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ABSTRACT

Fuel Cells offer the energy conservation and environmental solutions in electric power
generation. The utilization of Proton Exchange Membrane Fuel Cells (PEMFC) as power
sources for automobiles is expected to introduce the widespread “commercialization™ of fuel
cells into the retail market. The introduction of fuel cells on a commercial level will amplify the
existing environmental problems associated with platinum and Platinum Group Elements (PGE).
Platinum serves as the Electrocatalyst in PEMFC. Platinum is the Electrocatalyst for the anodic

reaction. of electro-oxidation of hydrogen and the cathodic reduction in PEMFC.

[raditional PEMFC construction and assembly results in a “start-up” condition, which causes
platinum losses from the membrane and electrode assembly surface. The amount of platinum
loss has been considered to be negligible during the lifetime of the fuel cell. This research
investigates the validity of the “start-up™ condition and provides experimental results supporting
the performance criteria of the fuel cell. These investigations suggest that the “start-up”
conditions are a result of fabrication methodology and that the performance of the fuel cell is not
affected by the small amounts of the platinum electrocatalyst lost. There will, however be an

economic advantage by recovery of the electrocatalyst lost during the short release time.

The economic advantages are associated with potential environmental hazard rather than
monetary advantages. The environmental impact of anthropogenic platinum release is currently
being reviewed in both Europe and the United States. The ecological and human impacts of

platinum distribution are, to a great extent, still unknown.
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1.0 INTRODUCTION

The next decade will herald the introduction of the fuel cell vehicles into the commercial market.
Automakers including, Dialmer Benz, General Motors. Honda, and Toyota have demonstrated
fuel cell and hybrid vehicles in an attempt to usher the next generation of vehicles onto the road.
Environmental impacts, due to automobile catalytic converter metals present in road sediment.
will escalate with the adoption of a hydrogen economy based on fuel cells. Platinum Group
Elements (PGE) such as platinum, palladium, and ruthenium are the primary electrocatalyst in
low temperature Proton Exchange Membrane Fuel Cells (PEMFC). PEMFC are the best of the
fuel cell candidates for electric vehicles. because of their high efficiency, power density, and

release of only innocuous product water and waste heat.

Ihe primary issue that will be faced by the automotive industry is one of simple environmental
impact and economic gain. The environmental impacts of PGE on humans are expected to be
carcinogenicity and sensitization. The toxicological impacts to the ecosystem have not been
experimentally validated and are unknown. PEMFC are at a risk of inady ertently exacerbating

the anthropogenic release of platinum.

L1 Problem Statement

Platinum, palladium, and ruthenium are the primary electrocatalyst in low temperature fuel cells
and automotive catalytic converters. PGE are currently present as biogeochemical contaminants
as a direct result of the modern automobile 3-way catalytic converter. Anthropogenic emissions

of PGE are currently being studied in Europe, and the United States, as a result of the dramatic

Increase in quantitative environmental impacts. The commercial introduction of PEMFC into the




next generation of vehicles may result in a similar pattern of anthropogenic emissions being

introduced into the environment due to electrocatalyst losses from these power sources.

PEMFC performance degradation is associated with electrocatalyst poisoning and polymer
membrane degradation. It is theorized that PEMFC exhibit a “start-up trait”, which is
tesponsible for performance improvements in the fuel cell and small amounts of electrocatalyst
loss. The “start-up” of a PEMFC is best defined as the removal of particulate matter from the
electrode surface. The performance of a PEMFC generally increases after approximately 24
hours of operation. This research is intended to make a quantifiable determination of the

PEMFC electrocatalyst losses and analysis of performance criteria.

1.2 Background

Similar to a battery, fuel cells involve electrochemical reactions to produce electricity. Fuel
cells are best described as electrochemical engines, with no moving parts, which will operate as
long as there is a continuous feed of fuel (hydrogen, hydrocarbon, or alcohol and oxidant). In
comparison to a combustion engine, the fuel cell is quiet, more efficient, has no side reactions
(i.e. emissions). and no vibrations. In a PEMFC, a proton conductive polymer membrane serves
as the electrolyte where hydrogen combines with oxygen, generally from the air. to form a water
molecule. Economic obstacles and a societal apprehension surrounding historical hydrogen

usage. the Hindenburg is an example of this apprehension, are the basis of the technology

transfer reluctance.




I'he cost of the fuel cell has been reduced through the development of a supported electrocatalyst

in the PEMFC electrodes and an increased level of cell performance [1-3]. The cost. weight, and
volume of the PEMFC will have to undergo further reduction in order for these power plants to

compete with traditional combustion engines.

Dramatic improvements in power and weight have been made with the increased level of
research and development activity through the 1980’s and 1990°s. The higher power density is a
result of new membrane technology and ultra low platinum loadings [4]. The PEMFC has a
technological advantage over competing fuel cell systems, due primarily to the ability to produce

a high power density at relatively low temperature range (50-80°C).

1.2.1 History of the Fuel Cell

In 1839, Sir Walter Grove invented the fuel cell. At that time water electrolysis was a well-
known process, and it occurred to Grove, that if electricity could force water to separate into
hydrogen and oxygen, H, and O, fed individually into the two electrodes may lead to the
recombination of the gases into water and also produce electricity [6]. Grove's water electrolysis
cell contained (i) dilute sulfuric acid as the electrolyte (ii) two platinum strips in inverted closed
tubes, and hydrogen and oxygen were formed by electrolysis of water. Initially about 5 of the
Grove cells were connected in series and the hydrogen and oxygen gases evolved from these
cells were then fed into the fuel cell. Grove noted the electrical power generation and formation
of product water. Grove reported his work and produced a bank of 50 cells and invented the

Grove Cell Stack. 1889 saw the address of Mond., and Langer reporting an extension of Grove’s

developmental work (air, not O,; coal gas, not Hj).




In 1894 a renowned German physical chemist, Wihelm Ostwald. gave an address that stressed

the thermodynamic advantages of direct electrochemical energy conversion from chemical to
electrical energy and possible environmental advantages, as compared with the standard method
of using a steam engine and dynamo. He envisioned two pathways for the future development of
technology. On the one hand, combustion engines would work inefficiently, burdened by Carnot
efficiency limitations on the conversion from heat to mechanical energy, and causing the
pollution to rise to an unacceptable level. On the other hand. fuel cells would work efficiently,

silently, and without pollution. “No Smoke. No soot. No fire” [7].

A more remarkable early fuel cell contribution was due to Jacques, who engineered a massive
brick structure inside which there operated a cell containing an anode of carbon. while the
cathode operated on air. Jacques cell functioned in molten NaOH at ~ 1V and ~100mA cm™ for
over six months [6]. The largest fuel cell built by Jacques in the 19" century was a 1.5 kW

system. It had a 100 cells connected externally in series [8].

The “Modern Era of Fuel Cells” is generally attributed to Sir Francis T. Bacon. 1932 saw Bacon
conducting fuel cell experiments as a hidden project while he worked at Parson, a well known
British turbine manufacture, using high temperatures (~200°C) and high pressures (~40 atm) to
reduce the polarization. The most important contribution that Bacon made was the introduction
of electrodes having two layers of different pore size. The small-pore layer was in contact with

the electrolyte and introduced this by capillary action to the boundary layer with the large-pored

layer, filled with H, or O,. Bacon was able to demonstrate a 5 kW system, which could power a




2-ton forklift. The Pratt and Whitney Aircraft bought the license to Bacon’s U.S. Patents and led

to the first application of alkaline fuel cells in the Apollo Space Missions.

Nernst and his student, Schottky, constructed a pseudo-fuel cell using a thin rod or tube of a high
temperature (i.e. glower or lamp) of ion conducting material (ZrO, + 15%Y,03). An electrolyte
with practically the same composition is used in the state of the art solid oxide fuel cell (SOFC).
Nernst also had the first ideas of redox fuel cells and for this purpose, he proposed multivalent
ions of titanium, thallium, or cerium, which can be reduced or oxidized by hydrogen or oxygen

[7]-

1.2.2  Applications

The Gemini Space Program was the first critical application of fuel cells. Since then, every
space vehicle has had a fuel cell on board as an auxiliary power source. The General Electric
Company developed a solid polymer electrolyte fuel cell (PEMFC) for the Gemini Space
Missions™ from 1962 to 1966. The electrolyte was a thin membrane of polystyrene sulfonic acid.
[he use of a thin membrane led to the Membrane and Electrode Assembly (MEA), which is the
basis for a fuel cell stack. The stack is essentially several MEA's connected in series with a
bipolar plate. The General Electric stacks had problems associated with the membrane material:
the polystyrene sulfonic acid became non-conductive after approximately 2 weeks of operation.
Extremely high electrocatalyst loadings, 2-4 mg of platinum per square centimeter, were utilized
in these cells. The membrane material was replaced, in the 1970s, by a perfluorinated sulfonic

acid polymer (Nafion™ from Dupont Chemical Company). The electron withdrawing nature of

the CF; in the polymer and replacement of the C-H bonds by C-F bonds significantly enhanced




the proton conductivity and the stability of the membrane. 'he Apollo Space Program

continued the use of fuel cells and the Space Shuttle has three 96 cell fuel cell stacks on board as
its power source. The National Aeronautics Space Administration (NASA) has funded the
advent of fuel cells for closed systems, where the water is recycled and electrolyzed for fuel.
[he fuel cell is a key participant in any type of system where a high power density and a high

energy density are vitally required.

1.2.3  Technological Advantages

[he PEMFC has many advantages over other types of fuel cells. The lack of a liquid electrolyte
eliminates the corrosion and contact problems. Using a polymer eliminates the mobility of an
acid electrolyte in the stack, thus the stack design is also simplified. PEMFC also have the
highest power densities attainable in comparison to all other fuel cells as a result of oxygen

electrode kinetics and very low ohmic resistance in the linear region of the power density

[he success of the internal combustion engine is greatly due to its rendering a range of travel in
vehicle transportation of greater than 400 miles and utilization of cheap carbonaceous fuel
(gasoline or diesel). The long-term impact of this short-term solution has manifested itself in the
air pollution over most of the major cities in the United States and abroad. A new form of
energy for transportation and energy production in general is desperately required. The fuel cell,
specifically the PEMFC, is the most promising alternative power solution that is available. The
auto industry is embracing the fuel cell as the answer to zero emission vehicles. Daimler
Chrysler, Ford Motor Co., General Motors, Honda Motor Co., Nissan Motor Co.. and T oyota are

among the list of automobile manufactures that are researching the prospect of fuel cell powered

16




vehicles [9]. The fuel cell has enlisted itself a clean and quiet energy source. Water is the fuel

cell’s only obvious emission, when pure hydrogen is used as the fuel.

