with a syringe.’
The mixture was stirred at room temperature for 1 h. The modified carbon was then
collected by suction filtration, washed several times with toluene, and dried at 120°C for
2 h.

250 mg of the silane-modified carbon was further modified with

[Ru(terpy)(dabpy)CI]PFs (50 mg ) '° (terpy = 2,2",6",2""-terpyridine, dabpy = 4,4"-
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dicarboxylic acid-2,2 -bipyridine) by refluxing the mixture in dry acetonitrile (15 mL)
with N,N’- dicyclohexylcarbodiimide (DCC, 20 mg) for 24 h (DCC is a commonly used
coupling agent). The product was collected by suction filtration, washed with acetonitrile
(2x) and acetone (1x), and dried at 120°C for 2 h.

Ru(terpy)(dabpy)Cl" modified electrodes were prepared by mixing the modified
carbon (11.3 mg) with a 15% polytetrafluoroethylene (PTFE) suspension (21.3mg,

DuPont) and spreading the resulting slurry on wetproofed carbon fiber paper.

3.2.3 Electrochemical Notes

Electrochemical measurements on electrodes exposed to electrolyte solutions
were performed in a three-electrode cell configuration with a Pt wire counter electrode
and a saturated sodium chloride calomel reference electrode (SSCE), as shown in Figure
2.4.

For measurements in fuel cells, membrane and electrode assemblies (MEAs) were
prepared by hot-pressing the modified electrode and a similar Pt black catalyzed
electrode onto each side of a Nafion membrane. The electrochemistry of the MEAs were
investigated with cyclic voltammetry in a two-electrode configuration while humidified
hydrogen was passed over the Pt black electrode, which acted as both counter and
reference clectrode; nitrogen was passed over the test electrode. The MEA was run as a
H,/O; fuel cell (O, passed over the test electrode) for 30 min at 0.5 V immediately before

the voltammetric experiments were performed.
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3.3 Results and Discussion
3.3.1 Os(b]py)32+ Modified Electrodes

Figure 3.1 shows a cyclic voltammogram of an electrode that was immersed in
0.5 H,SO4 (aq) (i.e., the catalyst layer was in direct contact with the electrolyte solution)
for which Os(bpy)s>" was added to the Nafion binder. Figure 3.2 shows a cyclic
voltammogram of an identical electrode that was bonded to a Nafion membrane and
operated as the cathode of a H,/O; fuel cell prior to the voltammetric measurements. The
background voltammograms (dashed lines) in both figures are for electrodes without the
added osmium complex, which show background currents due to Pt oxide formation and
stripping in the potential region of interest. These Pt waves were clearly suppressed when
the osmium complex was present. The reversible redox waves at E°" = 0.60 V vs. SSCE
in Figure 3.1 and +0.85 V vs. H'/H, in Figure 3.2 were therefore attributed to the
Os(III/TI) electrochemistry of the added complex. The cathodic waves for this couple
appeared to be slightly enhanced by Pt oxide stripping, and so the quantitative
measurements reported below were based on the charge under the anodic Os(III/II) wave
only.

3*27 wave when the electrode was

Determination of the area under the Os(bpy);
exposed to solution (Figure 3.1) corresponded to 51% of the total amount added to the
layer. Two factors may be responsible for the lack of electroactivity of some of the

Os(bpy)32+. First, it is known that the method of incorporation used allows some

Os(bpy)s>" to enter regions of the Nafion structure where it would become
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Figure 3.1: CVs (20 mV/s) of 1 cm’ gas diffusion electrodes
containing 0.80 mg/crn2 20%Pt/C, 0.98 mg/cm2 Nafion, and 0.15

rng/cm2 Os(bpy);Cl,'6H,0, in 0.5 M H,SO,4(aq). The dashed line is
for a similar electrode without the Os complex.
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Figure 3.2: CVs (20 mV/s) of 1 cm’ gas diffusion electrodes
containing 0.80 mg/cm2 20%Pt/C, 0.98 mg/cm2 Nafion, and 0.15
mg/cm’ Os(bpy);Cl,'6H,0, in a fuel cell. The dashed lines is for a
similar electrode without the Os complex.
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electrochemically inactive (i.e. the interfacial and hydrophobic regions).“ A 30-60% loss
of activity would be expected based on literature results for Ru(bpy);*" in Nafion. In
addition, regions of the gas diffusion electrode may be electrochemically inactive because
of poor electronic or ionic conductivity with the current collector or electrolyte.

When operated as a fuel cell cathode (Figure 3.2), the area under the Os(I1I/II)
wave corresponded to only 28% of the total Os(bpy)s>" in the layer. If it can be assumed
that the same percentage of the catalyst layer was in electrical and ionic contact with both
the current collector and electrolyte (membrane) as in the half-cell experiments, and that
the same percentage of Os(III/II) in the Nafion was electroactive, then in can be reasoned
that the lower Os(III/I) wave in the fuel cell is indicative that the fuel cell electrode has a
lower ionic conductivity than the half-cell electrode (a lower electronic conductivity
would not be expected). This is a reasonable result since the catalyst layer should not be
as well hydrated in the fuel cell, as it would be when it was in contact with H,SOj4 (aq).

One concern in these experiments was that Os(bpy)s>* could leach out of the
catalyst layer into the Nafion membrane. However, the area under the Os oxidation wave
decreased only slightly over 12 h in the fuel cell, indicating that leaching was not a
significant problem. Thus the Os complex could easily diffuse over the short distances to
the nearest catalyst particle during cyclic voltammetry experiments, but moved too
slowly to diffuse far from the catalyst layer.

The hydrogen adsorption/desorption waves of the Os containing electrodes were
similar in magnitude to those obtained with Os-free electrodes, although surprisingly the

Os complex suppressed these waves slightly when the electrode was in contact with
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H,S04 (aq), but not when in a fuel cell. It was not possible to make meaningful
comparisons between H adsorption charges for electrodes in the fuel cell with those
obtained in H,SO4 (aq) because the poor definition of the H adsorption waves in the fuel
cell made it impossible to determine the appropriate lower potential limit for integration.
This highlights one of the advantages of using the Os complex as an electroactive probe,
which allowed for accurate integration of the charge in both cases.

The fuel cell with the Os complex in its cathode catalyst layer gave a significantly
lower current at 0.5 V (ca. 60 mA) than one without the Os complex (ca. 130 mA). This
difference can presumably be attributed to the partial displacement of H" from the Nafion
in the catalyst layer by the Os complex. The consequent decrease in [H'] in the catalyst
layer would decrease both the rate of the oxygen reduction reaction, and the rate of

proton transport to catalytic sites.

3.3.2 Silane-tethered Ru(2,2,6',2""-terpyridine)(4,4 "-dicarboxylic acid-2,2"-
bipyridine)CI"

Immobilization of an electroactive probe on the surface of the catalyst has a
number of advantages over adding an unbound probe it to the Nafion binder. Its
electrochemistry should be more rapid because it does not need to diffuse to the catalyst
surface (nor do electrons need to be transported through the Nafion), and it can be used to
investigate ion transport and electrochemical utilization in the absence of Nafion in the
catalyst layer. To demonstrate the feasibility of preparing such modified catalysts we

report here on the electrochemistry of carbon black modified as outlined in Scheme 3.1.
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This immobilization scheme is based on work reported by Murray and co-workers.'> The
Ru(terpy)(dabpy)Cl" moiety was chosen to give a redox wave at a suitable potential for

studies in fuel cells.

3.3.2.1 Chemical Characterization of Modified Carbon

Relative elemental compositions were determined by electron microprobe energy
dispersive X-ray (EDX) analysis with an electron microscope. Figure 3.3 shows the EDX
spectrum of the Ru(terpy)(dabpy)Cl" modified XC-72 carbon black. A distinct peak for
Si is observed, as are peaks for Ru and Cl. However, quantification of Ru and CI was not
possible since their peaks overlap (Ru Ly line =2.56 keV, Cl Kq line =2.60 keV). The
instrument used was unable to resolve the two peaks. Nonetheless, the spectrum does
confirm the presence of the complex on the carbon surface.

Fourier Transform Infrared Spectroscopy (FTIR) was also used to characterize the
modified carbon. Figure 3.4 shows the FTIR spectrum of [Ru(terpy)(dabpy)Cl|PFs and
Figure 3.5 shows the FTIR spectrum of Ru(terpy)(dabpy)Cl" modified XC-72 carbon
black. The most compelling aspects of these spectra is the shift in the carbonyl stretching
frequencies, from 1700 cm™ for the complex to 1624 cm™ for the modified carbon. This
indicates the formation of the amide bond that attached the complex to the silane-
modified carbon. Also, the peak at 1113 ¢cm™ in Figure 3.5 is indicative of an amide bond

(C-N stretch).
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Figure 3.3: The EDX spectrum of Ru(terpy)(dabpy)Cl+
modified XC-72 carbon black.
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3.3.2.1 Electrochemistry of Modified Catalysts

Figure 3.6 shows a cyclic voltammogram of the modified carbon, supported on
carbon fiber paper, in 0.5M LiClO;4 (aq). The dashed line is a CV obtained with a similar
electrode that did not contain the Ru complex (just PTFE bound carbon). The
immobilized Ru complex exhibited a well-defined and relatively stable Ru(I1I/II) wave at
ca. +0.70 V vs. SSCE.

Figure 3.7 shows the cyclic voltammogram of the modified carbon in a fuel cell
MEA. The dashed line is a CV obtained with a similar electrode that did not contain Ru
the complex (just PTFE bound carbon). Here the Ru(III/I) wave is shifted to ca. +1.15V
vs. H'/H, and became much smaller. The diminished size indicates that only a small
fraction of the modified carbon layer was electroactive, presumably because of poor ionic
conductivity. The fraction of the layer that was active in this case (ca. 20 %) was smaller
than for the Os(bpy);>* - loaded electrodes of Figure. 3.2 (ca. 55 %) because we did not
add an ionic conductor (e.g. Nafion) to the layer. The potential shift is due in part to the
difference in reference electrode, but also appears to contain an environmental
component because it is larger than the expected value of ca. +0.24 V that was seen for
the Os(bpy);”" - loaded electrodes.

Figure 3.8 shows CVs obtained for electrodes that contained various amounts of
Ru(terpy)(dabpy)C1" modified XC-72 carbon black. A plot of peak cathodic current vs.
mass is plotted in Figure 3.9. From these, we see that current scaled quite linearly with
mass. This indicates that there is an even dispersion of the Ru complex on the carbon

surface.
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Figure 3.6: CVs (5 mV/s) of Ru(terpy)(dabpy)Cl" modified XC-72
carbon black (2.4 mg/cmz) in 0.5 M LiClO4(aq). The dashed line is
for a similar electrode without the Ru complex.
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Figure 3.7: CVs (5 mV/s) of Ru(terpy)(dabpy)Cl" modified XC-72

carbon black (2.4 mg/cmz) in a fuel cell MEA. The dashed line is for
a similar electrode without the Ru complex.
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Figure 3.8: CVs (5§ mV/s) of electrodes containing various amounts

of Ru(terpy)(dabpy)Cl" modified XC-72 carbon black in 0.5 M
LiClO4(aq).
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The stability of the amide bond that tethers the Ru complex to the surface was a
major concern. Amide bonds can easily be hydrolyzed in an acidic environment;
therefore we studied the electrochemistry of the modified carbon black in acidic
electrolyte. Figure 3.10 shows the electrochemistry of the Ru(terpy)(dabpy)Cl" modified
XC-72 carbon black using 0.1M H3POy4 (aq) electrolyte. From this we see that the
Ru(IT)/(II1) peaks become smaller with each successive scan, indicating cleavage of the
amide bond. This cleavage was not observed in non-acidic electrolytes such as LiClOy,
KPFs, and CH;CN. This could be a potential problem in fuel cell electrodes that have

good proton conductivity (i.e. containing Nafion).

