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Overview 
 

 Five projects are proposed, in an effort to supplement the efforts of fuel cell research at the 
University of South Carolina and to contribute to the Technical Plan for Fuel Cells of the Department of 
Energy.  These efforts include significant interaction with the industrial community through DOE funded 
projects and through the National Science Foundation’s Industry/University Cooperative Research Center 
for Fuel Cells.  The allocation of projects described below leverage all of these sources of funding without 
overlap and redundancy.  
 The first project “Novel Non-Precious Metal Catalyst For PEMFCs,” (Dr. Branko Popov) 
continues DOE award DE-FC36-03GO13108 for which funding was delayed by DOE due to budget 
constraints. The purpose of this project is to develop an understanding of the feasibility and limitations of 
metal-free catalysts.   
 The second project, “Non Carbon Supported Catalysts” (Dr. John Weidner), is focused on 
improved catalysts and seeks to develop novel materials, which are more corrosion resistant. This 
corrosion behavior is critical during transient operation and during start-up and shutdown.  This second 
project will be leveraged with recent, peer-reviewed, supplemental funding from NSF for use in the 
National Science Foundation Industry/University Cooperative Research Center for Fuel Cells (CFC) at 
USC. 
 The third project, “Hydrogen Quality,” (Dr. Jean St-Pierre) will support the cross-program effort 
on H2 quality and focus on supporting subteam 1.  We assume this task because of we have performed 
experiments and developed models that describe performance losses associated with CO, NH3, H2S 
contaminants in the hydrogen fuel feed to laboratory-scale single cells.  That work has been focused on 
reformate fed to a stationary PEMFC and relatively high concentrations of these contaminants, this 
project will seek to apply that knowledge to the issue of hydrogen fuel quality as it relates to 
transportation needs.  As part of this project USC and Oak Ridge National Laboratory (ORNL) will 
explore, in a collaborative effort, the usefulness of a techniques developed at ORNL to measure 
differences in the extent of contaminates adsorption with a spatially resolved mass spectrometer.  A 
subcontract will be issued to ORNL for this part of this task. 
 The fourth project, “Gaskets” (Dr. Y.J. (Bill) Chao), will complement industrial sponsorship of 
Project 25C in the National Science Foundation Industry/University Cooperative Research Center for 
Fuel Cells (CFC) at USC.  We have found some materials that give relatively good initial performance 
and minimal long-term stress relaxation but their raw material cost is higher than that desired by stack and 
component suppliers.  In this fourth project our goals is to obtain a fundamental understanding of the 
degradation mechanisms of existing gasket and seal materials in a PEMFC environment.  We seek to 
explain the interactions of chemical and mechanical stresses that decrease the long-term durability of both 
existing and new sealing materials.  
 The fifth project, “Modeling the Acid Loss in PBI-type High Temperature Membranes,” (Dr. 
Sirivatch (Vatch) Shimpalee) will support the development of stationary, but the fundamental studies of 
acid transport should have applications as new high-temperature membranes are developed for 
transportation and other early market fuel cells.  We will work with Plug Power, Inc. (PLUG) to develop 
a model that will allow for long-term prediction of acid loss from PBI-type High Temperature 
Membranes (HTM) fuel cells. This project seeks to complete tasks which were under funded in FY2006 
due to DOE budget constraints. 
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Project 1. Novel Non-Precious Metal Catalyst For PEMFCs (Dr. Branko Popov). 
 
Project ObjectiveS 
 This project continues DOE award DE-FC36-03GO13108 for which funding was delayed by 
DOE due to budget constraints.  The objectives of the project were defined in DE-FC36-03GO13108.  
 
Project Scope  
 The purpose of this project is to develop an understanding of the feasibility and limitations of 
metal-free catalysts.  This project is focused on improved catalysts and will address parts of Tasks 2 and 3 
of Table 3.4.15 entitled “Technical Task Descriptions” of the 2006 Technical Plan-Fuel Cells section of 
the Multi-Year Research, Development and Demonstration Plan.  The project primarily addresses the 
barriers of Durability, Cost, and Performance that are labeled A-C on page 3.4-25 of that plan. 
 
Tasks to be Performed 
 The tasks were defined in DE-FC36-03GO13108.  Project management is described in that award. 
Reports and other deliverables will be provided in accordance with the Federal Assistance Reporting 
Checklist following the instructions included therein.   
 
List of Hardware 
 We will purchase the following equipment to accomplish the objectives of this project:  
  A 1-person Glove Box 
  A Potentiostat/Frequency Response System 
  A pulse generator 
The glove box will be used to prepare some of the catalysts materials and the potentiostat/frequency 
response system will be used to electrochemically characterize the catalysts.  A high-current pulse 
generator will be required to prepare the catalysts.  
 In addition, some of the equipment purchased for Project # 2, described below, will be shared 
with this project.  That is, the chemisorption systems, the XRD and the TGA will be shared resources 
with projects 1, 2, 3, and 5 since catalytic surface area must be determined here by Dr. Popov for the non-
noble metal catalysts and in project 2 by Dr. Weidner, as well as by Dr. St-Pierre and Dr. Shimpalee to 
understand poisoning of MEAs by poor hydrogen quality, and the nature of the active surface in the PBI-
type MEAs. We need to use this equipment in support of our CFC and other industrial component 
suppliers.  
 