124  Environmental Impacts

[he main components present in fuel cell electrocatalysts include platinum, ruthenium, or
palladium, which are all Platinum Group Elements (PGE). The gas electrodes in the PEMFCs
are fabricated from high surface area carbon and a noble electrocatalyst, such as platinum.
Electrocatalyst material losses from the surface of the electrode, by way of cell operation, are
considered to be a “start-up™ loss. The extent of anthropogenic release and the g zographical
distribution of these elements are unknown [10]. Studies, conducted in the 1970’s prior to the
introduction of the catalytic converter in California, attempting to establish a baseline platinum
level have drawn heavy criticism as a result of the limitation in the analysis equipment and the
techniques used. As a result of these limitations the baseline level required to demonstrate an
alteration in the quantity and quality of the platinum in the environment currently doesn’t exist.
Data required to analyze atmospheric transport dynamics of aerosols contaminated by PGE is

also not available [11-13].

[he effect of PGE on an ecological system is primarily a function of bioaccumulation. The
ability for a biological system to accumulate PGE is dependent on solubility and interactions
with the soil, water, and air. Routes of PGE bioaccumulation include protein binding and

biological methylation. The oxidation of PGE. by various methods, introduces an elevated level

of PGE solubility and subsequently the bioavailability of these compounds. Once oxidized PG




¢an become a part of any number of soil complexes that would be conduits of exposure for

ecological systems.

PGE catalyst losses from fuel cells would oby iously increase the amount of anthropogenic refuse
into the environment. Management of those losses may prove economically and ecologically
advantageous. Determination of the amount of electrocatalyst being expelled from the fuel cell

is @ key element for any risk assessment activity.

1.3 Objectives

[he objectives of this research are to examine the “start-up” conditions in a PEMFC, examine a
probable cause of the “start-up” trait, provide performance analysis of the fuel cells, and examine
the possible environmental and economical consequences. lhis research will provide
quantitative amounts of platinum that are rejected from the fuel cell and calculate an economic

impact associated with that quantitative amount.

14 Technical Approach

[0 justify the existence of a “startup™ condition several experiments were conducted to quantify
the immediate loss of electrocatalyst in the fuel cell. These experiments included a surface
rinsing, mass flux, and electrical load-conditioning. The outcome of the Electrode Material
Removal (EMR) and Mass Flux (MF) experiments were utilized to determine the duration of the

constant electrical load conditions in the remaining experiments. The actual electrocatalyst

losses, as measured by a Perkin-Elmer Inductiy ely Coupled Plasma (ICP) Mass Spectrometer,




dre compared against a published average particle size of the gas diffusion electrode material in

an attempt to derive a correlation between particle size and the extent of electrocatalyst loss.

Power production was used as the basis for evaluation of electrocatalyst losses as a function of
the overall performance. The performance of the fuel cell is directly correlated to the amount of
electrocatalyst present and the surface area of the electrocatalyst participating in the reactions.
The power output of the fuel cell is dependent on the active surface area of the electrocatalyst
and the physical limitations of the apparatus. Cyclic Voltammetry, a technique using a
potentiostat and a function generator to yield a linearly varying voltage across a test cell
establishes a correlation between the voltage and current in the test cell under transient
conditions.  Cyclic Voltammetry is used to determine the active surface area of the
electrocatalyst. The physical limitations of the fuel cell depend on pressure, temperature, and
flow rate of the fuel gases, as well as the fixture design itself. Fuel cell power output can be
elucidated from a plot of the current density vs. potential. These measurements are made either

galvanostatically or potentiostatically
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2.0 EXPERIMENTAL DESIGN

The “start-up™ condition is defined to be the virgin condition of a fuel cell Membrane and
Electrode Assembly (MEA) prior to mechanical pressing. The fuel cell electrode composition
and method of MEA fabrication may be responsible for electrocatalyst losses. The primary point
of electrocatalyst loss is anticipated to be a result of the traditional fabrication method for MEA.
where the assembly is heated to the polymer’s glass transition point and mechanically pressed
together under a pressure of 2 metric tons. This extreme mechanical pressure generally results in
direct electrode material loss and may contribute to electrocatalyst losses through structural
degradation of the electrode. Thus the electrode composition and MEA fabrication procedure are

explained in subsequent sections.

Ihese experiments are designed to examine the “start-up” conditions in a PEMFC, which result
from MEA fabrication. The mass flux experiments are an exploratory tool that was utilized to
observe any dependence on temperature or particle size. A quantitative analysis of the fuel cell
product water was performed to collect an accurate concentration of electrocatalyst.  Finally
these experiments will provide an analytical explanation of the fuel cell performance based on

Cyclic Voltammetry.

[he initial experiment, the Electrode Material Removal (EMR) process, was used to establish a
baseline for the concentration that was analyzed by the Perkin-Elmer Inductively Coupled
Plasma (ICP) Mass Spectrometer. The EMR experiments included a preliminary and secondary
weight record, which was used to calculate electrode material losses during MEA fabrication

process. The next experiment, a Mass Flux examination, established a timescale for the

20




electrocatalyst losses. Finally the constant load experiments provided fuel cell performance

criteria and electrocatalyst utilization. The MF and constant load experiments were performed in

tandem for analysis reasons.

[he Perkin-Elmer ICP mass spectrometer utilized for these experiments was calibrated using a
range of standards that extended from 12 ppb to 0.625 ppb. All measurements beyond this range
were considered to be Non-Detectable (ND). The ICP mass spectrometer was operated in
accordance with standard practices, as outlined in the users manual, and the standards were
prepared by volumetric dilution of an instrument standard, which is provided by the
manufacturer. The calibration of the mass spectrometer is based on default methodology, which
allows for instrumental auto-calibration of the plasma and mass spectrometer settings.

21 Electrode Composition

The gas diffusion electrode manufactured by E-TEK Incorporated, a solid polymer electrolyte

electrode (ELAT), will be utilized for this experimental process and throughout the thesis

material. The electrode itself is constructed from three different layers.




\ctive
Diffusion Layer

Layer

Substrate

Polymer
Membrane

Figure 2-1 Internal components of a gas diffusion electrode
[he three independent layers (diffusion, substrate, and active) of the electrode are the basis of the
J dimensional reaction zone, inside of the electrode. The substrate material provides mechanical
support for the electrode. ELAT electrodes have a plain carbon weave cloth of 3.4 0z/y d* with a
thickness of 0.36 mm. The substrate material generally has gas-side wet proofing in the form of
a hydrophobic fluorocarbon/carbon layer. The diffusion layer is applied to the gas interface
layer of the electrode, thus acting as a gas dispersion layer of carbon. The active layer of the
electrode contains the electrocatalyst, which has a loading determined by a specific weight of
electrocatalyst dispersed over an area. The standard loading for ELAT electrodes is 20% Pt on
Vulean XC-72 at 0.35-0.50 mg/cm’. The gas diffusion electrode is then treated with an electro-
tlectrocatalyst, generally a tincture of the membrane material at a 5% weight, and heat treated in

dl oven Lo remove any organic compounds.

ko)




12 Membrane and Electrode Assemblies (MEA)

Ihe fuel cell itself is fabricated from a polymer membrane and two standard gas diffusion
electrodes. The three components are pressed together using 2 metric tons of force at the glass
transition point of the membrane material. (This procedure is detailed in Appendix A). Figure

22 is an example of an apparatus used to fabricated PEMFC membrane and electrode

assemblies.

Figure 2-2 Example of an apparatus used for fabrication of MEAs.
The gas diffusion electrodes are held in place by gasket material and thin metal plates, insulated
by a sheet of Tefzel™ to prevent electrode material from adhering to the metal plate surface. The
pressing procedure typically displaces some of the electrode material, thus altering the weight of
the MEA. Therefore the weight of the MEA components prior to pressing and after pressing will
be measured. The gasket material is in place to prevent to complete structural degradation of the
MEA. The gaskets mechanically prevent the pressing of the electrodes through the membrane

material.

2
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MEA

Copper Endplate Carbon Block

Figure 2-3 Construction of a typical single cell test fixture.
Figure 2.3 is a diagram of a typical single cell test fixture. All of the experiments were
conducted in a similar test fixture (GlobeTech, Inc.. model SSTF-5). The composition of a
PEMFC single cell test fixture is comprised of two endplates, two carbon blocks. and a MEA.
[he endplates are used for current collection and the carbon blocks are primarily for conductivity

and gas distribution.

23 Electrode Material Removal

In order to quantify structurally unsound electrode material the MEA was placed in an
evaporation dish with 500ml of Millipore pure water (measuring 18Mohm) at an operating
temperature of 60°C for a period of one hour. The wash water was collected and the

concentration of Pt was analyzed with a Perkin-Elmer ICP mass spectrometer. The total amount

of platinum collected was determined from the concentration and the volume of the collection




bath. The results of this experiment were utilized to determine an appropriate flow-rate during

the mass flux experiments.

24 Mass Flux Experiment

An MEA was placed in a single cell test fixture and a peristaltic pump was used to pass water
through the cathodic side of the fuel cell. The water was collected and analyzed in a time
relevant fashion with an ICP mass spectrometer. The flow rate of the water was determined by
the EMR experiments. The results of these experiments were used to determine the amount of

time necessary for the constant electrical load experiments.

25 Constant Power and Performance Experiments

Utilizing the results of the EMR and MF experiments, a timed electrical load experiment was
conducted. The electrical load consisted of a carbon block variable resistance load. coupled with
a multi-meter measuring the fuel cell current and potential over time. An automatic sampling
machine, controlled by a PC, was used to collect samples over a 48 hour period in 9.6 hour

sample intervals. Figure 2.4 is a picture of the automatic sampling apparatus used during the

timed experiments.

i
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Figure 2-4 Personal Computer controlled auto-sa mpling mechanism.
Experimental variables that were manipulated for the purpose of electrocatalyst loss baseline
establishment include platinum loadings of 20% platinum at 0.4 mg/cm” at 25°C and 75°C. 80%
platinum at 5 mg/cm” at 50°C, and platinum black at 50°C. The 0.4 mg/cm’ loading was not
tested at 50°C since the EMR experiments and mass flux experiments are conducted at this

Operating temperature.

[he experimental process was based on a sequence of measurements, which include constant
load, current density, and cyclic voltammograms. An MEA was inserted into a clean fuel cell
test fixture and attached to the fuel cell test station. Once the system reached experimental
parameters a cyclic sweep was performed, followed by a current density sweep, and finally the

cell was left under a constant resistance for the duration of the sample collection period. Upon
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completion of sample period the order was reversed and

the same three experimental

measurements collected.

23.1 Power Density of the PEMFC

The power density output characteristics of a fuel cell are typically depicted from a Potential

(Voltage) versus Current density plot. This graph plots the maximum current density attainable
at a given set of thermal and mass flow variables. From stoichiometry and half-reaction theory a
single PEMFC should produce | ampere per 7ce of hydrogen

at standard temperature and

pressure. The calculation incorporates the following:

1 & |
| =mole H. = (2) 96.485 L
H?Uf e
ldmp = 1C /sec ,
1€ I\ ! (22.41 I 1000ce \/ 60 s \ o -
| R = [[ — = 0.964¢cc ar 25 C. Z.1)
(2)(96,485) |\ mole )\ L J\_min

In practice, the equipment used for the experimentation must Operate at approximately 100cc per
minute to insure proper functionality of the fuel cell test system. The overall efficiency of the
fuel cell is dependent on the half-reaction chemistry described above and unfortunately the
experiment is limited in scope, by the test equipment, to

an electrocatalyst utilization

interpretation.