3.4 Conclusion

The methodology of electroactive probes has been used to show that, even under
ideal conditions, the entire catalyst layer of a fuel cell electrode is not electroactive, Also,
only about half of the catalyst layer that was electroactive in the half-cell, was
electroactive in the full cell.

Attaching the electroactive probe directly to the catalyst surface has many
benefits. For example, it could complement the use of the Pt hydrogen
absorption/desorption charge in determining electroactive areas and could also provide a
reference point and pseudocapacitance for impedance studies. In many cases, it should be
easier to quahtify the charge due to the probe, particularly for catalysts with low Pt

percentages, or alloys that show indistinct hydrogen waves.
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Figure 3.10: CVs (5 mV/s) of Ru(terpy)(dabpy)Cl" modified XC-72
carbon black in 0.1 M H;POy4(aq). Current decreases with scan
number.
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The stability of the amide linkage that tethered the Ru complex to the surface is
an issue in the presence of acid. Because of this, Nafion could not be used as a binder. A
non-hydrolyzable linkage is desired, perhaps through direct co-ordination of the complex

to an immobilized bi-dentate ligand such as 2,2"-bipyridine.
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Chapter 4

Chemical Modification of Proton Exchange
Membrane Fuel Cell Catalysts with a Sulfonated
Silane



4.1 Introduction to Sulfonated Silanes

The activity of a PEMFC electrode is greatly influenced by the proton
conductivity within the catalyst layer. A common method employed to increase Pt
utilization is to add a proton-conducting polymer, such as Nafion, into the catalyst layer.
This has been shown to increase performance, but there is a limit to the quantity that can
be added before adversely affecting cell performance.'? Because of this, and the high
cost of Nafion, alternative methods for increasing proton conductivity in the catalyst
layer are of interest.

The objectives of the work described in this chapter were to explore the effects of
treating the catalyst surface with a sulfonated silane and to characterize such modified
catalysts. Silanes have been widely used to anchor desired functionalities to electrode
surfaces.> * > Here, we tether proton conducting sulfonic acid groups to the surface of the
catalyst via a silane linkage. This was accomplished by treating carbon black (with or
without Pt) with 2(4-chlorosulfonylphenyl)ethyl trichlorosilane to produce a monolayer
of silane on the surface as shown in Scheme 4.1. Sol-gel membranes based on this type of
silane exhibit proton conductivities comparable to those of Nafion membranes.® Because
the silane chemically binds directly to the surface of the catalyst layer, we anticipated that
it should enhance proton conductivity without significantly blocking the pores and
channels that allow gas diffusion.

Part of the work described in this chapter has been published as:
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Scheme 4.1: Treatment of the catalyst surface with a sulfonated silane.

4.2 Experimental
4.2.1 Silane Treatment Procedure

Dry 20% Pt on Vulcan XC-72 carbon black (E-TEK, 400 mg) was placed in a
septum capped round bottom flask under a nitrogen atmosphere. To this, anhydrous
dichloromethane (90 mL) and 50% 2(4-chlorosulfonylphenyl)ethyl trichlorosilane
(United Chemical Technologies) in dichloromethane (10 mL) were added via a syringe to
give a final silane concentration of ca. 5%. After stirring at room temperature for ca. 2 h,
the modified catalyst was collected by suction filtration, washed several times with
dichloromethane, and dried at 60°C under vacuum for 6 h. This product is referred to

hereafter as the ‘‘treated’’ catalyst.
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Uncatalyzed Vulcan XC-72 carbon black (Electrosynthesis Corp.) was also
treated with the sulfonated silane by the above procedure. It was then platinized with ca.
23% Pt by the formaldehyde reduction of H,PtCls ' The treated carbon powder (200 mg)
was ground gently with a mortar and pestle, then suspended in H,O (30 mL). H,PtClg
was then added in an amount slightly greater than the desired loading. The suspension
was stirred at 80 °C for 30 min to allow dispersion and equilibration. Next, a 25 molar
excess of formaldehyde (37%) was added, followed by heating at reflux for 1 h. The
catalyzed modified carbon was collected by filtration, washed thoroughly with water, and
dried under vacuum (25-50 °C). This product is referred to hereafter as the ‘‘pretreated”’

catalyst.

4.2.2 Electrode and MEA Fabrication and Testing

Electrodes were prepared by mixing the silane treated catalysts with a Nafion
solution (ca. 5% in alcohols, Solution Technology) and spreading the resulting slurry on a
carbon cloth substrate (ELAT, E-TEK). Electrodes were then dried for 30 minutes at both
room temperature and 135°C. Catalyst loadings ranged from 0.07 to 0.18 mg Pt/cm?.
Performance was not strongly correlated with Pt loading in this range, and so this level of
variation does not introduce significant uncertainty. Electrodes were also prepared using
untreated E-TEK 20% Pt on Vulcan XC-72 carbon black to serve as a control (referred to
hereafter as the ‘‘untreated’’ catalyst).

Fuel cell performance was tested in a single cell test station using membrane and

electrode assemblies constructed by hot-pressing a 10 cm? test cathode and a similar Pt

75



catalyzed anode onto each side of a Nafion 112 membrane. After activating the cell (by
running it for ca. 6 h under various loads and conditions), performance was tested at a
cell temperature of 35°C, using a 45°C humidified air feed and a 45°C humidified
hydrogen feed. Polarization curves were taken by applying a constant load from a
rheostat. The voltage and current readings were allowed to stabilize for ca. 45 seconds

before a measurement was recorded.

4.3 Catalyst Characterization
4.3.1 Catalyst Loading

The total amount of Pt deposited onto the carbon surface for all samples was
determined by a gravimetric analysis in which the catalyzed carbon was burned at 900 °C
in a muffle furnace, and elemental Pt was assumed to be the only product since only a
negligible amount of SiO, would be expected to form (discussed in more detail in Section

4.3.4). Loadings (as mass percentages) are listed in Table 4.2.

4.3.2 Average Pt Particle Size

Powder X-ray diffraction (XRD) experiments were performed on the untreated,
treated and pretreated catalysts; their spectra are shown in Figures 4.1, 4.2 and 4.3
respectively. The broad peak centered at ca. 25° is due to the carbon support, while the
peaks at ca. 40°, 47°, and 68° are due to Pt(111), Pt(200) and Pt(220) face-centered cubic

faces respectively.® The average Pt particle diameter was estimated from the broadening
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Figure 4.1: The XRD powder spectrum of the untreated catalyst
(Etek 20% Pt/Vulcan XC72).
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Figure 4.2: The XRD powder spectrum of the treated catalyst.
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Figure 4.3: The XRD powder spectrum of the pretreated catalyst.
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of the Pt(111) peak and was estimated to be 7.2 nm for the pretreated catalyst, 3.2 nm for
the untreated catalyst and 3.4 nm for the treated catalysts. The extremely small difference
in particle size between the untreated and treated catalyst indicates that the treatment
procedure has little or no effect on the Pt particle size. The larger particle size for the
pretreated catalyst is characteristic of the method by which the Pt was deposited. The
deposition method used by E-TEK to produce the (untreated) commercial catalyst has not

been revealed to us.

4.3.3 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) was also used to characterize
the changes in surface functionality caused by the sulfonated silane treatment and
confirm the presence of the sulfonated silane on the surface after treatment.

Figure 4.4 shows an FT-IR spectrum of Vulcan XC72 carbon black (no Pt).
Several peaks are observed between 1000 and 1700 cm™, which originate from oxygen-
containing species on the carbon surface. Table 4.1 lists the observed peaks and their
assigned source based upon the literature.

Figure 4.5 shows an FT-IR spectrum of Vulcan XC72 carbon black after it has
been treated with 2(4-chlorosulfonylphenyl)ethyl trichlorosilane (it is the pretreated
catalyst prior to Pt deposition). The most compelling aspect of this spectrum is the
appearance of intense peaks at 1120 and 1085 cm™, originating from the attached
sulfonate moiety. Also, the peak for absorbed water has increased which is expected

since sulfonate groups are very hydrophilic.
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Quantitative information about the carbon surface is extremely difficult to obtain
through (absorption/transmission) IR spectroscopy due to the opaque nature of carbon
(thus requiring very low concentrations of carbon in the KBr disc) and the low
concentration of surface functionality. Nonetheless, qualitative information can be easily
acquired. The differences between these two spectra clearly show the presence of new

sulfonate groups on the carbon surface after treatment.

Table 4.1: Summary and assignment of peaks observed in the FT-IR spectrum of

Vulcan XC72 carbon black (Figure 4.4).

Frequency (em™) Signal Source
1126 C-O stretch’
1270 Ether
1384 Phenol/hydroxyl"’
1627 Quinone™
2920 CH,/CH; stretch "
3434 Absorbed water'*

4.3.4 Relative Elemental Compositions

Relative elemental compositions were determined by electron microprobe energy
dispersive X-ray (EDX) analysis with an electron microscope. The EDX spectra for the
untreated, treated and pretreated catalysts are shown in Figures 4.6, 4.7 and 4.8
respectively. The EDX spectrum of the untreated catalyst shows peaks for only Pt.

However, both the pretreated and treated catalysts have peaks due to the presence of Si,

&3



Pt

Pt

. BBE 18.240

Energy (keV)

Figure 4.6: EDX spectrum of the untreated catalyst (Etek
20% Pt/Vulcan XC72)
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Figure 4.7: EDX spectrum of the treated catalyst

85



0.000 10.240
Energy (keV)

Figure 4.8: EDX spectrum of the pretreated catalyst.
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confirming the presence of the silane on the catalyst surfaces. Also, the treated catalyst
had a small signal due to Cl that originated from the trichlorosilane starting material. The
Cl peak was not present for the pretreated catalyst, which was most likely removed
during the Pt deposition step.

EDX analysis of the treated catalyst gave a Pt to Si mole ratio of 3.9, which was
used to calculate loadings of the silane and hence total sulfonate in the electrodes. Based
on the Brunauer-Emmett-Teller (BET) area of the carbon support (195 m*/g)"* we
estimate that the silane coverage on the carbon is ca. 2.3 x 10™'® mol/em?, which is
consistent with approximately monolayer coverage. The Pt to Si mole ratio of the
pretreated catalyst was determined to be 5.44, which is larger than that of the treated
catalyst. This disparity arises from the difference in Pt loadings of the two catalysts (17%
vs. 23%). Nevertheless, the calculated silane surface coverage of the pretreated catalyst
was found to be the same as for the treated catalyst, indicating reproducibility in the
treatment procedure.