The regions of power loss occur due to activation, ohmic, and mass transport limitations [14].

Analytical observation of the initial mass and active surface area will provide the basis for

evaluation of the PEMFC.
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Figure 2-5 Typical current density plot for a PEMF(
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Figure 2.5 identifies the three regions of a typical current density plot for a PEMFC. The ideal

fuel cell will produce an infinite amount of current at the theoretical reduction potential.

A proportion of the voltage generated is lost in driving the chemical reaction that transfers
electrons. In low temperature fuel cells the activation overvoltage is the most important
irreversibility and cause of voltage drop. This is shown in Figure 2.5 in the “Activation Energy”
region of the graph. There is an equilibrium in the fuel cell where the overall reaction.

0,+4H" +4¢ & H,0 [2.2

18 taking place. There is a continuous flow of electrons from and to the electrolyte, thus the

increased current is simply a shift in one direction for the fuel cell (Equation 2.2). In order to

increase the current density of the fuel cell the reaction must be driven, however this driv ing




foree is in the form of an activation loss. There are some losses in this region that can be

altributed to current (electron) crossover and fuel transfer in the membrane material.

the ohmic region of the fuel cell has voltage losses that are a result of resistance to electron flow
il the electrode material and resistance to ion flow through the electrolyte. The bulk of the
i0sses are a direct result of the materials used in the fuel cell electrode and the conductiv ity of the
test fixtures itself. The electron resistance builds in accordance to Ohm’s law and this linear

fepresentation is shown in Figure 2.5 in the “Ohmic Region™.

the mass transport limit is due to the change in concentration of the reactants at the surface of
the electrodes. The mass transport limitation is the point at which the electrocatalyst has become
Slurated and cannot support any further chemical reactions. This region, shown in I igure 2.5
“Mass Transport Limit”, is a point where the electrocatalyst surface area is fully occupied and
therefore limits the rate at which the reaction can occur.

)
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Cyclic Voltammograms and Roughness Factors

Cyelic Voltammetry is a procedure to quantify the active amount of electrocatalyst. This
quantity is based on the concentration of adsorbed hydrogen (1 atom per atom of platinum) as
measured by the charge passing through the electrode in question. The amount of charge is a
direct reflection of the electrocatalyst activity, thus a proportional graphical area correlates to an
aetive electrocatalyst area. In order to determine the electrochemically active surface area of the
electrodes, the cyclic voltammetric technique [15] will be applied with a Pine Instrument

{bipotentiostat Model AFCBP1). High purity nitrogen, humidified at the operating temperature,

29




willbe passed on the test electrode chamber. High purity Hydrogen, humidified at the operating
emperature, will be passed on the counter electrode. | he counter electrode will also serve as the

hvdrogen reference electrode.
I'ypical Cyclic Voltammetry Plot

Pseudo-capacitative (H') current Pseudo-capacitative (OH’) current

Double Layer Charging Region

Current (A)

Voltage (V)

Figure 2-6 Typical performance curve of a cyclic Voltammetry experiment.
The electrochemically active surface area will be determined from the coulombic charge required
for hydrogen adsorption or desorption on the platinum cry stallites in the electrode. The amount
of charge measured depends directly on the amount of adsorbed hydrogen being adsorbed during
the anodic sweep. The pseudocapacitative current is defined for the reaction:

e+ M —ede y MH
e M = MH .,

whete M is used to indicate the surface of the platinum electrocatalyst. The cyclic voltammetry
sweep will be conducted from 1.00V to 0.15V, at a rate of 5 mV/Sec, for at least 10 repetitions.

The pseudo-capacitative (H") current region is from a voltage of 0.15 volts to approximately 0.35
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yols. The double layer region starts at approximately 0.35 volts and end at 0.7 volts and will be

wtilized to formulate the linear extrapolation required for the roughness factor. The line will be

described by
B0 4 . [2.4]

where A, = value of the current at voltage of 0.35V,
{, = value of the current at a minimum non-negative voltage in the double layer region,
A. = value of the current for the active area baseline.
Ihe double layer region represents the balancing of the electrode charging and discharging at the
glectrode/electrolyte interface. This region is assumed to have a single layer of balancing charge

o the electrode and a second layer of ions balancing the electrolyte.

The available surface area of the electrocatalyst complicates this region, this is evident when
comparing PEMFC’s with different catalyst loadings. As the particle size and available amount
of surface area increase the double layer region reflects the increased amount of surface area. As
the amount of electrocatalyst is increased the cyclic voltammogram will increase in area across
the double layer region. The double layer region can mask the platinum hydrogen
adsorption/desorption characteristics due to oxidation-reduction (redox) behavior of surface-
active groups on carbon, i.e., quinone/hydroquinone [16]. This region can be skewed by
additional organic contaminants complicating the masking effect of the surface-active groups. In
addition, if the anodic limit is extended past the 1 volt RHE, oxidation of carbon occurs. The

pseudo-capacitive (OH") current region is from a voltage of 0.7 volts to approximately 1.0 volt.

In this anodic region, the reactions are governed by:

LS )




M+H,0 > MO +2H" +2e”, and [2.5]
M+H,0> MOH + H* +2¢". 2.6]

the comparison of the experimental area, equating to a columbic charge, and analytical loading

of the electrocatalyst will determine a “Roughness Factor”. The Roughness Factor is defined by
r j. { .’_r g‘ ) 1
| £ |1 S (em™) L
l". —= | = Roughness Factor [2.7]
§, (em”) 220( 1 l‘
E. = experimental pseudo-capacitive charge
5, = surface area of the experimental test electrode,
S one square centimeter of smooth platinum electrode.
S 220 uC corresponds to a smooth surface charge for platinum.

[he ratio of the Roughness Factor and the BET surface area is described as the active surface
area utilization. The assumption that the roughness factor for a smooth platinum surface is unity

will be utilized.

[he percent utilization calculation is determined by the BET surface area of the electrode and
compared against the unity smooth surface charge of platinum, which is assumed at 220uC. The
percent utilization is defined by:

(BET surface area for 20% loading)

112 (m ) [ {} 4 (mg) T 0(g) 1.0(cm* ; 2.8]
| : ‘ < | =448,
1(g) || [Lf” } Ii}(l{]{mu] (lfJ(J(lI(m )
(BET surface area for 80% loading)
" N o r : 79
i) 29)

S(mg) | 1.0(g) || 1.0(cm™)
J!_ 1000(mg }_j 0.0001(m>) |

|_ I(g) || (cm }
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(BET surface area for Pt Black)

3\|m -N{mU} T 1.0 2) [ 1 0 m*) | 2.10
w ‘ =2 | =1400, Lood
lqu} Il (em?) | 1000(me) 1 0.000 1(m? )|
Rmrw’m Factor
8 T | = Percent utilization . [2.11]
L (BET surface area } |

Ihe calculated linear area is based on a standardized linear interpolation of the raw data in the
appropriate voltage ranges of 0.35 to 0.7 volts. The line defined by equation 2.4 was used to
determine the baseline for the experimental area calculation. The experimental area was

calculated using an integral defined by the raw data in the ranges of 0.15 to 0.35 volts.

Experimental Area Calaculation

0.015
Experimental Area
0.010 Standardized Linear Interpolation
Calculated Linear Area

< 0005
-
= 0.000

-0.005

U.010

0.10 (.20 0.30 (.40 (.50 0.60 0.70 (.80 (.90 1.00 1.10
Voltage (V)
Figure 2-7 Experimental area calculation plot for a PEMFC electrocatalyst utilization.

Ihe difference between the calculated linear area and the experimental area was utilized as the
active surface area. Each timed experiment included a preliminary and post cyclic voltammetry
sweep.

Ihe percent of electrocatalyst utilization, as determined by cyclic voltammetry, was

correlated to a steady state current density vs. cell potential plot.
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26 Correlation of Electrocatalyst Losses and Particle Size

Platinum is the standard electrocatalyst for most PEMFC systems. As the platinum loading on a
carbon support increases, the platinum particles grow, thus reducing the available active surface
area of the platinum. A correlation of the average particle size of platinum on Vulcan XC-72 and
the electrocatalyst losses from the PEMFC was made. The use of different electrocatalyst
loadings in the Timed Operation Under a Constant Electrical Load experiments will allow the
observation of any relationships in electrocatalyst particle size, and electrocatalyst removal from

the electrode.

Average Particle Size vs. Platinum Surface Area
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Area (m2/g)
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]

y = -50.097Ln(x) + 269.01
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R 0.9041

Platinum Surface
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Average Particle Size (A)

Figure 2-8 Average Pt particle size in A in contrast to the platinum surface area.

Figure 2.8 shows the relationship between the platinum surface area and Pt particle size. These

values in figure 2.8 are provided by E-Tek. It can be rationalized that the larger the particle the




lower the expectation of removal from the electrode, however this parameter must be verified by

eXperimental analysis. The smaller particles that are associated with the carbon supported on
carbon with a 20% dispersion was compared to a large 250 angstrom particle and a smaller 100

angstrom particle to experimentally asses any dependence on the particle size.
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30 RESULTS AND DISCUSSIONS

Ihe experimental tasks include the electrode material removal. the mass flux experiment, and the

timed operation under a constant electrical load.

I'he parameters utilized for each experiment

were dependent on the results of the previous experiment, therefore the order of operations and

experimental results used for the subsequent experiment are detailed in Figure 3.1.

Electrode

Material

Ren

wval

Baseline amount

ol i.'lL'L'[li‘\'.i]\El_\"]

Mass Flux I'ime required for

Experiment operational experiments

v
LConstant
Power &

Performance

Experiments

Figure 3-1 Experimental Process Map.

InitalCurrent Density
Final Current Density
Initial Percent Utilization
Final Percent Utilization
Electr I\';I[.||I\\E Losses
Over Time

i

Electrocatalyst

losses

Ihe nomenclature utilized for these experiments includes the following acronyms: Constant

Power Low Temperature (CPL), Constant Power High Temperature (CPH), Special Load (SL)

which is an 80% Pt on Vulcan XC-72. and Platinum Black (PB).

3.1

Ihe particle removal is described in Table 3.1.

ohm water and the temperature was increased to 60°C at |

Electrode Material Removal (EMR)

MEAT and MEA2 were placed in a bath of 18M-

atmosphere for a period of one hour.

Ihe solution was then analyzed on the Perkin-Elmer ICP mass spectrometer.
2 I
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Table 3-1 Electrode particle displacement by hydrothermal manipulation.

MEA Sample Volume Pt 196 Concentration Concentration Standard Pt Mass Lost Platinum
(ml) Mean (pg/L) Deviation (ug/L) (ng) Electrocatalyst

MEA 1 500 14.3501 0.1329 7.18 0.4 mg/cm

MEA 2 500 14.4708 0.0948 7.2 0.4 mg/cm

The total concentration of the electrocatalyst in the material is representative of 10 cm” worth of
gas diffusion electrode material. The MEA was placed in an evaporation dish with 500ml of
Millipore pure water (measuring 18Mohm) at an operating temperature of 60°C for a period of
one hour. This amount is assumed to be a maximum concentration since it represents two times
the amount that should be expelled from the cathodic side of the fuel cell. The resulting mass
loss of approximately 7.2 ug for the 10 cm® has been utilized as the upper limit for the mass flux
experiments and the timed operation experiments. The MF and Timed Operation experiments
are limited to the cathodic side of the MEA. The MF experiments were limited to the cathodic

side of the fuel cell.

311 Membrane and Electrode Assemblies

Each gas diffusion electrode was impregnated with an electrolyte [17], (5% by weight, Nafion™
solution). This solution was dispersed on the electrode’s active surface to a total weight of
approximately 0.6 mg-un?. lhe Nafion® membrane material used was Nafion 115. The
electrode has a distribution of electrocatalyst per unit area based on a percentage of the
electrocatalyst weight of the material. For example 20% Pt on Carbon at a distribution of 0.4
mg em’ would indicate that for a Scm’ electrode there is a total of 2.0mg of the

electrocatalyst/carbon mix and only 0.4mg of platinum present. However the actual amount of



electrocatalyst present is only 20% of the 2.0 mg total, from the example above, in actual terms

the amount of electrocatalyst present is 400pug.

A GlobeTech, Inc. single cell test fixture, shown in Figure 2.3 (model SSTE-5, 5cm’ surface area
test fixture). contained the test MEA. The carbon blocks of the test fixture were subjected to
EMR experiment process to provide a baseline amount of platinum present in the block material.
This information was compared against material test reports from the manufacturer. The amount

of platinum found is present in Table 3.2.

Table 3-2 Properties of the Single Cell Test Fixture Carbon Plates and Test Stand.

Description Pt 196 Concentration

Mean (pg/L)

Anode Bottle Non Detectable
Cathode Bottle Non Detectable
Block 1 Non Detectable
1Jlll"QL .‘ \“” ]]ClL'i'l\'.hl;'

There were no measurable traces of platinum in the system components when compared to the

detectable limit based on the 0.625 ppb standard.

32 Mass Flux (MF) Experiment
Placing a peristaltic pump in line with a volume of 18M-ohm purity water and mechanically

pumping a specific volume of water through the single cell test fixture surmises the mass flux

experiment, shown in Figure 3.2. A GlobeTech, Inc. (model GT-FLO) system was used to




control the experiment parameters. The test fixture was mechanically cleaned and rinsed with

18M-ohm purity water repeatedly after every experiment to prevent cross contamination.

Figure 3-2 Mass flux experiment setup.
{he Anode humidification bottle was increased to 65°C at | atmosphere, the cathode was 70°C at
Latmosphere, and the single cell test fixture was 50°C. The peristaltic pump inlet was connected
. directly to the humidification bottle sight glass, thus allowing the water in the humidification
bottle to be directly injected into the system at a rate of 4.0ml/min. The samples were collected
insterilized 15ml polypropylene vials. The raw data is located in Appendix C. Figure 3.3 shows
the concentration of platinum that was mobile in the aqueous phase, thus mechanically removed

. from the gas diffusion electrode on the cathodic side of the fuel cell during the experiment.
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Figure 3-3 Percent electrocatalyst losses vs total volume of rinse water.

-

Ihe anticipated initial decay rate in the percentage of total mass lost is shown in Figure 3.3. The

amount of electrocatalyst lost in each 15ml sample volume of the experiments has been

represented as a percentage of the total electrocatalyst lost during the mass flux experiment. The

rapid decay over the first 30ml of volume that is passed through the cathodic side of the PEMFC

Was an expected result, in support of the theory that the electrocatalyst losses are a rinsing loss.

[he majority of the total electrocatalyst lost during the first 120ml of volume is in the first 30ml.

AS a result of the MF experimental indication that the first 30ml of water contains significant

electrocatalyst losses the timed operation experiments were based on a 48-hour cycle, to allow

reclamation of majority of the platinum lost during operation.
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33 Constant Power and Performance Experiments

the percent mass lost during the constant power and performance tests are shown in Figure 3-4.
[he concentration of the Pt reflects the losses during the first four samples taken during the 48
hours of operation under a constant load. The electrocatalyst loading was varied in an attempt to
correlate electrocatalyst losses with particle size. The PEMFC’s were subjected to a preliminary
finse, which was intended to capture any mechanically unstable electrocatalyst material. The
experiment for each cell followed a set method of operation, which is outlined in Appendix A.
the method basically allowed for the constant power, current density, and cyclic voltammetry

experiments to occur simultaneously.

Constant Power and Performance Experiments
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Figure 3-4 Percent electrocatalyst losses vs total volume of water produced

As indicated in Figure 3-4 the majority of electrocatalyst losses occurred within the first 30ml of

water produced. The measurements for the SL2 experiment suggest the MEA did not

4]




immediately loose the electrocatalyst as the other had. 1 Itimately, the same weight of catalyst

was lost.

33.1 Dependence of Electrocatalyst Losses on Particle Size
Ihe vendor E-TEK Inc., provided the av erage particle size information. The platinum
electrocatalyst is on Vulcan XC-72, the standard carbon support material. The Constant Power

Low (CPL) temperature and Constant Power High (CPH) temperature MEA’s have 0.4meg/cm?
I g I S

h

carbon supported electrocatalyst has at 20% dispersion and an average particle size of 2
angstroms. The Special Loading (SL) MEA’s have Smg/cm’ carbon supported electrocatalyst at
80% dispersion and an average particle size of 250 angstroms. Finally the Platinum Black (PB)
MEA’s have Smg/cm’ electrocatalyst loading of platinum and an average particle size of 100
angstroms. Table 3-3 presents the Pt losses accounted for during the first four samples collected
in the constant power and performance experiments.

'able 3-3 Pt losses accounted for during the power and performance experiments.

Mass (ug) Mean Standard Deviation
CPL1 0.0778 0.082 0.03
81 3 e 0.0581
~ CPL3 0.111
SL1 0.078 0.091 0.02
SL2 0.104
PB1 0.125 0.0125 -

A one-way ANOVA was performed on this data and there were no significant differences

(P=0.719) between the means of the Pt mass lost when comparing these loadings.
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[he temperature range that was used is based on typical fuel cell operations. The standard

lemperature conditions for nominal operation were conducted at 50 (cell), 65 (Anode), and 70°C

(Cathode) at 1 atmosphere. Lower temperature ranges of 25, 50, and 60°C (cell, anode, cathode)

were used as a lower limit for the experiments, since a PEMFC will rise to this temperature on it

Own as a result of energy lost as heat. A higher range of 75, 85, and 90°C (cell, anode, cathode).

were utilized as a high point. This avoids dehydration of the membrane material, since the

system was not operated under pressure. The mass values for the high temperature experiments

are not available, but statistical analysis was performed comparing the concentration in each vial

for the two temperature experiments. The concentrations of Pt were not significantly different in

any of the collection vials.

I'able 3-4 T-test comparing variations in temperature.

Mean Concentration in vial (ug/L)

Sample Vial 1 (SD) Sample Vial 2 (SD) Sample Vial 3 (SD)

Sample Vial 4 (SD)

50°C 4.159 (3.7) 1.642 (0.3) 1.5 (0.2) 1.46 (0.1)
75° 1.79 (0.4) 1.404 (0.2) 13(0.13) 121 (0.1)
I-tests (50 vs. 75°C) 0.456 0.374 0.219 0.059
P-Value
Interpretation NSD NSD NSD NSD

NSD = No Significant Difference

SD = Standard Deviation




fhe Table 3.4 data provides evidence that there is no significant electrocatalyst loss associated

with the size of the particle.

333 PEMFC Performance

[hese results have been grouped by MEA on a per page basis. The initial and final current
densities vs. cell potential plots are displayed on the same graph. Figures 3.5 — 3.15 share the
sme basic characteristic of excessive resistive losses in the fuel cell. There is an activation
energy problem associated with the majority of the initial sweeps, but this is an expected result
since there is typically some organic contamination in the PEMFC at the site of the
tlectrocatalyst. In general PEMFC’s are operated at an elevated temperature and pressure, (85°(

and 3 atmospheres), for 6-8 hours to remove any organic impurities.

CPL1 Power Density Plots
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Figure 3-5 CPL1 Cell potential vs. current density plot; H2/02 reactants, and operating at 25°C (Cell). 30°C

(anode), and 35°C (cathode) at 1 atmosphere.




CPLI developed a “pin-hole™ and was destroyed during the experiment, thus there is no final

power density sweep. Figure 3.5 indicates that there is an excessive amount of activation energy
lost due to the Open Circuit Voltage (OCV) being 1.004 but the current density not being

measurable until 0.810 V. Figure 3.5 also shows high resistive loads within the fuel cell.
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Figure 3-6 CPL2 Cell potential vs. current density plot; H2/O2 reactants, and operating at 25°C (Cell), 30°C
(anode), and 35°C (cathode) at 1 atmosphere.

Figure 3.6 shows activation energy losses and very high resistive loads in the CPL2 fuel cell.

[he fuel cell experienced some hydraulic flooding during the initial power density sweep, thus

the slope of the line and mass transport limitation. Figure 3.6 does indicate an increased PEMFC

performance during the final sweep.
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Figure 3-7 CPL3 Cell potential vs. current density plot; H2/O2 reactants, and operating at 25°C (Cell), 30°(
(anode), and 35°C (cathode) at 1 atmosphere.

Figure 3.7 shows an extremely high activation loss during the initial sweep. Further in the initial

sweep there is an obvious resistive load issue with the CP1.3 cell. The final sweep performed

with extremely erratic current densities. The final sweep began to generate a high current

density then the cell appears to choke, as a result of fuel consumption, followed by a slow

siabilization. The overall performance of the cell is equitable to the initial sweep, however the

improved activation losses are noted.
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Figure 3-8 CPH1 Cell potential vs. current density plot; H2/02 reactants, and operating at 75°C (Cell), 85°(

(anode), and 90°C (cathode) at 1 atmosphere.