During combustion analysis (to determine Pt loading), it was assumed that only
elemental Pt would remain and that there would be neither Si nor SiO; present The fact
that the Pt loading of the treated catalyst was not higher than that of the untreated
catalyst, suggests that this assumption is valid. Based upon this assumption, the Pt
loading of the treated catalyst would in fact be lower than that of the untreated catalyst.
This can be reasoned by the following calculation. First we will assume we have 1 g of
untreated catalyst that we have treated with the sulfonated silane (to make the treated

catalyst). The combustion analysis of the untreated catalyst gave a 19% Pt loading (i.e.
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0.19 g of Pt, 0.81 g of C for every 1 g of untreated catalyst). Once treated, there will be a

mass increase due to the presence of the sulfonated silane. Using the atomic ratio of Pt to

Si of the treated catalyst determined from EDX (3.9:1), we calculated the mass ratio of Pt

to sulfonated silane of 3.1:1. Therefore, the mass of sulfonated silane would be 0.061 g

and the total mass of the treated catalyst would be 1.061 g. From these values, the %Pt

was calculated to be 17.9%. This is in agreement with the combustion analysis result

within experimental error. Based upon these calculations, the assumption is valid. Even if

some Si remained after combustion, its mass would be too small to have a significant

effect.

Table 4.2: Summary of catalyst properties.

Catalvst %Pt | Average particle Pt : Si %Si | Silane Coverage
y (mass) size (nm) Atomic ratio | (mass) | x 10" (mol/cm”)
Untreated | 19% 3.2 - - -
Treated 17% 3.4 3.9 0.6% 2.3
Pretreated | 23% 7.2 5.4 0.6% 2.3

4.4 Fuel Cell Performance

4.4.1 Performance vs. Nafion Loading

Since the performances of all three catalysts vary with the Nafion loading in the

catalyst layer, the optimal Nafion loading for each was first determined. Figure 4.9

illustrates the fuel cell performances achieved using the untreated catalyst at various

Nafion loadings. From this, we see that performance increased steadily with Nafion

loading up to peak performance at 30% Nafion. There was a small decline in
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performance at Nafion loadings higher than 30%, which can be attributed to mass
transport issues or increased electronic resistance in the catalyst layers.'

Figure 4.10 illustrates fuel cell performances achieved using the treated catalyst at
various Nafion loadings. From this, we see that peak performance was achieved at 10%
Nafion. At Nafion loadings higher than 10%, there was a steady decline in performance,
most likely due to flooding. Performance was also meager when less than 10% Nafion
was employed.

Figure 4.11 illustrates the fuel cell performances achieved using the pretreated
catalyst at various Nafion loadings. Similar to the treated catalyst, peak performance was

achieved at 10% Nafion. Also, at Nafion loadings other than 10%, there was a steady

decline in performance.

4.4.2 Discussion

Knowing the optimal Nafion loading (10%) for both silane modified catalysts,
they can now be compared with the untreated catalyst. Figure 4.12 shows polarization
curves for all three catalysts at a 10% Nafion loading. From this it can be seen that both
modified catalysts outperformed the untreated catalyst and that the pretreated catalyst
exhibits better performance than the treated catalyst. For comparison, a polarization curve
for the untreated catalyst at 30% Nafion (the best performing mixture for the untreated
catalyst) is also plotted in Figure 4.12. It can be seen that the performance of the
pretreated catalyst at 10% Nafion was comparable to that of the untreated catalyst at 30%

Nafion. This similarity in performance shows significant promise for the silane treatment
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Figure 4.10: Fuel cell performances at 35°C of the treated catalyst with various Nafion loadings.
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method because it leads to a two-thirds reduction in the amount of Nafion required in the
catalyst layer.

The similarity in the performances of the two catalyst systems can be explained
by comparing the total loadings (or concentrations) of sulfonate groups. For simplicity,
the current density at 0.50 V vs. the Nafion loading is plotted in Figure 4.13.

EDX analysis of the Pt to Si ratio of the modified catalysts enabled estimation of
the silane loading in the catalyst layers. Knowing this and the number of sulfonate groups
from the Nafion in the catalyst layer, total sulfonate loadings were determined. This
permitted comparison of performance as a function of sulfonate loading, shown in Figure
4.14. From this it can be seen that for all three catalysts, the performance increased with
sulfonate loading up to a maximum at ca. 1.3 x 107 mol/cm? before it begén to decline.
Therefore, the major reason for the superior performance of the modified catalysts at low
Nafion loadings would appear to be the increased proton conductivity from the silane
anchored sulfonate groups.

Differences in the average Pt particle size of each catalyst has been ignored in this
discussion because of the weak dependence observed for performance on Pt loading, and
the fact that the lower dispersion of the Pt on the pretreated carbon is partly compensated
by the higher Pt loading (23 vs. 18% measured for the untreated catalyst).

The difference in performance between the treated and pretreated catalysts can
most likely be attributed to a lower active Pt area for the treated catalyst due to blocking

of some of the active sites by the silane. The silane can bind onto the surface of Pt and
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potentially block sites that would be electrochemically active. Also, the treated catalyst
was much more susceptible to flooding. This may again be due to the fact that some Pt
sites are covered by the silane monolayer. The sulfonate groups are extremely
hydrophilic, attracting water that can cover (i.e. flood) the Pt particles. This type of
localized flooding is much more unlikely for the pretreated catalyst since Pt was
deposited after the silane monolayer.

During the course of these experiments there was no indication that the modified
catalysts were unstable (i.e., there were no performance losses). Experiments often
extended over 2 days (minimum12 h of fuel cell operation), and routinely involved
temperature excursions to 75°C for periods of several hours. In fact, the same
performance trends were observed at 75°C and 35°C. Figure 4.15 illustrates the
performance of all catalysts at 10% Nafion loading at 75°C (95°C humidified hydrogen,
20 PSI backpressure/ 90°C humidified air, 20 PSI backpressure) and the untreated
catalyst at 30% Nafion. As at 35°C, the pretreated and treated catalyst outperformed the
untreated at 10% Nafion loadings, and the pretreated at a 10% Nafion loading performed

similarly to the untreated at 30% Nafion.

4.5 Application of the Sulfonated Silane onto Preformed Electrodes

The work described above explored treating the catalyst with the sulfonated silane
before electrodes were formed. However, it is quite common to apply the proton
conducting ionomer after the electrodes are formed. This is most often done when PTFE

is incorporated into the catalyst layer to aid water management. When PTFE is used, the
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electrodes are sintered at ca. 350°C. At such a temperature, sulfonate groups (on Nafion
or the silane) would be lost. Therefore these proton conductors can only be added after
sintering. We have therefore tested the effect of applying the sulfonated silane to
preformed electrodes.

A dilute solution (ca. 5%) of the sulfonated silane was brushed onto sintered PTFE
bound Pt black electrodes (1.7 mg/cm?, no Nafion), followed by a small amount of
acetone. The electrodes were then dried for 30 minutes at both room temperature and
135°C. The sulfonated silane loading was determined gravimetrically. Nafion solution
(5%) was also applied by the same method for comparison.

MEAs were made for single-cell testing (10 cm?) by hot pressing the electrodes
across a Nafion 112 membrane with a sintered PTFE bound Pt black (1.7 mg/cm?)
electrode as the anode.

As can be seen from Figure 4.16, cell performance increased with the amount of
sulfonated silane applied, and it reached values significantly higher than for an electrode
without any sulfonated silane (or Nafion) applied. The largest sulfonated silane level
studied was 3.3 mg/cm” and this performed almost as well as the electrode with 1.6
mg/cm’ of Nafion brush applied.

Unfortunately, we were not able to study levels of sulfonated silane greater than 3.3
mg/cm’ due to an excessive amount of gel formation. Since the sulfonated silane is
moisture sensitive, application of large amounts is quite difficult since a gel rapidly forms
on the outer surface of the electrode. Nevertheless, the formation of gel material within

the electrode may be beneficial. Recent reports tout “carbon-ceramic electrodes” as
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promising candidates for fuel cell electrodes due to their porous structure and robust
characteristics.'™'®

The loadings of sulfonated silane are much larger here than when attached directly to
the surface (as in Section 4.2-4.4). This was partially due to the fact that attachment
method described in Section 4.2 leads to only a monolayer of silane on the catalyst
surface. This large quantity of sulfonated silane material did not appear to cause

significant mass transport issues, most likely since the gel formed was sufficiently

porous.

4.6 Conclusions

Surface modification of PEMFC catalysts with sulfonated groups allows them to
outperfbrm their untreated counterparts at low Nafion loadings (<15%). Modification of
the carbon support before Pt deposition was more effective than modification of
precatalyzed carbon, presumably because of blocking of active Pt sites in the latter case.
At optimal Nafion loadings, the pretreated catalyst and the untreated catalyst perform
similarly, yet the pretreated catalyst requires the use of only one-third the quantity of
Nafion in the catalyst layer. Although there is a difference in Nafion loading, the
sulfonate loading for each is similar; hence proton conductivity and performance are
similar. This is promising in that proton conductivity, and not the source of proton
conductivity, exerts the most influence over fuel cell performance. Therefore, less
expensive proton conductors could be used in the catalyst layer without sacrificing

performance.
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There is also much promise for applying the sulfonated silane to preformed
electrodes as it resulted in a steady increase in performance in preliminary experiments.
However, the application of large amounts of silane resulted in gel formation on the outer
surface of the electrode. Optimization of this strategy can be expected to result in high

performance carbon-ceramic electrodes for fuel cells.
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Chapter 5

Development of Direct Methanol Fuel Cell
Membrane and Electrode Assemblies



5.1 Introduction to Direct Methanol Fuel Cells

The challenges presented when designing direct methanol fuel cell (DMFC)
electrodes are quite different than those of typical Hy/air electrodes. For example, a Pt/Ru
catalyst is usually used for methanol oxidation (as opposed to just Pt). Also, the methanol
fuel is typically delivered via an aqueous solution, typically at a concentration of 1 M.
This essentially floods the anode catalyst layer. In addition, both the methanol and water
can diffuse though the membrane and into the cathode. While this ensures good hydration
(and hence good proton conductivity) in the membrane, it also leads to poisoning of the
cathode catalyst and flooding of the cathode. Because of these differences, new
electrodes (with different electrode formulations) must be prepared. The objectives of the
work described in this chapter were to optimize the structure and composition of DMFC

electrodes and to determine the optimum Nafion membrane thickness for use in a DMFC.

5.2 Anode Optimization
5.2.1 Introduction

MeOH oxidation is a complicated process; it has many steps and many
intermediates. The presence of poisoning CO intermediates requires the use of a bi-
metallic catalyst, typically Pt/Ru. Increasing the activity of this system and reducing the
precious metal loading are of paramount importance for commercialization. The
optimization of a DMFC anode prepared using a commercially available Pt/Ru black

catalyst was thus explored.
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5.2.2 Electrode and MEA Preparation

Pt/Ru Black (1:1 atomic ratio, Johnson-Matthey) was thoroughly stirred with
water, isopropyl alcohol (ca. 1:1 mass ratio, water was added first to avoid burning of the
alcohols), and 5% Nafion solution for several hours, sonicated for 30 minutes followed
by 15 minutes of mixing using a high-speed homogenizer. The mixture was then stirred
again for 10 minutes before spray application to the electrode backing. After catalyst
application, the electrode was dried for 30 minutes at both room temperature and 135 °C.

Membrane and electrode assemblies (MEA) were prepared by hot-pressing the
anode onto a Nafion 117 membrane with a Pt black cathode (1.7 mg/cm?). MEA’s were
tested in a 25cm? fuel cell (Fuel Cell Technologies) at 60 °C. Anode performance was
evaluated versus a dynamic hydrogen electrode (DHE, Nj(g) is passed though the
cathode compartment and H; evolution occurs), thereby eliminating any effects due to
oxygen reduction kinetics at the cathode. MEAs were run for ca. 3 hours before data was
recorded. Polarization curves were obtained at constant current using a power supply.