Figure 3.8 shows the cell potential and current density of the initial sweep for CPHI, in which

the activation losses and resistive losses are evident. The MEA dev eloped a “pin-hole™ and was

subsequently destroyed.
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Figure 3-9 CPH2 Cell potential vs. current density plot; H2/02 reactants, and operating at 75°C (Cell), 85°(

(anode), and 90°C (cathode) at | atmosphere.
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Figure 3-10 CPH3 Cell potential vs. current density plot; H2/O2 reactants, and operating at 75°C (Cell), 85°(

(anode), and 90°C (cathode) at 1 atmosphere,
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SL1 Power Density Plots
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Figure 3-11 SL1 Cell potential vs. current density plot; H2/02 reactants, and operating at 50°C (Cell), 65°C

(anode), and 70°C (cathode) at 1 atmosphere.
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Figure 3-12 SL2 Cell potential vs. current density plot; H2/O2 reactants, and operating at 50°C (Cell), 65°C

(anode), and 70°C (cathode) at 1 atmosphere.
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Figure 3-13 PB1 Cell potential vs. current density plot; H2/O2 reactants, and operating at 50°C (Cell), 65°C

(anode), and 70°C (cathode) at 1 atmosphere,
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Figure 3-14 PB2 Cell potential vs. current density plot; H2/02 reactants, and operating at 50°C (Cell), 65°(

(anode), and 70°C (cathode) at 1 atmosphere,
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Figure 3-15 PB3 Cell potential vs. current density plot; H2/02 reactants, and operating at 50°C (Cell), 65°C

(anode), and 70°C (cathode) at 1 atmosphere.

As shown in Table 3.5 the PEMFC performance improved in all cases, where the roughness factor

increased, expect for CPH2.

lhese results were expected and they provide a foundation for the

theory that PEMFC have a “start-up trait™. There is a correlation between the increasing roughness

factor and improved performance, which suggests that the fuel cell is “washing” loose materials

away from the active surface of the electrode. The EMR and MF experiments both correlate with

the idea that mechanically altered electrocatalyst material is removed from the fuel cell and has no

significant negative impact on the performance of the fuel cell, as shown in Figures 3.5-3.15.




I'able 3-5 MEA Current Densities, Roughness Factors and Percent Utilizations

MEA

Electrocatalyst

Power Density

(mA/em® at 0.7V)

Roughness Factor

Percent Utilization

Initial Final Initial Final Initial Final
Constant Power Low Temp 1* 0.4 mg/cm 122 NA 88.04 108.61 19.65 24.24
Constant Power Low Temp 2* 0.4 mg/cm® 132 181 71.47 NA 15.95 NA
Constant Power Low Temp 3 0.4 mg/cm” 98 158 95.29 123.29 21.27 27.52
Constant Power High Temp 1* 0.4 mg/cm’ 0 NA 17.26 21.92 3.85 4.89
Constant Power High Temp 2 0.4 mg/cm’ 195 40 18.65 23.104 .14 5.16
Constant Power | ligh Temp 3 0.4 mg/ecm’ 93 82 55.78 25.89 12.45 5.78
Special Load 1 5 mg/cm 96 230 45.42 97.35 8.26 17.7
Special Load 2 5 mg/em’ 150 242 74.93 86.12 13.6 15.7
High Load 1 Pt Black 266 369 131.17 11112 937 7.94
High Load 2 Pt Black 342 284 11475  49.72 8.20 3.55
High Load 3 Pt Black 328 352 126.95 131.17 9.07 9.36

* Indicates a membrane failure

W
2




40 ECONOMIC ANALYSIS

In consideration of the value of the Pt electrocatalyst value for fuel cells, specifically PEMFC’s,
an economic analysis has been performed to ascertain its cost in U.S. Dollars.
experimental analysis was limited to fuel cells that were approximately 5 c¢cm”® in electrode

surface area the fuel cell area extrapolation shall be linear. The pricing is based on the current

cost of Pt black (98%) at $ 134.10 per gram [18].

Utilizing the electrocatalyst quantities collected in the EMR experiment, a total mass of
electrocatalyst loss was established at 7.2ug for 10em” of electrode surface area. Based on an

dpproximation of 0.72ug per cm” can be calculated by dividing the surface area by the total mass

of electrocatalyst losses. With this assumption Table 4.1 has been dey eloped.

able 4-1 Electrocatalyst quantities for liner extrapolation of economic analysis.

MEA Size (cm?)

Quantity (g)

Price of Platinum

(USD)

10 0.000007 $0.00

100 0.000072 $0.01

!.{HH—J .l].[II}[]?:H $0.09 S

10.000 0.007200 $097
100,000 0.072000 $ 9.65

3 1,000,000 v H_?Junhﬂ $ 96.55
IIJ_IHNHHH; 7.200000 $ 965.52

100.000.000

72.000000

$ 9.655.20

1,000.000.000

720.000000

$ 96,552.00

10,000.000,000

7200.000000

$ 965,520.00

N
)

s



Commercial products similar to those in Table 4.2 are an example of size and cell quantity.

Table 4-2 Commercially available BCS Fuel Cells Inc. product sizes and power densities.

Cell Stack Area (cm?) Current (A) Voltage (V) Power (W)
10-cell 64 25 6 150
21-cell 64 25 12 300
32-cell 64 25 20 500
24-cell 245 70 15 1000
48-cell 245 70 30 2000
72-cell 245 70 45 3000

the typical residential application would use 5-10 kilowatts at a minimum. Hence the amount of
Cost recovery from 6000 watts (2:3000 watt stacks) would be $ 3.41. which is based on
multiplying the surface area of the cell (245), number of MEA s (144), 0.72pg per cm”, and

$134.10 per g. As fuel cells are scaled up to accommodate larger residential areas the scale of

economy will come into play and the dollar amount may become equitable.

[he amount of environmentally distributed platinum has an economic value associated with its
tleanup and risk assessment. Currently the World Health Organization estimates that the
ambient air concentrations of platinum range [19] from 0.05 pg/m’ to 0.09 ng/m-, which is based
Oh an average emission rate for vehicle catalytic converters of approximately 20 ng/km.

Comparatively the peak concentration of 14 ug/L (at fuel cell start-up), or 14 ng/m’, established

during this research is relatively high.




50 CONCLUSIONS

his research examined the “start-up” conditions in a PEMFC. This research has provided
evidence that supports quantitative electrocatalyst losses, performance analysis, and possible
environmental and economical consequences. The quantitative amounts of platinum rejected
from the fuel cell were analyzed utilizing the EMR experiment. The rate of electrocatalyst loss
from the PEMFC was established with mass flux analysis. The performance criteria of the fuel
cells were established and reviewed with cyclic voltammetry and cell potential vs. current

density graphs.

51 Quantitative Electrocatalyst Isolation

Ihe Electrode Material Removal process resulted in a baseline amount of electrocatalyst being
liberated from the surface of the membrane and electrode assembly. The EMR experiments did
fesult in a functional baseline for the mass flux experiments. The quantative amount of 14.39

Ug/L proved to be an accurate peak range for the ICP mass spectrometer analysis.

Ambient air concentrations of platinum are estimated at 0.05 pg/m’ to 0.09 ng/m’, which is
based on an average emission rate for vehicle catalytic converters of approximately 20 ng/km.
Ihe peak concentration of 14 pg/L. or 14 ng/m’, established during this research is relatively
high when compared to the ambient air concentrations. Conclusiv ely the environmental risk

associated with large-scale distribution of PEMFC’s will exacerbate the environmental concerns

associated with Pt.

Ln
Ln




52 Mass Flux Experiment

The results, as displayed in Figure 3.3, indicate a drop over the first 30ml of refuse collected for
all three MEA s that were analyzed. The results present have indicated that the constant load
experiments need not exceed a 48-hour period, as the first 30ml of water was produced within
this time interval. The rate of electrocatalyst depletion was determined during the constant
power and performance experiments and indicates that the electrocatalyst losses are immediate.
This immediate removal of material provides a strong correlation for compressive losses due to
the fabrication process. Under the traditional PEMFC fabrication procedure the electrode is
subjected to high pressures, which can affect the mechanical structure of the electrode. The
losses of electrochemical material are electrochemically negligible and probably due to the
method of fabrication technique of the MEA. As a result of the MF experimental indication that
the first 30ml of water contains the majority of electrocatalyst losses the timed operation

experiments were based on a 48-hour cycle.

53 Fuel Cell Performance

Electrocatalyst loses are independent of particle size, as indicated in Table 3-3. Temperature
also had no significant effect on the amount of electrocatalyst lost from the PEMFC, as indicated
in Table 3-4. A rather high Ohmic resistance in the fuel cells was observed, however the slope is
comparative to other published data thus the fuel cells performed as expected. The PEMFC
performance improved in all cases, where the roughness factor increased, expect for CPH2. The
results support the theory that PEMFC’s have a “start-up trait”. The EMR and MF experiments

both correlate with the idea that mechanically altered electrocatalyst material is removed from

the fuel cell and has no significant negative impact on the performance of the fuel cell.




fhe research suggests that the removal of the mechanically unsound material correlates with

mproved performance of the fuel cell. The amount of electrocatalyst lost from the PEMFC's
Was irrelevant to the cell performance. In most cases the cell performance increased after the
simples were collected. The increase in performance suggests that the electrocatalyst is not
participating in the membrane surface electrochemistry, specifically it does not have an

tlectrochemical contact to the membranes proton exchange surface.

34 Further Research

Investigations into fabrication techniques, other than the traditional pressing method for PEMF(
are necessary to further the research and development of PEMFC’s. Any further research in this
area would benefit from utilizing an electronic load and a highly precise relative humidity meter
for the anode and cathode gases. The assessment of Pt losses in a closed loop regenerative fuel
cell system is a research task that would also be of tremendous value in our understanding

performance characteristics of PEMFC'’s.

[here is a definite need for this research, as the PEMFC has not reached commercial production
evels and the environmental impact of PGE materials is under scrutiny [20]. This research
indicates that merely a 24-hour test for platinum losses were adequate to ascertain the initial

losses of platinum from the fuel cells.

in conclusion the PEMFC electrocatalyst losses are predominantly during the first 24-hours of

operation and specifically during the first 30ml of water volume transferred through the fuel cell.




Ihere is some indication that the method of fabrication has a role in the electrocatalyst losses,

towever this would require further iny estigation. This research shows no indication that particle

jize or temperature have an impact on the amount of losses or the rate of loss from the fuel cell.

[he amount of environmentally distributed platinum has an economic value associated with its
tleanup and risk assessment. Anthropogenic emissions of PGE are currently being studied in
Europe, and the United States, as a result of the dramatic increase in quantitative environmental
impacts. As indicated by this research, the commercial introduction of PEMFC into the next
generation of vehicles may result in a similar pattern of anthropogenic emissions being
introduced into the environment and exacerbate the environmental impact associated with PGE.
lhis environmental travesty may be avoided entirely simply by insisting that the Original

Engineering Manufacture (OEM) use a recovery process during the production of fuel cell

systems.




References

e

L

6.

A.J. Appleby and F.R. Foulkes, Fuel Cell Handbook, Van Nostrand Reinhold, New York.
1989.

John O’M. Bockris and S. Srinivasan, Fuel Cells Their Electrochemistry, McGraw-Hill,
New York, 1969.