Voltages were allowed to stabilize for ca. one minute before readings were taken.

5.2.3 Anode Electrode Backing

Initially, 3 different anode electrode backings were tested; plain 6 mil Toray
carbon fiber paper (CFP), 6 mil plain Toray CFP with a 1 mg/cm* 20% Nafion/Carbon
sub-layer, and 6 mil plain Toray CFP impregnated with 20% Nafion. The treated CFPs
were prepared by spray applying either the 20% Nafion/Carbon ink or a 5% Nafion

solution, onto the plain CFP. Nafion solution was sprayed onto both sides of the CFP
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while the 20% Nafion/Carbon ink was applied only onto one side (to which the catalyst
would be applied). After treatment, the backings were dried for 30 minutes at both room
temperature and 135 °C.

As illustrated in Figure 5.1, the Nafion impregnated CFP yielded the best anode
performance, CFP witha 1 mg/cm? 20% Nafion/Carbon sublayer produced the next best
anode performance, and plain Toray CFP gave the worst anode performance.
Impregnating Nafion into the CFP may prevent the catalyst from penetrating deeply into
the backing when applied, thereby increasing catalyst utilization. Also, Nafion imparts
some hydrophilicity into the CFP, enhancing the diffusion of MeOH and water through
the backing. It should also be noted that impregnation of Nafion into CFP has not been
previously reported in the scientific literature. However, Zhang et al. have recently been
granted a patent for this technique.' They claim that the treated paper allows for better
transfer of methanol and also prevents the catalyst ink from penetrating into the backing,
thereby increasing catalyst utilization.

The Nafion/Carbon sub-layered backing performed similarly to the Nafion
impregnated backing. The Nafion impregnated backing outperformed it at low current
densities, indicating it has higher catalyst utilization. This may be due to less catalyst
penetrating deeply into the backing when applied. At high current densities, the sub-
layered backing performs slightly better than the Nafion impregnated backing. This may

be due to the increased porosity of the sub-layer.
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The effect of Nafion loading within the CFP was also studied. This was
accomplished by impregnating the CFP with Nafion at levels ranging between 13% and
30%. Pt/Ru black electrodes (ca. 4 mg/cmz) with ca. 15% Nafion binder were applied to
the backings. Maximum performance was achieved at the lowest level tested, 13%
Nafion, and decreased slightly as Nafion loading was increased as shown in Figure 5.2.
Therefore, the optimum Nafion loading for CFP impregnation was therefore determined

to be in the range 10-15%.

5.2.4 Anode Catalyst Loading

Pt/Ru black electrodes were prepared with Pt/Ru loadings ranging between 1.2
and 10.6 mg/cm” with 20% Nafion binder. Performance increased with catalyst loading
up to a loading of ca. 4 mg/cm?, after which there was no significant gain, as shown in
Figure 5.3. Addition of carbon supported Pt/Ru catalyst to the Pt/Ru black mixture was
found to decrease performance. Hence, the optimal catalyst loading is ca. 4 mg/cm® Pt/Ru

black.

5.2.5 Nafion Content in the Anode Catalyst Layer

Pt/Ru black (4-5 mg/cm?) electrodes were prepared with Nafion loadings ranging
between 10-30%. The differences in anode performance for each loading were very
small, as illustrated in Figure 5.4. A 10-20% Nafion loading was chosen for subsequent

work.
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5.2.6 Optimized Anode Components

In summary, the optimal anode was found to be composed of ca. 4 mg/cm? Pt/Ru
black mixed with 10-20% Nafion binder applied onto a 6 mil Toray CFP impregnated
with 10-15% Nafion. It should be noted that the effect of CFP thickness was not
explored. However, a thicker backing would not be expected to perform better as it may

introduce mass transport effects.”

5.3 Cathode Optimization
5.3.1 Introduction

Cathode activity is an important, but often ignored, part of a DMFC. The use of
an aqueous methanol feed at the anode, and its subsequent crossover into the cathode
compartment, can cause a drastic reduction in cathode activity. Not only does this waste
fuel but also the presence of methanol at the cathode reduces its performance and long-
term activity. Additionally, the crossover of water from the anode feed to the cathode can
cause flooding.

In order to circumvent some of these issues, one can optimize the electrode
composition. High Pt loadings (= 4 mg/ cm?) are employed to reduce the mixed potential
losses (discussed in more detail in Chapter 1). Generally, high airflow rates in
conjunction with a highly hydrophobic catalyst layer and electrode backings are
employed to enhance water management.

The optimization of a DMFC cathode prepared using commercially available

materials was explored.
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5.3.2 Electrode and MEA Preparation

A 9:1 mass ratio of Pt Black (Fuel Cell grade) and Etek 20% Pt on Black Pearls
2000 (added to aid ink preparation, Black Pearls was chosen due to its high surface area
and hydrophilic surface’) was thoroughly stirred with water, a 60% PTFE suspension and
isopropyl alcohol (water was added first to avoid burning of the alcohols) for several
hours, followed by 30 minutes of sonication and 15 minutes of mixing using a high-speed
homogenizer. The mixture was then stirred again for 10 minutes before spray application
to the electrode backing, 10 mil Toray CFP impregnated with a proprietary “micro-
porous” mixture (previous experiments performed at H Power have shown that the
“microporous” CFP is a superior backing).* After catalyst application, the electrodes
were dried at room temperature, 110 °C, 280 °C, and 360 °C (sintering) for 30 minutes at
each temperature. After sintering, Nafion solution was sprayed onto the electrode, which
was then dried for 30 minutes at both room temperature and 135 °C.

MEAs were prepared by hot-pressing the cathode across a Nafion 117 membrane
with a Pt/Ru black anode (using the optimized formulation from section 5.2.6). MEAs
were tested in a 25cm? fuel cell (Fuel Cell Technologies) at 60 °C. The cell was run as a
DMEC for several hours before data was collected. Polarization curves were obtained at
constant current using a power supply. Voltages were allowed to stabilize for ca. one

minute before readings were taken.
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5.3.3 Nafion Content in the Cathode Catalyst Layer

Cathodes were prepared with a 4.25 mg/cm? Pt loading and 10% PTFE content.
After sintering, the electrode sheet was divided into four sections. Nafion solution was
sprayed onto each section at various loadings ranging from 0 - 26%. Each cathode was
then evaluated in a DMFC.

Figure 5.5 illustrates that performance increased with Nafion loading up to ca.
20% after which performance declined with Nafion loading. A 15-20% Nafion loading

was determined to be ideal.

5.3.4 PTFE Content in the Cathode Catalyst Layer

Electrodes were prepared using PTFE loadings between 10 and 30%. After
sintering, Nafion solution was sprayed onto the electrode at ca. 15% loading. Figure 5.6
illustrates that the optimal PTFE content is about 10-15%. Slightly lower performance

was observed at high and lower loadings.

5.3.5 Optimized Cathode Components
In summary, the optimized cathode was found to be ca. 4 mg/cm? Pt loading
mixed with 10-15% PTFE binder applied onto a 10 mil “microporous” Toray CFP, with

15% Nafion (sprayed on after sintering).
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5.4 Nafion Membrane
5.4.1 Introduction

With its success in Hy/Air fuel cells, the proton exchange membrane (PEM) has
received much attention for use in DMFCs. The best available PEM to date is Nafion.
Nafion is a chemically and thermally durable membrane material that exhibits high
proton conductivity. These properties, and the fact that the membranes are thin (ca. 100-
200 um) and lightweight, make them excellent candidates for use in a DMFC. However,
Nafion is permeable to methanol (and of course water). This permeability enables
methanol to diffuse from the anode to the cathode. This methanol “crossover” can have a
drastic effect on cathode performance (see Chapter 1 for more details). Despite these
flaws, Nafion is still the best available PEM for use in a DMFC.

The performance characteristics of 1100 equivalent weight (EW) Nafion
membranes of varying thickness were evaluated in a DMFC. Experimental conditions
and fabrication of electrodes and MEAs were similar to previous studies in this chapter.
Briefly, MEAs were prepared by hot pressing optimized anodes and cathodes across each
membrane and were then tested in a DMFC at 60 °C. Polarization curves (anode and cell)
were obtained at constant current using a power supply. Voltages were allowed to
stabilize for ca. one minute before readings were taken.

There is a standard nomenclature to describe Nafion is as follows. The first 2
digits indicate the molecular weight; the last digit(s) indicates the thickness of the
membrane in mil (0.001 inches). For example, Nafion 115 is a membrane of 1100 EW

and is 5 mil thick.
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5.4.2 Anode Performance Using Different Nafion Membranes

As illustrated in Figure 5.7, anode performance increases with decreasing Nafion
membrane thickness. The differences in the performances of MEAs made with 115, 1135
& 112 are very small and incremental, mainly due to the differences in ionic resistance.
However, the anode performance using Nafion 117 is lower than one would expect.
Figure 5.8 illustrates the anode overpotential achieved at 0.8 A/cm” for Nafion
membranes of various thicknesses. The variation is highly linear for Nafion 112, 1135
and 115, but Nafion 117 does not follow this trend. In fact, the overpotential is ca. 70 mV
larger than one would expect following the trend of the thinner membranes. This
unusually low performance of Nafion 117 is reproducible and the best performance
achieved is shown. We postulate that this difference may be due to the stress the
membrane exerts upon the electrode-membrane interface when the humidification levels
changes. When humidification conditions change, Nafion membranes have a tendency to
swell or contract. It was often observed when using Nafion 117 that these distortions
would cause the anode and/or cathode backings to partially or completely delaminate.
This phenomenon was seldom observed for thinner membranes. Since Nafion 117 was
the thickest of all membranes tested, it exerts the most force upon the interface when it
distorts. This can lead to poor bonding, which may account for the lower anode
performance. This delamination phenomenon has been reported in the literature and is

believed to increase the contact resistance at the membrane/electrode interface.’
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5.4.3 DMFC Performance Using Different Nafion Membranes

Figure 5.9 shows the DMFC performance of various Nafion membranes at 60 °C
when low air flows (159 mIL/min, ca. 1.7x air stoichiometry) are used. Nafion 115
exhibited slightly better DMFC performance compared to Nafion 1135 at high current
densities, and was far superior to 112. However, when very high air flow rates (520
mL/min, ca. 4.9x air stoichiometry) are used, Nafion 1135 1s slightly better than 115.
This is shown in Figure 5.10. Also, Nafion 112 gave similar performance to 1135 except
that it was slightly worse at high current densities. These trends can be explained by the
fact that there is better water removal from the cathode at higher air flows. Hence, when
using the thinner membrane at lower air flow rates, flooding (and methanol crossover)
causes a decrease in cathode performance.

Surprisingly, Nafion 117 was by far the poorest performer. This may be related to

the poor bonding issue discussed in the previous section.

5.4.4 Methanol Crossover of Different Nafion Membranes

The limiting methanol crossover current, jiim, Was measured by passing nitrogen
through the cathode compartment and increasing the cell voltage to 0.85 V. Under these
conditions, methanol can only be oxidized at the cathode and must first diffuse through
the membrane (see Section 2.2.3 for more details).® Since the membrane is a diffusion

barrier, jin is related to membrane thickness, d, by the following equation:

Jiim = ka 7 Eq.5.1
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where Dy, is defined as the methanol diffusion coefficient, Cy, is the concentration of
methanol within the membrane, and kg is the drag coefficient. Protonic current within the
Nafion membrane induces electro-osmotic drag of water through the membrane.”*"
When methanol crossover is measured, protons migrate in the opposite direction
to methanol, hence drag retards the methanol flux and the value of kg must be less than
unity. Ren has determined kg to be 0.8829 for 1 M MeOH at 60 °c, 10
If the anode (backing and catalyst layer) also acts as a diffusion barrier, then a

constant steady state limiting current associated with the anode, jiim anodes Will also exist.