M.S. Wilson and S. Gottesfeld, Journal of applied electrochemistry, 22, 1 (1992).

FY 1998 Contractors’ Progress Report, Development of Advanced PEMFC Stack for
Transportation Applications.

LJM.J. Blomen. And M.N. Mugerwa (eds.), Fuel Cell Systems, Plenum Press, New
York, 1993.

John O’M. Bockris and Shahed U.M. Khan, Surface Electrochemistry a Molecular Level
Approach, Plenum Press, New York, p.861 (1993).

Supraminiam Srinivasan, Renaut Mosdale, Bulletin of Electrochemistry, 12 (3-4), Mar-
Apr. 1996, pp. 170-180.

Doanh Thuc Tran, Masters Thesis, Dept. of Mechanical Engineering, Texas A&M
University, College Station. TX. 1995.

Pat Maio, The Wall Street Journal, September 13, 1999, p. R8.

. Sebastien Rauch, Gregory M. Morrison, Mikael Motelica-Heino, Olivier F.X. Donard.

and Myriam Muris, Elemental Association and Fingerprinting of Traffic-Related Metals
in Road Sediments, Environmental Science & Technology, Vol. 34, no. 15, 2000. pp.

3119-3123.

.R.C. Kirkwood and A.J. Longley, Clean Technology and the Environment, Chapman &

Hall, Glasgow, 1995.




o

16.

19,

20,

.Robert E. Hinche, Jeffery L. Means, and David R. Burris, Bioremediation of Inorganic,

Battelle Memorial Institute. Ohio. 1995.

- Morton LippMann, Environmental Toxicants, John Wiley & Sons, Inc.. New York. 2000.
. Supramaniam Srinivasan, Electrochemistry in Transition. Plenum Press. pp.580.

-Masanobu Wakizoe, Omourtag A. Velev, and Supraminiam Srinivasan, Analysis of

Proton Exchange Membrane Fuel Cell Performance with Alternate Membranes.
Electrochimica Acta, Vol. 40 No. 3, 1995, pp. 335-344.

E.A. Ticianelli, C.R. Derouin, A Redondo, and Supraminiam Srinivasan, Methods to
Advance Technology of Proton Exchange Membrane Fuel Cells, Bulletin of

Electrochemistry, Vol. 135 No. 9, September 1988. pp. 2209-2214.

.K Petrov, Ke Xiao, E. R. Gonzalez, Supraminiam Srinivasan, A.J. Appleby, and O.J.

Murphy, An Advanced Proton Exchange Membrane Electrolyzer with An Improved
Three-Dimensional Reaction Zone, International J. Hydrogen Energy, Vol. 18 No. 11,

1993, pp. 907-913.

. Platinum Black 98%. 2002. Fisher Scientific Catalog. 3 March 2002

<https://www .fishersci.com/catalogs/acrosgroup.isp?catalogParamId=8095456>
L - 15] L

Platinum Air Quality Guidelines - Second Edition, World Health Organization Regional

Office for Europe, Copenhagen, Denmark, 2000.
F. Zereini and F. Alt, Anthropogenic Platinum Group Element Emissions, Springer-

Verlag Berlin Hidelberg, New York, 1999.

60




APPENDIX A - PROCEDURES
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Constant Power & Performance Experiment Methodology

Materials Needed

+ Resistive Load

+  Multi-meters

« PEMFC

+ PC controlled auto-sampler or an exhaustive amount of time.
+ Bipotentiostat

+ PC for data acquisition

+ Fuel Cell Test Station

+ Single Cell Test Fixture

Procedure

l. Rinse MEA’s for loose material removal.

1. Insert the MEA into a non-contaminated sample vial.

|.2. Add 15ml of nanopure water.

1.3. Place on test tube mixer for 30 seconds.

|.4. Remove MEA from sample vial and store properly until insertion into the single cell test
fixture.

Clean Single cell test fixture with kemwips, nanopure water (18mohm), and small brush

2.1. Rinse the gas distribution blocks with nanopure water

%

A

.

2

2. Use the brush to remove any loose items which may be present

3. Continue to rinse the block

4. Use a kemwip, or equilivent non-contaminating wipe, to dry the blocks.
3. Insert the MEA following standard procedures.
Attached the single cell test fixture to the fuel cell test station per standard procedures
Provide a sample vial to capture and water that is “washing” the electrode during the system

Ln e

start-up.
6. Start the fuel cell test station and bring the experiment up to the operational variables.
Perform the cyclic voltammetry experiment.
8. Perform a Current density sweep.
9. Place the system under a constant load.
9.1. Using a resistive load lower the cell potential to 0.6-0.7 volts and record the current.
0. Start the auto-sampling system for the appropriate duration of the experiments
|1. Perform the cyclic voltammetry experiment.
12. Perform a Current density sweep.
13. Analyze the Samples for electrocatalyst content.
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Cyclic Voltammetry Experiment

Materials Needed

+ Bi-potenistat Pine Instrument Model AF-CBP]

+ PCwith recommended National Instruments data acquisition Card and cable.

+ Pine” Software.

+ Single Cell Test Fixture (GlobeTech, Inc. single cell test fixture SSTF). reference electrode
Is optional.

+ 3 Reference Cables, 18 AWG minimum.

+ High purity Nitrogen

+ High purity Hydrogen

» MEA
Procedure
4. Fuel cell preparation and Instrument setup
14.1. Insert of the test MEA into the SSTF
14.2. he SSTF must be void of all oxygen prior to conducting any testing.

14.2.1. The recommendation is to pass an inert gas, Nitrogen in this case, on the cathodic
side of the fuel cell and apply a load until the cell no longer registers a potential.

14.3. [he counter electrode is attached to the anodic side of the fuel cell.

144, Ihe reference electrode is connected to the anodic side of the fuel cell. the
reference wire from the Pine Instrument has two leads a red and black lead. both are
connected to the anodic side of the fuel cell. The red part of the Instrument reference
wire should be connected to the reference electrode if one is present.

14.5. I'he working electrode is connected to the cathodic side of the fuel cell test
fixture.
3. Gas
15.1. Chromatographic grade Hydrogen and Nitrogen must be used during this

experiment, with hydrogen passed on the anodic side of the fuel cell and nitrogen on the
cathodic side of the fuel cell.

15.2. I'he gases should be humidified, if using a non self-humidified PEMFC. and
introduced into the cell at a low flow rate at the operating temperature of the experiment.
Ihe typical operating temperatures were 50, 65, and 70°C for the Cell. Anode. and
Cathode respectively.

15.3. I'he gases should be allowed to pass for a period of one hour. during which time it
is appropriate to apply a small load to the fuel cell to expedite the removal of any oxygen
present in the fuel cell.

16. Instrument settings
16.1. Use an analog sweep experiment, as optioned by the software.
16.2. Variables:

o
- |

.2.4. The number of sweeps performed should be at least 10. starting at the upper limit
and moving towards the lower limit.

63




16.2.5. This arrangement only utilizes one working electrode in this experiment, thus K2
has no bearing on the experiment outcome.
I7. Interpretation of the Data
17.1. The plot of the voltage, x-axis, against the current of the working electrode (I1)
shows the typical cyclic voltammetry sweep of the fuel cell. On this plot the first peak

on the positive side of the chart is the hydrogen/electrocatalyst interface. The area under
this curve represents the columbic charge associated with the fuel cell.

17.2. Roughness Factor — determined by dividing the experimental charge by the fuel
cell surface area and then by further dividing by .000220 (c), the surface charge of 1 cm’
worth of smooth platinum. This dimensionless number is the Roughness Factor.

§7.3. Percent Utilization — determined by dividing the roughness factor by the BE']
surface are of the equivalent loading. The vendor of the electrode material typically
provides the BET surface area number.

Organic Impurity Removal for Water Electrolyzer

Materials Needed

»  100ml beaker.

» Timesh 120 x 120, 0.04mm diameter, or 150 x 150, 0.01.
+ |20ml Reagent Grade Acetone.

+ Hot Plate.

+ Ventilation system for flammable vapor removal.

Procedure

|. Place 60ml of Acetone in the 100ml beaker.

2. Cut the Ti mesh into an electrode of test size. (This procedure is intended for a small cell 5-
10cm’)

3. Insert the Ti mesh into the beaker and place the beaker on the hot plate.
3.1. The hot plate and beaker should be located in the vent hood to remove vapor.
3.2. Increase the temperature of the hot plate to the boiling point of the acetone.
3.3. Boil the mesh for a period of one hour

4. Remove the beaker from the hot plate.

3. Rinse the electrodes with DI water.

6. Follow the Inorganic contaminant removal process immediately.

Inorganic Impurity Removal for Water Electrolyzer

Materials Needed

+ 100ml beaker.

+ Timesh 120 x 120, 0.04mm diameter, or 150 x 150, 0.01.
+ 160ml IN Hydrochloric acid.

+ Hot Plate.

+ Ventilation system for vapor removal.

» Hydraulic press with temperature control.
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Oven.

| Place 80m of IN HCL in the 100mI beaker.

_é&uﬁicTi mesh into an electrode of test size. (This procedure is intended for a small cell 5-
L Insert the Ti mesh into the beaker and place the beaker on the hot plate.

_ 3.1 The hot plate and beaker should be located in the vent hood to remove vapor.

‘ 32, Increase the temperature of the hot plate to the boiling point of the IN HCL.

poi 3.3. Boil the mesh for a period of one hour
‘3 4 Remove the beaker from the hot plate.
i
-
":H"_

. Rinse the electrodes with 18Mohm water.

b Insert the electrodes into a hydraulic press and apply 2 metric tons of pressure, at 85°C, to the
Wire mesh to make the surface uniform. Please note the surface finish of the material must

- bevery high tolerance to insure an even distribution.

 Air Dry the electrode in an over at 105°C for a period of 6 hours

. b Place 80ml of IN HCL in a clean 100ml beaker.

L Insert the Ti mesh into the beaker and place the beaker on the hot plate.

9.1, The hot plate and beaker should be located in the vent hood to remove vapor.

92. Increase the temperature of the hot plate to the boiling point of the IN HCL.

9.3, Boil the mesh for a period of 30minutes.

i Remove the beaker from the hot plate.

e the electrodes with 18Mohm water.

2. The electrodes may be stored at this point, utilizing 18Mohm nanopure water. The entire

eléctrode should be submersed in a storage vessel with a predetermined weight.

1

latinum Black Plating and Electrocatalyst Application Procedure

laterials Needed

- 100ml beaker.

Timesh 120 x 120, 0.04mm diameter, or 150 x 150, 0.01. which has been Organically and

inorganically cleaned.

80ml IN Hydrochloric acid.

- 5.0 mg of dihydrogen hexachloroplatinic acid hexahydrate (H,PtCls - 6H,0) CAS 26023-
847

~ Sem of Platinum wire.

- 10VDC. 10-Ampere (100 Watt) power supply.
~ Small Brush.
. 5% Nafion Solution

- Ventilation system for vapor removal.