Thus:

1 1 1 d

= — + Eq.52
J lim J lim, anode ka nFADnChn 1

Methanol crossover was measured (using 1 M MeOH) at both 60°C and 80°C. for
various membranes. Values are listed in Table 5.1.

Using this data, the diffusion coefficient of MeOH in Nafion can be calculated.
Ren and co-workers have determined C,, and kg at a variety of MeOH concentrations and
temperatures in Nafion. NMR experiments show that the methanol concentration within
the membrane is essentially identical to that of the external solution.'' However methanol
is only present in the ion-cluster pores and channels (membrane porosity, € = 0.41), hence

the methanol concentration within the total volume of the membrane is actually reduced.
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Ren et al. have determined that the values of Cy, for IM MeOH at 60°C and 80°C are
0.3905 M and 0.3810 M respectively‘*

A plot of 1/jim vs. d is shown in Figure 5.11. Substituting the above Cp, values and
the slopes obtained from Figure 5.11 into Equation 5.2, Dy, and values for Jiim anode Were
calculated (listed in Table 5.1). Dy, values are similar to those obtained by Ren. The
differences may be due to the fact that Ren’s data was acquired from both crossover
measurements and potential-step measurements. Also, Ren did not study Nafion 1135
(only 112, 115 and 117). Jiim anode Values are significantly higher than those for even the
thinnest Nafion membrane. This indicates that the anode is highly permeable to methanol

and that it’s performance is not limited by the diffusion of methanol.

Table 5.1: Methanol Transport Properties in Nafion Membranes

Temperature| Jim Nation 112 [Jrim,Nation 1135 Jtim,Nation 115 | J1im,Nafion 117 | D x 10° Jlim,anode
CC) (mA/em’) | (mA/em’) | (mA/em’) | (mA/em’) | (em’/s) |(mA/em?)
60 228 144 108 80 7.88 829
80 340 220 160 128 13.2 919
Ren, 60* 300 N/A 111 97 9.95 -
Ren 80* 353 N/A 151 134 13.8 -

5.5 Conclusions

Systematic optimization of MEA components has led to a dramatic improvement
in DMFC performance. This is illustrated in Figure 5.12, which compares the 60°C
DMFC performance achieved with our optimized MEAs to that reported in the literature.

Shown is work reported in 1999 by Smotkin et al. (4).'* Their MEA employed 50%

* Cp at 60°C was determined by linearly interpolating between the reported values at 50°C and 70°C. C,,, at
80°C was determined by linearly interpolating between the reported values at 70°C and 90°C
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higher catalyst loadings (anode = 6 mg/cm’” Pt-Ru black/ Nafion 117/ cathode = 6
mg/cm’ Pt black) yet our MEAs achieved superior performance.” Also shown is DMFC
performance data recently reported (2002) by Pintauro et al. 13 (®). Their MEASs (anode =
4 mg/cm? Pt/Ru black, 15% Nafion on ELAT backing/ Nafion 117/ cathode = 4 mg/cm®
Pt black, 10% Nafion on ELAT backing) were similar in composition to our own.
However, our MEASs also outperformed them, possibly because we used a thinner Nafion
membrane and a more hydrophilic anode backing.

Although excellent anode and cathode activity has been achieved, there is still
room for improvement. Both the anode and cathode require high loadings of precious
metals. A reduction of these loadings (without significantly decreasing performance)
would greatly reduce the cost. Carbon supported Pt/Ru anode catal};sts may eventually
become a viable option due to their higher specific activity. However, the maximum
attainable voltage is substantially lower for Pt/Ru/C "*and therefore was not studied.

The superior performance of both Nafion 115 and 1135 make either one an
excellent choice for DMFC applications. Despite the slightly lower performance of
Nafion 115 at the higher air flow, overall it is probably a better choice due to its lower
rate of methanol crossover (better fuel efficiency) and better performance at lower (and

more practical) air flow rates.

T Smotkin’s tests employed 0.5M methanol (as opposed to 1.0M MeOH employed by both Pintauro and the
author). However, Smotkin also reported performance data at 90°C using both 0.5M and 1.0M methanol
solutions, but no noticeable difference in cell performance was observed.
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Nafion membranes still have an unacceptable level of methanol crossover. If
crossover could be significantly reduced, the cathode Pt loading could in turn be greatly

reduced to level more comparable to those of Hy/air fuel cell cathodes.
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Chapter 6

Characterization of Polypyrrole/Nafion
Composite Membranes in a Direct Methanol Fuel
Cell



6.1 Introduction to Conducting Polymer/Nafion Composite Membranes

Conducting polymer/Nafion composite membranes show excellent potential for
DMEC applications. This is mainly because they are less permeable to methanol and
therefore efficiency losses from methanol crossover are significantly less. Preliminary
results from Pickup’s group have demonstrated that composite membranes prepared
using poly(1-methylpyrrole) reduce methanol crossover by as much as 50% without a
significant increase in the ionic resistance of the composite membrane."* The mechanism
by which the Nafion/poly(1-methylpyrrole) composite restricts methanol transport has
not been fully determined.

The work described in this chapter is the characterization and performance of
Polypyrrole/Nafion composite membranes in an operational DMFC. Pyrrole was chosen
(over 1-methylpyrrole) because preliminary results indicated it performed better and also
it is easier to polymerize. Methanol crossover, DMFC performance (including the
separate performance of the anode and cathode) have been evaluated and results are

compared with results obtained with unmodified Nafion membranes (from Chapter 5).

6.2 Experimental
6.2.1 Preparation of Polypyrrole/Nafion Composite Membranes

Polypyrrole/Nafion membranes were prepared by in sifu polymerization of the
pyrrole monomer in the Nafion membrane with the addition of an oxidizing agent, either
Fe*' or H,0,. Membranes were cleaned in 15 % H;0(aq), 1 M HNOj3(aq), 1 M

H,S04(aq) (1 h at 60-80 °C in each solution) and water. They were then immersed in a
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pyrrole solution (0.08 or 0.10 M for 80 or 120 min for Fe(III) as the oxidant, 0.20 M for 5
min for H,O,) and then rinsed well with water. The pyrrole within the membrane was
then polymerized by immersion in a 0.03-0.05 M Fe(NO3);(aq) solution for 80 to 120
min or in a 30% hydrogen peroxide solution for 5 min. When Fe’" was used as the
oxidant, the modified membranes were washed with 1 M or 2M HNO;(aq) until there
was no further coloration of the wash solution. All membranes were washed with 1 M
H,S0O4, methanol, and water, and stored in water prior to use.

Membranes prepared using H,O, as the oxidizing agent were synthesized by Dr.
B. Langsdorf and are therefore coded as BLXXXX (e.g. BL2_91). Membranes preparing
using Fe** as the oxidizing agent were synthesized by Jeremy Hughes and are therefore

coded as JHXXXX. Membranes were used as received unless otherwise noted.

6.2.2 MEA Preparation and Testing Procedure

MEAs were prepared by hot-pressing the membrane with an optimized DMFC
anode (Pt/Ru loading ca. 4 mg/cm?, described in Chapter 5) and cathode (Pt/Ru loading
ca. 4 mg/cm?, described in Chapter 5). They were tested in a 25cm”> DMFC at 60 °C and
various other temperatures. Polarization curves (anode and cell) were obtained at constant
current using a power supply. Voltages were allowed to stabilize for ca. one minute
before readings were taken. Methanol crossover measurements were made in the same

manner as those for Nafion membranes (see section 5.4.4).
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6.3 Composite Membranes Prepared via Fe’* Oxidative Polymerization
6.3.1 Performance of Composite Membranes Prepared via Fe** Oxidation

Membranes prepared using Fe*" as the oxidizing agent exhibit excellent blockage
of methanol crossover. A reduction of ca. 50-80% was achieved without a significant
increase in resistance (values are tabulated in Table 6.1). However, despite this reduction
in crossover these membranes generally displayed poor DMFC performance, as shown in
Figure 6.1. For example, at a current density of 100 mA/cm? only 263 mV was produced
when JHO727A is employed, compared to 408 mV when unmodified Nafion 115 was
used.

One of the major reasons for this appears to be poor anode performance, as shown
in Figure 6.1. The performance is far worse than one would expect based upon the
slightly higher resistance of the composite membrane. It is indicative of a lower active
area of the Pt/Ru catalyst. This is surprising since the same type of anode was used in all
cases.

The poor performance of these composite membranes is believed to be due to
their poor bonding to the electrodes. Delamination of electrodes occurred rather easily,
similar to that observed with Nafion 117 (discussed in chapter 5). Poor bonding plagues
many “alternative” fuel cell membranes.® The poor interfacial properties of these MEA’s
can lead to a lower catalyst utilization and increased resistance. These factors can
effectively nullify any gains that would be observed from the beneficial properties that

the alternative membrane might possess (in our case, decreased MeOH crossover). In
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fact, these factors cause most alternative membranes to perform worse than (unmodified)

Nafion membranes.

In this particular case, Fe’" is used as the oxidizing agent. Studies performed by

Sata indicate that Fe’" can promote the formation of polypyrrole at the outer surface of

the membrane.* High polypyrrole character (and less Nafion character) at the outer

surface of the membrane is believed to retard its bonding with electrodes. This poor

interface results in lower catalyst utilization at both electrodes.

Table 6.1: Methanol Crossover and Resistance Properties of Polypyrrole/Nafion

Composite Membranes (see section 5.4.4 for definitions and details of measurements).

Membrane . Jiim, 60 °C | DpCpx 10" | C¥60°C | R’
Code Comment O’“d:‘t (mA/em2) | (moVemss) | (molL) | (Qem?)
JHO724A Ppy/N115 Fe 48 0.58
Ppy/N115, 3
JHOT24A-N | (&0 dipped Fe 60 N/A
JHO727A Ppy/N115 Fe’" 60 0.49
JHO807A Ppy/N115 Fe’' 20 0.68
JHOS08A Ppy/N115 Fe'' 28 N/A
Ppy/N115 34
JHOB09A | (o7 dipped Fe 48 11.9 0.171 0.75
BL2 91 Ppy/N115 H,0, 75.5 18.8 0.270 0.41
BL2 92 Ppy/N112 H,0, 128 12.7 0.183 0.25
JH0923A Ppy/N112 Fe’" 88 0.21
Nafion 112 Unmodified None 228 27.2 0.391 0.11
Nafion 115 Unmodified None 108 27.2 0.391 0.27

" Measured by Electrochemical Impedance Spectroscopy by Dr. Brandi Langsdorf.

t Assuming that Dy, is the same as for unmodified membranes.
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6.3.2 Membrane Treatment to Enhance Electrode/Membrane Interface

Since (unmodified) Nafion membranes show excellent bonding to electrodes, we
sought to endow the surface of the composite membranes with more “Nafion character”.
Dipping the composite membrane in a 5% solution of Nafion (in water and alcohols,
Solution Technologies) for ca. 20 minutes was investigated. After dipping, the membrane
was allowed to “drip-dry” in air for 30 minutes and soaked in water for at least 24 h
before use. The outer surface of the dipped membranes appeared to have a glossy coating.
MEAs were prepared and tested at 60 °C in a DMFC.

JHO724A was one of the poorest performing membranes tested. However, after
dipping in Nafion, a significant gain in performance was observed as shown in Figure
6.2. Methanol crossover increased slightly (Table 6.1) but was still substantially lower
than that of an unmodified membrane. Also shown in Figure 6.2 is the performance of
composite membrane JHO809A following a Nafion dip treatment. This membrane
exhibits excellent DMFC performance, outperforming unmodified Nafion 115 (e.g. 427
mV vs. 408 mV at 100 mA/cm?). Methanol crossover was quite low, less than half that of
Nafion 115 (Table 6.1). Figure 6.3 compares the separate anode and cathode
performances achieved with JHO809A and Nafion 115. The anode performance of
JHO809A is lower, most likely due to the increased resistance of the membrane (see
Table 6.1). However the cathode performance achieved with JHO809A is substantially
higher, hence the overall DMFC performance is better. Unfortunately a piece of
JHO809A was not tested before the Nafion dip treatment due to the limited amount

available. Nonetheless, based upon results for other membranes prepared via the same (or
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similar) procedure and that for JH0724 A, we can infer that dipping in Nafion has greatly
enhanced its performance. After dipping, these membranes appear to bond much better
with the electrodes (no delamination). This technique has since been applied to other

“alternative” fuel cell membranes with similar results.’

6.4 Performance of Composite Membranes Prepared via H,O, Oxidative
Polymerization

Composite membranes prepared using H,O; as the oxidizing agent exhibit a good
reduction of methanol crossover. Typically a reduction of ca. 30-50% was achieved
without a large increase in resistance (values are listed in Table 6.1). These membranes
also displayed good bonding properties, better than those prepared using Fe’".
Delamination rarely occurred. We presume that this is because polypyrrole formation
most readily occurs within the pores and not on the outer surface of the membrane when
using peroxide (since acid, which is only present within the pores, is also required for
H,0, to polymerize pyrrole).’

Figure 6.4 illustrates the DMFC performance achieved using two composite
membranes prepared using H,O, as the oxidant and results for unmodified Nafion 115,
Nafion 112 and the best membrane from the Fe(III) series (i.e. Nafion dipped), for
comparison. Excellent DMFC performances were achieved with the composite
membranes. BL2_91, a modified Nafion 115 membrane, outperforms Nafion 115 at low

airflows (e.g. 432 mV vs. 408 mV at 100 mA/cm?). Also, BL2_92, a modified Nafion
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112 membrane, vastly outperforms Nafion 112 (e.g. 392 mV vs. 344 mV at 100 mA/cmz)
and performs similarly to Nafion 115 at low airflows.

The enhanced performances achieved with both BL2_91 and BL2_92 can be
explained by the higher cathode activity that is a direct result of the decrease in methanol
crossover. Figure 6.5 compares the anode and cathode performances obtained when
BL2_91 and Nafion 115 are used. Figure 6.6 compares the anode and cathode
performances obtained when BL2_92 and Nafion 112 are used. Despite the slightly lower
anode performances of the composite membranes (most likely caused by a larger 1onic
resistance), the cathode performances are significantly better than those of the
unmodified counterparts. This leads to the better overall DMFC performance.

The stability of the composite membranes, BL2_91 was thoroughly tested over
the course of two weeks at temperatures ranging between 35 and 80 °C. Peak
performance was achieved after ca. 3 days and was then maintained throughout the
course of the experiments, as shown in Figure 6.7. Methanol crossover levels also
remained steady at ca. 30% lower than Nafion 115. These results indicate that the
membrane is quite stable in the DMFC environment and showed no signs of polypyrrole

leaching or decomposition.

6.5. Discussion
It is clear that the composite membranes examined in this work effectively reduce
the amount of methanol crossover. This reduction of methanol crossover leads to

enhanced cathode activity and better overall DMFC performance. However, the addition
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of polypyrrole into Nafion does increase the ionic resistance of the membrane to some
extent. A small increase in resistance can be tolerated because the cathodic performance
gains are larger than the Ohmic losses. Nevertheless, decreasing the ionic resistance
(while maintaining the low level of methanol crossover) would lead to even further
performance gains. For example, Figure 6.8 compares the DMFC performance of
JHO809A (Nafion dipped) with that of Nafion 115. Even though the JHO809A membrane
(Nafion soaked) has ca. three times the resistance (0.75 Q cm?, compared to 0.27 Q cm®
for Nafion 115) it still outperforms Nafion 115. Also shown is a polarization curve that
corrects for the increased resistance of the composite membrane. Clearly, the
performance difference would be enormous if the resistances of both were equal. That
being said, the higher resistance is much less of an issue when low current is being
drawn. For low power applications, highly resistive composite membranes with very low
methanol crossover rates would be advantageous.

The lower rate of methanol crossover of composite membranes is due to their
decreased methanol permeability, D,,Cy,. However, it is still unclear as to exactly why
there is reduced permeability. It may be due to a reduced concentration of methanol
within the membrane (C,,), a lower methanol diffusion coefficient (Dy,), or a combined
reduction of both. Both Skou et al. and Ren et al., have reported that the concentration of
methanol within Nafion pores is the same as that of the bulk solution.®’ Hence Cnisa

function of the membrane porosity, €, and can be expressed as:
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Cn = E Cruix Eq.6.1

Assuming that Dy, and the concentration of methanol within the pores of the
composite membranes are the same as for Nafion membranes, the decreased permeability
could be attributed to a reduction in the membrane’s porosity. Using the values for Cy,
from Table 6.1, we can calculate € for composite membranes when a 1 mol/L MeOH
solution was employed. As can be seen from the values in Table 6.2, the composite
membranes are significantly less porous. Not surprisingly, the decrease in methanol
permeability is proportional to the decrease in porosity (substituting Eq. 6.1 into Eq. 5.1
can mathematically show this relationship).

Polypyrrole can decrease the pore volume of Nafion in two obvious ways. First,
the volume physically occupied by polypyrrole will reduce the pore volume (assuming
that the membrane does not swell to acé:ommodate the polypyrrole). Also, electrostatic
interactions between the negatively charged sulfonate groups on the Nafion side chains
and the positively charged doped form of polypyrrole can further decrease the pore

volume. This interaction is shown in Figure 6.9.
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® — Sulfonate group

Figure 6.9: Electrostatic Interaction of Polypyrrole and
Nafion side chains.

The decreased porosity of the composite membranes also has an effect on the
hydration state of the membrane. Water (or solvent) uptake, A, is defined as the molar
ratio of water (or solvent) molecules in the membrane to sulfonate groups. For an

aqueous methanol solution, Aol (A total = Mizo + Ameon) can be calculated using Equation

6.2:%

A{ 8 pso In EWmembmne
total =

- Eq.62
(1= &) Pay 18- Xm0+ 32(1- xis0)

where pgorn 15 the density of the solution, pary is the density of the dry membrane
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(2.075g/cm’ for the protonated form of Nafion'?), EW membranc is the equivalent weight of
the membrane and Xm0 is the mole fraction of water in the solution. Values of A

calculated for Nafion and several composite membranes are listed in Table 6.2.

Table 6.2: Water and Methanol Uptake Properties of Polypyrrole/Nafion Composite

Membranes
Membrane Comment Oxidant Con € A
(mol/L)
JHO809A Ppy/N115, Nafion dipped Fe’" 0.1714 0.1714 6.12
BL2_91 Ppy/N115 H,0, 0.2697 0.2697 10.9
BL2_92 Ppy/N112 H,0, 0.1829 0.1829 6.62
Nafion Unmodified Nafion None 0.3905 0.3905 19.0

These calculations infer that the composite membranes do not take up as much
water (and methanol) as unmodified Nafion membranes and this is supported by water
uptake measurements performed by Dr. B. Langsdorf. It was found that when placed in a
controlled humidity environment, composite membranes absorbed ca. 40% less water per
sulfonate than unmodified membranes. These results are consistent with the slightly
higher resistances of the composite membranes since conductivity is a function of water
content.'""'? A longer “break-in period” observed for MEAs made with composite
membranes supports this theory. MEAs made with composite membranes typically reach
peak DMFC performance after about 3 days (compared to less than 1 day for Nafion).
The longer time may be required in order to achieve full hydration of the MEA (catalyst

. activation would be expected to require the same amount of time for both membranes).
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The lower water uptake by composite membranes may also explain their tolerance
of lower air flow rates. Figure 6.10 illustrates the DMFC performance when the air flow
rate was decreased from 4.9x stoichiometry to 1.7x stoichiometry. There was only a small
loss of performance when composite membranes were employed. However, a significant
performance drop occurs when Nafion 115 is used. This can most likely be attributed to
decreased water flux across the composite membrane" due to the decrease in A. Given
the fact that the anode feed is an aqueous solution, there is quite a large flux of water
across the membrane. This can induce flooding problems at the cathode,'* thus requiring
high air flow rates. The reduced water flux across the composite membranes allows for
the use of lower airflow rates, which would be quite beneficial from a system design
standpoint, since a less powerful pump could be used thereby increasing the system’s
overall efficiency (i.e. less parasitic power).

The method by which the membrane is modified clearly has a significant effect on
the properties of the resulting composite membrane. Membranes prepared using Fe** as
the oxidizing agent appear to block more methanol than those made with H,O,. However,
Fe*" may promote pyrrole polymerization on or near the outer surface of the membrane,
and this can lead to poor interfacial properties. Also, ionic resistances tend to be higher
when Fe*' is used. H,0; has emerged as the better method to synthesize composite
membranes since they have reasonably low methanol crossover rates and better
interfacial properties.

We speculate that an ideal composite membrane should consist of a high-density

polypyrrole region centered within the membrane, and that the polypyrrole density should
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decrease to zero near the surface. The Nafion character at the surface can promote a good
interface with the electrodes and the central polypyrrole would block methanol.

There are still many other composite membrane systems that can be explored.
Different monomers, such as a variety of pyrrole, thiophene and aniline derivatives could
be used. Also, this methodology could be applied to other PEMFC membranes.
Exploration of the numerous combinations may result in a better understanding of the

system and will likely yield even better performing membranes.

6.6. Conclusion

Polypyrrole/Nafion composite membranes have been shown to be superior to
Nafion in a DMFC. The improved DMFC performance results from increased cathode
activity, which is due to less methanol crossover and a lower water flux across the
membrane. Lifetime tests have shown that the composite membranes are sufficiently
stable. Because of these results, it is projected that they will be used in commercial cells

in the near future.
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Chapter 7 :

Electrochemical Impedance Spectroscopy Studies
of Fuel Cell Electrodes



7.1. Introduction to Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a very powerful technique,
offering a vast amount of data in a period of short time, from a very simple experimental
setup. Although the technique draws from basic electronics,’ a full discussion of the
theory involved is beyond the scope of this thesis. A rudimentary discussion of the
method follows. Generally, EIS is used to characterize electrochemical systems in terms
of equivalent circuits where each elementary process is described in terms of circuit
elements such as resistors and capacitors. Impedance experiments involve perturbation of
the cell by a potential having a small amplitude (ca. 5 mV) AC component at a fixed DC
bias potential. The frequency of this component is typically scanned from high to low
frequency, eliciting responses corresponding to the various processes occurring in the
cell.