]

Dissolve 5.0mg of the H,PtCly - 6H,0 in a 100ml beaker with 10 ml of IN HCL.
& Volumetrically increase the IN HCL/ H,PtClj - 6H,0 solution to 80ml with IN HCL.

DCCAuUrre

65



Y

|

). Attach each of 2 Ti mesh electrodes to 2.5¢m of platinum wire and immerse into the 80ml of

IN HCL/ H,PtCls - 6H,O using care not to immerse the platinum wire into the solution
beyond the requirements for mesh.

3.1. Attach one electrode to the positive terminal of the power supply.

3.2. Attach the other electrode to the negative end of the power supply.

[he platinum were deposited galvanostatically by passing a current of 5-10mA per cm” of
electrode for a period of 1-6 hours, periodically verifying the weight of the electrode in
solution using weigh by difference methods.
Once the desired deposition has been acquired the power supply terminals should be inverted
and the step 4 repeated for the alternate electrode.
Upon plating completion the electrodes should be rinsed with 18Mohm w ater and the excess
water should be blotted away with a Kemwip®.
[he electrocatalyst used for this experiment will be a 5% Nafion Solution with an equivalent
weight of 1100.
I'he Nafion solution will be weighed out and applied directly to the electrode using a brush.
The electrode must then be placed in an oven at 105°C for a period of 1 hour.

0. The brushing process should be continued until the desired amount of Nafion has been

dispersed onto the electrode.
. The electrodes are now ready to be hot pressed onto the membrane material using standard
MEA fabrication techniques.

Nafion Membrane Cleaning Procedure

Materials Needed

+ Pyrex dish capable of a basal surface area equivalent to the surface area of the membrane
material.
» Nafion membrane cut to MEA specifications.
+ 1L of 3% Hydrogen Peroxide.
+ 2L of I8Mohm water.
+ 1L of 10-15% solution of Nitric Acid.
+ Hot plate.
Procedure
l. Immerse the membrane material in 3% hydrogen peroxide and bring to a boil.
l.1. Maintain this temperature for a period of 30 minutes.
& Immerse the membrane material in 18Mohm water and bring to a boil.
2.1. Maintain this temperature for a period of 60 minutes.
3. Immerse the membrane material in 10-15% solution of Nitric Acid and bring to a boil.
3.1. Maintain this temperature for a period of 30 minutes.
4. Immerse the membrane material in 18Mohm water and bring to a boil.
+.1. Maintain this temperature for a period of 60 minutes.
s

Immerse the membrane material in 18Mohm water bath Just prior to pressing and bring to a
boil for a period of 30 minutes.
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Cyclic Voltammetry Calculations

l'H-." =1 |‘! 1|
2 L.L

Sample Calculation:

0.001953+ 0.00098

g,

= (.000488

which yields a line equation of

0.00098 + 0.000488 or y=0.001456

that will be utilized by the integration program for the area calculations.
Roughness Factor

E (uC) || S(cm®) |
" |

. e - | = Roughness Factor [2.3]
S, (em®) || S-220(uC) |

Sample Calculation:
19000(4C) || 1(cm®) | _ 157

5(cm’) | 220( uC)

which is inserted in the percent utilization calculation.
{ Percent Utilization

Roughness Factor | 3 ;
| = Percent utilization . [2.4]
(BET surface area)

& Sample Calculation:

117.27 | :
[100] = 3.85%
448 |
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I'able C.1 Experimental Data for MEA Properties

Standard E-Tek Electrodes

Electrocatalyst Electrode 1 (g) Electrode 2 (g) Membrane (g)

) 1 0.4 mg/cm2 1865 . 0.1747 ) 8553
on 2 ). 4 mgfem2 0.1901 ). 1742 3
)4 2 02094 02053 1 038
4n I 14 0. 1289 09
| ).1276 94 135
t Power High Temp 3 )4 me/en 0 1459 0 145 7«
Spe vad 5 mg/cm2 442 153 [ )
S S mg/icm 131 | () 8385
H Black 0.1285 1198 (
32 1301 R
} Pt Black ).1314 ) 134¢ ) BT 1
B - T E h:t_'lzl';ul—_ul |_'I'l_‘-}’-l't_'\': Sum. [,_, % Post-Press |ul_!|;,il |_1|_fil'rl'!1l'_l' (g) =
‘ Y T E— N5 STk
Mass ? i mg 216 . ) (126
Ma IX 3 1 cm 2222 3
t Po ['em 0.4 mg/cm2 12165 8 Ot
| emp g/cm 0]¢ 3
Col ower Low Te 0.4 mg/cm 1.4 41 396
{ i Power 04 1.203 1 nnl
Ce Wer Femy 1 m2 01035 1918 1.0177
or ‘ower High Temp 3 ne/cm2 (848 1.084 8
b ( 1g/fcm2 1.3084 1 2904 Y OO
S I 045 1.0887 158
Hig Pt )72 ( ) 000
Hig d Pt Black 1.137
Hig Pt Black 376 )G




Anodic Side

L

i

A i

3 Vial Number

4.0 ml/min
- 4.0 ml/min

T'able C.2 Experimental Data for MF experiment

Flow Rate

2 1.0 ml/min

1 0 ml/min

Pt Concentration

Mass Flux Experiment 1

Sample Vol (ml) T'otal Vol. (ml)

ug/l 15 30
|
| ug/l 15 4 |
| |
- 1 — } SE——————
| ug/L | 15 0 |

|
—
|

Vial Number low Rate

Pt Concentration

Mass Flux Experiment 2

SD Unuts

7 1.0 ml/min
s | 4.0 mi/min ug/l 15 2
v} T I ug [_:_ 15 [. =
I 4 g/l | | |
- = — | R— | —
11 10n i 24 0.081¢ ug/l [ 5 | ]
12 $0ml/min | 0.197 )02 | ug/l 15 3
i 1740 m/min | 133 . ) 5 45
|
L | S| RS . LA
14 4.0 ml/min | 105 0.00372 | ugl 15 60
I 1.0 ml/min 8RS 0.0064 | ugl 15 ]
i._ 16 1.0 ml/imin ) 14 . y
F 0 4.0 ml/min | 00763 i 0.0048 | ugl 5 105
18 = 1.0 ml/min 0.0754 0.00488 | ug/L I 2 |
| 4.0 ml/min i 1652 [ 0.00423 | ugn 15 35
T [ 4.0 mi/min | ) 0641 00059 | ug/l . 15 150
e en ¥ o R 42 | 5. e
I'able C.3 Experimental Data for MF experiment 2

Sample Vol (ml) | Total Vol. (ml)

| 4.0 ml/min ). 707 00145 | ugl s | 5
2 £ 0 ml/min 0264 | 0.00576 | ug/l 3 30

| ) 4.0 ml/min 0.2 100715 15 15 :
! + 0 ml/min | 0173 T 0.0082 = 15 T i




Mass Flux Experiment 2
Vial Number Flow Rate Pt Concentration SD Units | Sample Vol (ml) Total Vol (ml)
5 4 0 ml/min 0.17 000554 | 15 75
L 0 ml/min 53 000814 | ug/l. | 15 90
| |
4 0 ml/min 0.137 5 105
- | -
| 8 4.0 ml/muin 0.132 5 20
|
9 | 4.0 ml/min 0124 15 135
|
) 1.0 ml/min 0.0641 0.0059 | ug/ 15 150
| 11 4.0 ml/min 0192 0132 | ug/L | 15 5
|
12 4 00 ml/min 0.00592 | ug/l 15 30
3 4.0 ml/min 0.0558 0.00321 | ug/L | 5 15
|
[ | . |
| 14 4 0 ml/min 00578 ).00428 | 15 Bl
4.0 ml/min 0.0575 0.00502 | ug/l 5
3.0 ml/min T 0.0538 0.00282 15 a()
4.0 ml/min 1053 000437 3 105
| 18 ilinrmm 0.0501 000343 1 124
| 19 0 ; 14G8 0.00702 |; 15
20 4 0 ml/min 00631 0.00506 | ug/L | 15 150
|
. - - i w=e=s
Table C.4 Experimental Data for MF experiment 3
Mass Flux Experiment 3 ‘
i _ : = = .
Pt Concentrat SD Umits | Sample Vol. (ml) Fotal Vol. (ml)
| |
| o |
‘ | min 54 ug/l i 15 3
b - — . _— — — v —
| 2 0 ml/min 0139 ug/l 1§ T
| |
i - — - |
b A 4 1 < =
i S v T (N . e
| } 4 0 ml/min ().0962 000191 ug/l 15 &l
| L=
.[ o 4.0 ml/min “0.08° 1T 00022 | ugn 15 75
|
6 4 0 ml/min 0.071 000266 | ug/l = o0
< s = = R - =
‘ 4.0 ml/min 00691 148 | ug/l 15 03 !
— | — _i
! 8 [ 4.0 ml 0.0045 1g/1 [ 15 124 |
= - | e - e
b | 4.0 ml/min (0.0 0 ug/l 15 135
. _ e . —
‘ I ' 1.0 ml/min 0.0587 ) | ugfl 5 ) |
555 | : | o




Side

athodic

Vial Number

Mass Flux Experiment 3

7
/

ad

|
: | |
4 0 ml/mir () 86¢ [ 0.00617 | ug/ 15 g
- | -
12 4.0 ml/min ).152 000417 | ue E
| = T o
13 ) ml/min 0.1 j 10035 44
14 $.0 ml/mir 0.0935 [ 0.00394 | ug/l % | 0
5 1.0 ml/min | ) .\ 14 | " "
6 4.0 ml/m | 0.06 % = [ i Tk
|
17 4.0 ml/min [ 0 064 3 | ug/l e 15 S i T 1
- St - WS | SR — = = = T .
18 | 4.0 ml/min D675 1.00275 | ug/l 15 2 |
- b e e e WIS, " RS ]
19 nl/m | 0.124 100343 | 3
e . N 1 .___ - P PR —— - i 1
2 0 mimin | 0.0641 | O | ug/l 3 150 |
b, 1.0 ml/min ).0674 0.00171 | ug/ 3 e T
—_— S — i s = S S e
24 I mi/min 0.0524 210
|
a1 " = 1
.0 ml/mn ).0 0
| % |
RS ! i = : =
24 0 ml/min 150 0.001 ug/l 3 27 i
40 ml/min 00494 | 0 /L | T | _:'-'-_-—__]
I > ! - —— —
| 26 b0 un - | 184 53 g/l 0 313 |
| | |
8 gy | - . ’ i 4 =
7 | 4.0 mli/min 10563 00 ug/l 3 360
— — R (- e PESE—
28 4.0 ml/min | 0.20¢ .0 ug/l1 3 3¢
S = ! e SO - = |y i
29 4.0 ml/min | 0 06 | D028 ug/l T 1
| l : .
3 ) ml/mir 1.0569 0.0 20¢ | 1 4 5()
| - ——— —— I
3 ) ml/min 484 480 1
| |
| 32 1.0 ml/mir | ) 043 T — 5
Sl i) |




l'able C.5 Experimental Data for Constant Power Low Temperature Number 1

Lonstant Power Low Temperature Number 1

Initial Volts Amp mAmp/ema2 Final Volts Amp Amp/cm2
'\ 04
81
() ( 0 16l 12 000
53 0 340 BE O
i 061 22 .00
a8l |
} B0 5 250 .00
) 553 5 314.00(
\'J_‘l )
'] ¢ 5 (M)
| ) T 12 0
Vial Number Sample Volume (ml) Pt Concentration (ug/L) Plasma SD  Temp (C)
( -] 252 V0278
Pl 5581 Q
|
1.4 )N +
' R0 51
| 3571 3