For resistors, Ohm’s law describes the relationship between the applied potential

(E), the current (I) and resistance (R):

E= IR Eq.71

Circuit elements like capacitors and inductors can impede electron flow under

alternating current. The impedance (Z) of these systems is described by:

E=1Z Eq.72
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For such systems, the current and potential sinusoidal functions are out of phase
by 0 (rad), referred to as the phase angle. The AC waveform is conveniently
characterized by vector analysis, and is often reported in coordinate terms of real (Z’) and
imaginary (Z”) impedance. Thus,

! *Jn
(E%JE")

' i7" Eq.73
JE iy 9

Where j = (-1)"

Nyquist (or complex plane impedance) plots are the most common representation
of EIS data. Nyquist plots for various circuit elements are shown in Figure 7.1. The X-
axis corresponds to real impedance (Z’) and the Y-axis corresponds to imaginary
impedance (Z”), with a high-to-low frequency scan corresponding to left-to-right along
the X-axis. Real impedance derives from the resistance component of the impedance
measurements, while imaginary impedance is calculated from the capacitance
(Z” = -1/0C). Figure 7.1 (a) shows the Nyquist plot obtained for a resistor (R;) and
capacitor (C;) connected in series, which results in a vertical line with a high frequency
intercept of R;. The circuit elements can be connected together in different manners and
will then yield different plots. For example, Figure 7.1 (b) shows the Nyquist plot
obtained for a resistor (R;) connected in series to parallel-connected resistor (R;) and
capacitor (C;). This results in a semi-circle centered on the real axis with a high

frequency intercept of R; and a low frequency intercept of R; + Ry.
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Figure 7.1: The Nyquist impedance responses of different
circuit element combinations.
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As circuits become more complex, so does their EIS spectra. Many equivalent
circuits can often fit experimental data. However, a good equivalent circuit model must
contain reasonable representations of real electrochemical processes in order to provide

meaningful information.

7.2 Modeling a Fuel Cell Electrode

EIS has been applied to proton exchange membrane fuel cell (PEMFC) in a
number of recent studies.>>* The cathode impedance typically dominates the PEMFC
impedance when pure hydrogen is used at the anode. Previous work in our lab has shown
that the impedance of fuel cell electrodes closely corresponds to that of porous electrodes,
which can be modeled by a finite transmission-line equivalent circuit, shown in Figure

7273

CFP catalyst layer = membrane

R electronic

SONNN\N

@

R membrane

AN

R ionic

Figure 7.2: Finite transmission line equivalent circuit describing the
impedance behavior of a PEMFC electrode.
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The circuit consists of two parallel resistive rails, one for electron transport
through conducting carbon particles (Rejectronic), the other for ion transport in the catalyst
layer (Rionic). The rails are connected by capacitors representing the differential
capacitance of the electrolyte-catalyst (Pt and C). We assume that this capacitance is
uniformly distributed throughout the catalyst layer. Since carbon particles are excellent
electronic conductors, we will also assume that Rejectronic 18 negligible compared to Rignic,
and therefore should have a negligible effect on the impedance of the electrode. This has
been confirmed by 4-point probe conductivity measurements.® We can also omit the
membrane resistance (Ryembrane) Since it would only shift the plot along the real axis.

Based upon these assumptions, we can now simulate the Nyquist impedance
response of a PEMFC electrode,’ as shown in Figure 7.3. Curve A simulates the
response achieved when the ionic resistance is uniformly distributed across the catalyst
layer. At high frequencies, a Warburg-like response (45° slope) is observed. This
corresponds to ion migration through the catalyst layer. At low frequencies, the plot
curves upward towards a limiting capacitance response, corresponding to the electrode’s
total capacitance and resistance. Rionic can be obtained from the real component of the
length of the Warburg-like region (= Rignic/3).’

However, it is very unlikely that the ionic conductivity in a PEMFC electrode is
distributed evenly across the catalyst layer. Instead, ionic conductivity should be highest
near the electrode-membrane interface, and decrease deeper into the layer. This type of

behavior can also be simulated. Curve B in Figure 7.3 shows the simulated response
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Figure 7.3: Nyquist impedance plots for different ionic resistance
profiles, simulated on the basis of the transmission-line equivalent
circuit (Figure 7.2) for 1000 resistor-capacitor combinations (with
Rejectronic = 0 and R e mrane = 0) With a total capacitance of 1 F and a tota.

resistance of 0.5Q.
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when the ionic resistance linearly increases. Responses can be simulated for any ionic
conductivity distribution profile.

Although Nyquist type plots are the most common, we find it more informative to
convert them into “capacitance plots”, shown in Figure 7.4. This type of plot can better
show how conductivity (resistivity) varies across the catalyst layer. This is because the
capacitance axis can also be considered to be a distance axis since the capacitance is
uniformly distributed across the layer. In practice, the capacitance measured by EIS will
include both double layer capacitance and Faradaic pseudo-capacitance terms for both the
Pt and carbon surfaces. However, we can assume that their relative contributions do not
vary greatly between electrodes and that total capacitance is a relative measurement of
electrochemically active area. This assumption is supported by cyclic voltammetry
studies.®

The main objectives of the work described in this chapter are to establish a
relationship between the limiting capacitance and active area, validate measurements taken
on fuel cell electrodes and obtain preliminary data on their ionic conductivities.

In one case we studied the impedance behavior of catalyst layers immobilized
onto glassy carbon electrodes. The impedance response was studied as a function of
catalyst layer thickness and DC potential. In another case, we studied the impedance
response of gas diffusion electrodes containing Os(bpy)s*" electroactive probes

(described in chapter 3).
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Figure 7.4: Capacitance plots for different ionic resistance profiles,
simulated on the basis of the transmission-line equivalent circuit (Figure

7.2) for 1000 resistor-capacitor combinations (with
Rejectronic = 0 and R cnprane = 0) With a total capacitance of 1 F and a total

resistance of 0.5€2.
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7.3 Catalyst Layers Immobilized onto Glassy Carbon Electrodes

The aim of this work was to study the impedance behavior of fuel cell catalyst
layers under carefully controlled conditions. Thus, the catalyst layers have been
immobilized onto glassy carbon electrodes following a procedure developed by

Gojkovic’s group.’

7.3.1 Experimental

20% Pt/Vulcan XC72 carbon black (11.1 mg, Etek) and 5% Nafion solution (500
UL or 420 mg, Solution Technology) were mixed thoroughly with a magnetic stirrer and
sonicated to ensure a homogeneous mixture. Volumes of this catalyst ink (1-6 puL) were
applied via a syringe onto a 0.071cm? glass carbon electrode and allowed to dry before
use. Such a large percentage of Nafion was chosen to ensure good proton conductivity
and to avoid the use of other solvents in the ink preparation.

Electrochemical experiments were performed in a typical three-compartment cell
using 0.5M H,SO4 (aq) electrolyte, a Ag/AgCl reference electrode and a Pt counter

electrode. EIS spectra were obtained at 0.2V vs. SSCE unless otherwise specified

7.3.2 Results and Discussion
7.3.2.1 Cyclic Voltammetry Experiments
Cyclic voltammetry (CV) is the most common technique to characterize active

areas of Pt catalyst. CVs were obtained for electrodes with various amounts of catalyst

ink applied. Figure 7.5 shows the CVs obtained with 1-3 uL of ink, while Figure 7.6
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Figure 7.5: CVs (100 mV/s) obtained in 0.5 M H,SO, (aq) with
1- 3 pL of catalyst ink applied.
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shows the CVs obtained with 4-6 uL of ink. Good definition of the hydrogen
adsorption/desorption peaks was obtained when a small amount of ink (1-3 uL) was used,
which allowed for easy integration of the area under those peaks. However, these peaks
became less defined as more ink is added, so much so that accurate integration was not
possible when 5 and 6 UL of ink was used. The lack of definition of these peaks may be
due to increased resistance in the catalyst layer when larger volumes are used (discussed
in more detail in the next section). Nonetheless, for 1-4 uL ink , the areas under

those peaks do scale linearly with ink volume, as shown in Figure 7.7.

Pt utilization was calculated as the ratio of the area of electroactive Pt, estimated
from the charge under the H-adsorption waves (0.21 mC/cm?), to the total area of Pt
estimated from the mean particle size (radius r) on the assumption that the particles are
spheres with surface area 47, Pt utilization was estimated to be ca. 142% for 1-4 uL of
ink applied. This method clearly overestimates the active area, which has been previously

observed for this catalyst in similar experiments.

7.3.2.2 EIS Experiments

Figure 7.8 shows the Nyquist plots obtained with various amounts of catalyst ink
applied onto the electrode. From these we can see that the ionic resistance increases with
the volume of ink applied (an enlarged view of this region is shown in Figure 7.9).
However, there appears to be a larger increase in resistance for electrodes containing 4-6
uL of catalyst ink. This may be in part to due to the thickness of the layer. Also, catalyst

particles are more likely to “settle out” when applying large volumes. This would lead to
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a less homogenous and more resistive catalyst layer. This may be a result of the large
percentage of Nafion (65%) in the catalyst layer. The increased resistance may also
explain the CV results from the previous section.

This increase in ionic resistance can be better visualized through capacitance
plots. Figure 7.10 shows capacitance plots obtained for 1-3 pL of catalyst ink applied,
Figure 7.11 shows plots obtained for 4-6 uL.. We can see that for 1-3 pL of ink, the initial
slope (up to half the total capacitance) of each plot is very similar; indicating that the
conductivity of each is similar. However, plots obtained for 4-6 puL (Figure 7.11) show
much more resistance. This 1s perhaps better seen in Figure 7.12 where the capacitances
have been normalized by dividing them by the volume of ink applied. The increasing
resistance is clearly visible.

We can also see from the normalized capacitance plots that the limiting
capacitance does scale well with the volume of catalyst ink. Figure 7.13 plots the average
limiting capacitance as a function of the volume of catalyst ink. From this, we calculate
a capacitance of 0.037 mF/pug of catalyst. This is a useful parameter that can be applied
to fuel cell electrodes to determine utilization (see section 7.4). The linearity of this plot
indicates that even though thicker electrodes should have higher resistances, the active
area per gram of catalyst of each electrode is approximately the same. This would not
necessarily be the case in an operating fuel cell electrode, since a fuel cell electrode
would not be as well hj/drated as one exposed to sulfuric acid solution, nor would it

contain such a large percentage of Nafion.
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Comparison of these results with tRose obtained with gas diffusion electrodes is
desired to validate the application of EIS to fuel cell electrodes. To do this, a lem?” gas
diffusion electrode, containing 0.85 mg/cm? of ETEK 20% Pt/C, and 1.1 mg/cm®* (57%)
of Nafion (prepared in a manner similar to that described in Chapters 3 and 4) was
tested in the same electrolyte. This loading corresponds to the equivalent of ca. 2.2 pL of
catalyst ink applied onto a 0.071cm? electrode. Figure 7.14 compares the capacitance plot
obtained with the 1 cm? gas diffusion electrode (scaled down to 0.071em?) to that
obtained with 2 ul of catalyst ink on the 0.071cm® electrode. The results are very similar.
The slight differences can be attributed to the differences in the Nafion content (65% vs.
57%) and the approximate nature of the calculation. Nevertheless, this shows that
impedance measurements taken on gas diffusion electrodes correlate well with data
obtained by the more controlled Nafion/catalyst ink on glassy carbon method.

The DC bias potential at which the EIS is acquired can have a significant effect
upon the data collected. If the DC bias potential is set at a potential where Faradaic
processes occur, then an increase in capacitance will be observed. We have therefore
studied the effect of DC bias potential on the EIS response of electrodes prepared from
the Pt/C/Nafion ink described above.

Figure 7.15 shows a plot of limiting capacitance vs. DC bias potential. There is a
large increase in capacitance between —0.2 V and 0.0 V that can be attributed to the
hydrogen édsorption/desorption process on Pt. There are also smaller peaks at higher
potentials, which are enlarged in Figure 7.16. The peak at ca. 0.3V can be attributed to

the presence of the electrochemistry of quinone groups present on the carbon surface. The
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Figure 7.14: Comparison of capacitance plots obtained with a 0.071
cm’ glassy carbon electrode prepared with 2 uL of catalyst ink

applied, to that obtained with a 1 cm’ gas diffusion electrode
equivalent to ca. 2.2 UL of catalyst ink.
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Figure 7.15: Limiting capacitance as a function of DC Potential. Data
obtained using 1 puL of catalyst ink.
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Figure 7.16: Limiting capacitance as a function of DC Potential.
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adsorption/desorption region. Data obtained using 1 pL of catalyst
ink.
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peak between 0.6 V and 0.9 V can be attributed to the electrochemistry associated with
oxide formation/stripping on the Pt surface.

These plots indicate that EIS data should not be acquired at potentials below 0.1
V (vs. SSCE). While there are some Faradaic processes present above 0.1 V, the
magnitude is much lower than that for hydrogen adsorption/desorption and should

therefore have a smaller effect on the data collected.

7.4 Electrodes Containing Os(bpy)32+ Electroactive Probes

One of the advantages of using an electroactive probe is that it can serve as a
reference point for impedance studies (i.e. data can be obtained at its redox potential).
Hence, we have studied the EIS behavior of electrodes containing Os(bpy)s*"
electroactive probes.

Electrodes containing Os(bpy)s*" were prepared and tested (CV, fuel cell
polarizations) as described in Chapter 3. Impedance measurements were performed in
both the half-cell (0.5M H;SO4 (aq)) and in a fuel cell MEA, both on (0.85V vs. NHE,
0.6V vs. SSCE) and off (0.65V vs. NHE, 0.4V vs. SSCE) the Os(II/III) redox wave.

Figure 7.17 shows Nyquist plots obtained on the Os redox wave both in a half-cell
and in a full cell. Capacitance plots are shown in Figure 7.18. The ‘most obvious aspect of
the capacitance plots is the higher limiting capacitance obtained in the half-cell. This
indicates that a significantly smaller quantity of the Os complex is electroactive in the full
cell. Based on the values of the limiting capacitance, only ca. 65% of the Os that is

electroactive in the half-cell is electroactive in the fuel cell. This value is slightly higher
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Figure 7.17: Comparison of Nyquist plots obtained on the Os redox

wave both in a fuel cell and in a half-cell.
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Figure 7.18: Comparison of capacitance plots obtained on the Os
redox wave, in a fuel cell and in a half-cell.
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than that obtained by cyclic voltammetry (ca. 55%, section 3.3.1). This discrepancy is
most likely due to slight variation is catalyst loading between electrodes and/or variation
of the hydration state within the catalyst layers.

A steeper initial slope of the capacitance plot is also observed in the half-cell.
This clearly indicates that there is better ionic conductivity in the half-cell compared to
the full cell. This confirms our inferences from the CV experiments in chapter 3.

One key issue we wanted to explore was if the acquisition of EIS spectra at the Os
redox potential would affect the conductivity profile of the catalyst layer. To study this,
full cell impedance spectra were taken both on and off the Os redox wave. Data was then
simulated (from a conductivity profile) to fit these experimental results. Simulations were
performed in a Microsoft Excel spreadsheet designed by Dr. Pickup.'!

Figure 7.19 and 7.20 shows the experimental and simulated data, as Nyquist and
capacitance plots respectively. Good fits were obtained, especially at high frequencies.
There is a much larger limiting capacitance when spectra are obtained on the Os redox
wave, which is due to the electrochemistry of the Osmium complex. Based upon the
value of 0.037 mF/ug determined in the previous section, we would expect a limiting
capacitance value of ca. 30 mF off the Os wave (if 100% of the layer is electroactive).
However, a limiting capacitance of ca. 21 mF is observed off the Os wave, indicating that
only ca. 70% of the layer is electroactive.

The conductivity profiles that simulated these fits are shown in Figure 7.21. The
distance into the layer is based upon an estimate of 55% of a 30 um layer being

electroactive (from CV experiments in chapter 3). From this we see that the simulated
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Figure 7.19: Comparison of simulated and experimental Nyquist
plots obtained on and off the Os redox wave.
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Figure 7.20: Comparison of simulated and experimental capacitance
plots obtained on and off the Os redox wave.
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Figure 7.21: Conductivity profiles simulated from EIS obtained on

and off the Os redox wave.
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profiles are almost identical except for the first ca. 6 um into the layer. The profile
simulated on the Os wave deviates from linearity for the first 6 pm into the layer. This
deviation is most likely an artifact caused by slow diffusion of the Os complex within the
layer. It is well known that the diffusion of M(bpyy"" (M= Os, Ru, etc.) through Nafion is
a relatively slow process compared to other cations.'” Artifacts from this slow diffusion
are most likely to be observed at high frequencies in EIS experiments (but not at low
frequencies). This translates into effects seen in the profile at short distances into the
catalyst layer, which is what was observed. This highlights the advantage of using an
electroactive probe that is tethered directly to the catalyst surface (i.e. shorter distances to
diffuse). Nonetheless, we can conclude that the conductivity profiles obtained both on
and off the Os redox wave are essentially similar, and this supports the hypothesis that
the non-ideal behavior of fuel cell electrodes is due to variations of conductivity across

the layer, rather than variations in capacitance.

7.5 Conclusion

EIS is a powerful tool to study PEMFC catalyst layers. Active area and ionic
conductivity within the catalyst layer has been studied as a function of catalyst layer
thickness using EIS. We have shown that there is a relationship between the limiting
capacitance and the mass of catalyst. Results obtained on more-controlled smaller scéle
electrodes correlate well with results obtained for larger gas diffusion electrodes. The
smaller scale method is therefore suitable for screening different catalyst layer

compositions before larger scale tests are performed.
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EIS can be used in conjunction with electroactive probes to study ion conductivity
and active area in fuel cell electrodes. It can also be used to study slow diffusion
processes within the catalyst layer.

Together, these results provide strong evidence that the non-ideal impedance
behavior of fuel cell electrodes is due to variation of their ionic conductivity with

distance from the membrane.
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Chapter 8

Summary and Future Work



In this thesis, the chemical modification of fuel cell electrodes and membranes
has been a common theme. This has been shown to be an effective method to study
processes that occur in a fuel cell (i.e. ion transport) and also to improve fuel cell
performance. The method of electroactive probes has the potential to improve the
diagnostic value of data obtained by techniques such as cyclic voltammetry and
Electrochemical Impedance Spectroscopy (EIS). We have shown that the quantity of the
probe present can be accurately controlled, and that the percentage that is
electrochemically active can be determined. Two examples of chemically modified gas
diffusion electrodes were studied to demonstrate the value of electrode functionalization
methods in the study of fuel cells. In one example, Os(bpy)s** was added to the ionomer
binder in the active layer of the electrode to measure the fraction of this ionomer that
participates in ion transport within the layer. A lower fraction of the Os complex was
electrochemically active in the cathode of an operating fuel cell, compared to a similar
electrode that was in contact with an aqueous sulfuric acid solution. The difference is
attributed to poor hydration of the fuel cell electrode. In a second example, a Ru complex
was covalently attached to a carbon black fuel cell catalyst support, allowing for the
determination of the fraction of the carbon surface that is in both electronic and ionic
contact with the current collector and membrane, respectively.

Future work in the area of electroactive probes should involve the synthesis of
acid stable surface bound probes. The use of a silane containing a bi-dentate ligand that

directly binds to an electroactive metal center could solve the problem of acid hydrolysis.
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Preliminary work has already been started towards the synthestis of a silane containing a
1,10- phenanthroline ligand.

The novel method of treating the catalyst with a sulfonated silane has been shown
to be an effective method to increase proton conductivity within the cathode catalyst
layers. A 66% reduction of the Nafion content within the catalyst layer was achieved
without a significant loss in performance. This was explained by the fact that both of
these electrodes contained the optimal total sulfonate loading. This is significant in that it
shows that performance is most strongly influenced by the proton conductivity of the
electrode, regardless of the origin of the proton conductor. Thus, many other (i.e. less
expensive) Nafion alternatives could be used.

Future research in this area shoﬁld involve the further characterization of these
catalysts with EIS, which should clearly illustrate that catalyst layers made with the
treated and pretreated catalysts posses increase proton conductivity. Optimization of the
silane monomer structure (e.g. tether length) and the treatment of other carbon blacks
could also be explored.

Significant improvement in direct methanol fuel cell (DMFC) performance has
been achieved from a systematic optimization of the membrane-electrode assembly
(MEA). Each component of the anode and cathode has been optimized to yield maximum
performance. The effect of Nafion membrane thickness was also explored. Methanol
crossover was found to be inversely proportional to membrane thickness, as was anode

performance. Nafion 115 and 1135 membranes gave the best DMFC performance. This
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was attributed to their balance of good anode performance and intermediate methanol
Crossover rates.

The reduction of methanol crossover is of paramount importance if DMFCs are to
become a viable technology. Polypyrrole/Nafion composite membranes have been shown
to decrease the rate of methanol crossover. Composite membranes prepared using Fe’* as
the oxidizing agent were shown to be significantly less permeable to methanol (ca. 50-
80%) than Nafion membranes. However, poor DMFC and anode performance were
achieved with these membranes, primary due to poor electrode-interfacial properties. A
method to enhance the membrane-electrode interface has been developed, which has
resulted in significant performance gains. Composite membranes prepared using H,O, as
the oxidizing agent exhibit 30-50% less methanol crossover (than Nafion) and have better
electrode-interfacial properties than composite membranes prepared using Fe®*.

Composite membranes prepared via both methods have been shown to outperform
Nafion membranes in a DMFC. This is primarily because of increased cathode activity,
resulting from less methanol crossover and a lower water flux across the membrane.

Future studies of these composite systems could involve the use of other
conducting polymer. Optimization of the modification technique, specifically to
concentrate the polypyrrole in the center of the membrane, could lead to improved
results. Also, polypyrrole/Nafion 1135 composite membranes have yet to be studied.
Composite membranes based upon other proton exchange membranes (Aciplex, Gore,

etc.) could also prove interesting.
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EIS is a powerful tool to study fuel cell catalyst layers. We have established a
relationship between an electrode's limiting capacitance and its active area. Results
obtained with catalyst layers immobilized on glassy carbon electrodes correlated well
with results obtained with gas diffusion electrodes. The catalyst layers immobilized on
glassy carbon method is therefore suitable for screening different catalyst layer
compositions before larger scale tests are performed. EIS studies on electrodes containing
the Os(bpy)s”" probes (described above) have also been used to study ion conductivity
and active area in fuel cell electrodes. Together, these results provide strong evidence that
the non-1deal impedance behavior of fuel cell electrodes is due to variation of their ionic
conductivity with distance from the membrane. Future application of the model to

different catalyst systems would further enhance its validity.
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