74




I'able C.6 Experimental Data for (

onstant Power Low Temperature Number 2

Constant Power Low Temperature Number 2

Sample Volume (ml) Pt Concentration (ug/L)

Amp/cm2

S8R0 D0

7

LN




Table C.7 Experimental Data for Constant Power Low Temperature Number 3

Constant Power Low

lemperature Number 3

Amp/em2

Initial Volts Amp m \mp-JnE Final Volts ';mp
:T\_’. ).969 > B 3 OCv j
0 969 YIE 10 2.00(
(). 768 VO 4] 70 ROO 160 .00
) 748 ).120 24 000 703 90 158 000
0% ) 49(0) 8 000 ) 6 56l 312 .00
01 65 0 960 192 D00 0 546 2 )
) 174 00 50 110 482 00
0.574 1.770 154 000 () 46l 0 534 00
541 2.1 122 O ) 430 2 890 578.000
)V 5015 2 460 192 (0 ) 16l 3200
) 453 2 95( SO0 000 03 340 668 (M
1415 3 30 660 000
382 j I TI18 000
Notes

Vial Number

CPL3-

Sample Volume (ml)

Pt Concentration (ug/L) Plasma SD

6.1 1 00165
8412 0.126
I5TE 0305 3
| 5 0.02¢
1. 5696 21
1.52 103318

lemp (C)
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Table C.8 Experimental Data for Constant Power High Temperature Number 1

Constant Power High Temperature Number 1

Initial

Vial Number

\-ulln

M)

() 535

Sample Volume (ml)

B60

' 500)

nticipate s
inticipate

Pt Concentration (ug/L)

1373
i R25
{ v

mAmp/em2

Final Volts Amp Amp/cm2

OCvV
001
12 000
206 00
284 00
358 000
i8R 000
100
AR 000
v74 00
1, 1 1on eff 11 wash th 1h 5 e
ome distortion effects, sample | s all wash through ome

Plasma SD  Temp (C)
1 0405

0.0843 5

0 D656

-
/




Table C.9 Experimental Data for C

onstant Power High Temperature Number 2

Constant Power High Temperature Number 2

Initial

Volis Amp
0cy T =
0983
R3 1 (13
76l 0. 104
(1 685 ( 3
().584 ) 580
305 1 5(
) 425 vA0)
03 201
0250 7 35

Vial Number Sample Volume (ml) Pt Concentrat

PH2-Wa 31233
W3 Y 1572
Y94
PH2 1372
CPH2-4 1

mAmp/cml Final Volts \m.|| Amp/em2
—— i i s - =
0745 0.0 ) 000

LK ) 6O ) 50K 00 OF0)
5 WW 1542 0770 154.00
204.000 1495 1.020 204 .00
i (N bt 1 5 M (N
362 000 310 1810 36200
4 1] 240 2.000 400000

ion (ug/L) Plasma SD  Temp (C)

78




Table C.10 Experimental Data for Constant Power High Temperature Number 3

Constant Power High Temperature Number 3

Volts

0.645

) 590

1 550




I'able C.11 Experimental Data for Special Loading Number 1

Special Loading Number 1

Initial Volts

Amp/em2

Amp m \mp..rml Final Volts Amp
OCy = 1010 3 OCv 017
) 937 ) 01 2 000 0.895 0.090 18000
855 0.070 14 00 ) 851 021 2 000
95 0.17 34 000 792 190 98 00
). 75( 0280 0743 0800 160000
I 0.480 36 00N 691 60 232000
0 646 ) 741 18 000 600 1 850 370 000
] 50 13 206000 .54 50 450 000
54 Ml 72 (NN 00 2510 502000
5 1.860 2000 164 2 690 IR .00
3 2 28 000 [ } 3 ) 614.00
35 150 190 000 0 35( 360 672001
03 269 538 (W) 28 3370 674000
Mes
! nbe Sample Volume (ml) Pt ( oncentration (ug/L) Plasma SD
SL1-Wash 16427 ( 19
5l 3 3965 0028
SLI 8361 0135
5 1 5528 N8
SL1-4 1.3988 0.0139
Sl 5 1528 00106
3 15h 27.3282 3403
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l'able C.12 Experimental Data for Special Loading Number 2

Special Loading Number 2

Initial Volts

OCy 1021

633

mcentrabion ol

fication comes as a result of the wa

Vial Number Sample Volume (ml)

\! .\ I\\ .:‘:i

SL2-2
aL2
SL2-4
SL2-35

Sl 15k

Amp

0 06l

160

0 330

211
400)
33
880
2 09

Pt Concentration (ug/L)

3. 5806

3 506/1

P

2.284
1.7859
1.3276

81

T e di

mAmp/cm2

152.000

190 04N

376 00
R ()
158 (W0

Plasma SD

386

Femp (C)

Final V 1|h\-

Amp Amp/em2

OCV 1.08¢ ¥
1954 0.120 24 .00
0902 027 1 OO0
832 0 ) 94 O

)802 0.710 142000

T48 () 990

1 2 4 0
) 653 510 302 000
0.590 181 362 000
) 555 990 08 (

504 60 452 O
)443 2 560 5 Wi
3405 2 730 546 00
) 382 820 564 000

he erimental It I

ne |

II_II




Table C.13 Experimental Data for Platinum Black Number 1

Platinum Black Number 1

Initial

Vial Number

Volts

Bl

391

Sample Volume (ml)

Amp

0. 34

(680

1.051

) 550

Pt Concentration (ug/L)

mAmp/cm2

B, UL

6 UK

266 0

$10.000

Plasma SD

LY

87

Final

OCV

Femp (C)

Volts
0964
0944
( ]
0 R

R, 10

0703
() 650

&0
0 55
0513

Amp

880

Amp/cm2

488




I'able C.14 Experimental Data for Platinum Black Number 2

Platinum Black Number 2

Initial Volts Amp mAmp/cm2 Final V r‘i‘l‘l.\ \.m|| Amp. em2
1 062 T = S OCV 0895 N =
(1943 0 2 195 | |
) RQ &0 Ol ) 750 1.000 2 ()
) 850) 0 660 132000 0 695 .
800 010 202 000 0648 1 830 366000
750 134 268 000 &00 2 130 426.00
(95 T3 346 00 () 544 1300 48¢ |
6435 )T 314 00 04 640 528 i
2 350 170 00 0 450 RO 8 .00
15 2 72 544 00 105 3.070 614 .00(
SO 3 00 i i 3 14 v 2R 00
(0443 37 674 OIN
i 3 18 (0N
] 3 B8 17t |
] 3 YL 48 LN
N s MEA d I am un to make cor it time sampling s stopped 1n vial number 2

Vial Number Sample Volume (ml)

PB2-Wash

Pt Concentration (ug/L) Plasma SD  Temp (C)

5 1836 0056

2 8609 0.0334 5

I 4979




Table C.16 Experimental Data for Platinum Black Number 3

Platinum Black Number 3

Initial Volts Amp mAmp/cm2 Final
e = e " : il T
WRET i 2 00
80 A } 1
0852 () 490 98 000
20 ) 930) 186 000
270 25400/
£ 178 ( ]
8 | 394 00
13 32 14 i
5 6 20 i
2 85 (
0O 45( | 622 (
Note
Vial Number Sample Volume (ml) Pt Concentration (ug/L) Plasma SD  Temp (C)
PB3-Was} 52102 0.0502
B T3 ) 34
'B3 ] | §
i i ) 138 ).0492

Amp/em2
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Current (A)

Current (A)

Constant Power Low Temperature 1 Initial Cyclic \ oltammatery Sweep

o
N
015
0
0005
IR
01
.|i
000 ( 10 ) R0
Voltage (V)
Constant Power Low Temperature 1 Final Cyclic Voltammetry Sweep
15
)
10
101

0o 20 10 0.6 80

Voltage (V)

o0
Lh




(124
0015
-
5 0
&
0
01
(
00
- W
= 0n
11
s
0

Constant Power Low Temperature 2 Initial Cyclic Voltammetry Sweep

0.2 040 0.6 0 8i 1.00

Voltage (V)

Constant Power Low Temperature 3 Initial Cyclic Voltammetry Sweep

020 10 (.60 0 8O 1.00

Voltage (V)




Constant Power Low Temperature 3 Final Cyclic Voltammetry Sweep

) () 0.20 T | &) () 80 00 20

Voltage (V)

Constant Power High Temperature 1 Initial Cyclic Voltammetry Sweep

0.00 ) 2 0.40 0 60 0.80 1.0

Voltage (V)
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Current (A)

Current (A)

Constant Power High Temperature 1 Cyclic Voltammetry Final Sweep

Voltage (V)

Constant Power High Temperature 2 Initial Cyclic Voltammetry Sweep

.20 ) 4 0 60 ) B0

Voltage (V)
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Current (A)

Current (A)

Constant Power High Temperature 2 Final Cyclic Voltammetry Sw eep

20 40 .60 0 8O

Voltage (V)

Constant Power High Temperature 3 Initial Cyclic Voltammetry Sweep

Voltage (V)

89




Constant Power High Temperature 3 Final Cyclic Voltammetry Sweep

Current (A)

Voltage (V)

Special Loading 1 Initial Cyclic Voltammetry Sweep

Current (A)

Voltage (V)

90




Special Loading 1 Final Cyclic Voltammetry Sweep

Current (A)

Voltage (V)

Special Loading 2 Initial Cyclic Voltammetry Sweep

Current (A)

Voltage (V)

91




Current (A)

Special Loading 2 Final Cyclic Voltammetry Sweep

Voltage (V)

Platinum Black 1 Initial Cyclic Voltammetry Sweep

Voltage (V)

t}:ﬂ_




Platinum Black 1 Final Cyclic Voltammetry Sw eep

Current (A)

Voltage (V)

Paltinum Black 2 Initial Cyclic Voltammetry Sw eep

Current (A)

Voltage (V)




Current (A)

Paltinum Black 2 Final Cyclic Voltammetry Sw eep

Voltage (V)

Paltinum Black 3 Initial Cyclic Voltammetry Sw eep

Voltage (V)

94




Paltinum Black 3 Final Cyclic Voltammetry Sweep

(V) juaaan’)

Voltage (V)