 

Project 2. –Non Carbon Supported Catalysts (Dr. John Weidner) 
  

Project Scope  
 This project is focused on improved catalysts and will address parts of Tasks 2, 3 and 11 of Table 
3.4.15 entitled “Technical Task Descriptions” of the 2006 Technical Plan-Fuel Cells section of the Multi-
Year Research, Development and Demonstration Plan.  The project primarily addresses the barriers of 
Durability, Cost, and Performance that are labeled A-C on page 3.4-25 of that plan. In addition, this 
project is innovative (Task 11) because it seeks to develop novel materials, which are more corrosion 
resistant. This corrosion behavior is critical during transient operation and during start-up and shutdown 
and thus this project addresses barrier G on page 3.4-36 of the plan.  
 This project will be leveraged with recent, peer-reviewed, supplemental funding from NSF for 
use in the National Science Foundation Industry/University Cooperative Research Center for Fuel Cells 
(CFC) at USC.  Results of both projects will be shared with CFC members in an effort to engage industry 
in the exploration of innovative concepts for electrode structures and catalysts layers.  The NSF proposal 
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and funding is supplemental in nature and it clear states that many of the proposed tasks are beyond the 
limits of NSF funding.  We include here some of those tasks which are beyond NSF funding because our 
preliminary work shows promise for improving the corrosion resistance of fuel cell electrodes. 
 
Project Objectives 
 The objective of the proposal is to establish scientific and engineering basis for the development 
of non carbon supported catalysts for PEMFC applications. The goal is to develop a corrosion resistant 
and high surface area Nb doped titania support, followed by deposition of durable Pt and Pt-X (X- Co etc) 
alloy catalysts.  The proposed work will employ some of the recent advances in design of catalysts, 
supports and membrane electrode assemblies. Following tasks will be carried out to develop non carbon 
supported catalysts 

(i) Nb doped TiO2: High surface area Nb doped TiO2 will be synthesized using surfactant template 
approach. Effect of synthesis parameters such as nature of surfactant, concentration of Nb 
dopant, calcination temperature on the surface area, electronic conductivity, intrinsic activity of 
the support and metal support interactions will be studied. 

Overall composition optimization and electrochemical performance of the non carbon supported catalysts 
listed above will be characterized through: 

(i) Metal support interactions: Metal support interaction plays a crucial role in the activity and 
stability of the catalysts. State of art characterization tools such as X-ray photoelectron 
spectroscopy (XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), high 
resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and BET 
surface area will be used to elucidate the metal support interactions. 

(ii) Electrochemical characterization: The electrochemical characterization of the developed 
supports and catalysts using half cell measurements such as rotating disk electrode (RDE) will 
be carried out. The RDE technique is a convenient method to estimate the kinetics, performance 
of the catalysts for optimization. Fuel cell testing will be carried out to estimate the 
electrochemically active surface area and performance of the developed catalysts. 

(iii) Stability studies: Stability of the developed non-carbon support and the developed catalysts will 
be carried out in fuel cell and accelerated durability test (ADT) conditions. 

 

Tasks to be Performed  
Task 2.1.  Development of Titania-based non-carbon support. 
Subtask.2.1.1 Synthesis of high surface area Nb doped TiO2  

The objective of this task is to prepare high surface area titania supports, Nb1-xTixO2, with varying 
levels of electronic conductivity (i.e., varying niobium content).  We will start by following our current 
procedure for making 10 wt% Nb-doped TiO2, which is a modification of a mesoporous TiO2 synthesis1. 
Octadecylamine/dodecylamine/laurylamine hydrochloride was mixed with ethanol to provide the 
surfactant template for the procedure.  Niobium pentaethoxide and titanium tetrabutoxide were added to 
the mixture in quantities that give a 1:9 Nb:Ti ratio.  Water was added to the solution to precipitate the 
gel, and the gel was allowed to age and subsequently filtered.  The surfactant template was removed by 
calcination at 400°C or by solvent extraction.  Solvent extraction of the template was accomplished 
mixing the support with a solution of HCl and ethanol at 40°C.  The solution was filtered and washed to 
give the Nb-doped TiO2 support.  This synthesis procedure represents preliminary attempts at producing 
Nb-doped TiO2 supports.  Although we have made materials with acceptable electronic conductivity and 
higher surface areas than previously reported, it is far from optimized.  Varying the synthesis conditions 
(e.g., pH, temperature, precursor concentration) should enable us to control the physical properties (e.g., 
electronic conductivity, metal support interactions) of the support.  Varying the synthesis conditions for 
the support along with the synthesis of the bimetallic catalysts described below will enable us to study 
catalyst material with a wide range of properties, and enable us to develop structure-activity-stability 
relationships. 

Completion of subtask 1.1 is expected 09/2007 (12 months after start of project).   
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Subtask 1.2 Synthesis of high surface area Ti4O7 supports 
 The titanium–oxygen system contains a sub stoichiometric composition of general formula 
TinO2n-1 (Magneli phase), where n is a number between 4 and 10. 2,3  Among this series of distinct oxides, 
Ti4O7 exhibits the highest electrical conductivity exceeding 1000 S cm-1   at room temperature4 which is 
comparable to graphitized carbon5. Chen et. Al6  analyzed Ebonex, Ti4O7, and Nb0.1Ti0.9O2 supported 
catalysts for regenerative fuel cells. Excluding Nb0.1Ti0.9O2, Ebonex and Ti4O7 were found to be not stable 
at 1.6 V vs. SHE for long term operation. In PEMFC operations since the maximum voltage spikes will 
be 1.2 V during start up and shutdown operation, the cost effective Ti4O7 supports can be tested as 
supports. High surface area (> 300 m2/g) TiO2 will be prepared by surfactant template procedure. The 
prepared high surface area TiO2 will be heat treated under H2 for 6h at 1050oC to obtain conductive 
Ti4O7.

6 
 Completion of subtask 1.2 is expected 03/2008 (18 months after start of project).   
 
Task 2.2.  Characterization of the Developed Support and Catalysts. 
 The developed supports, Pt and Pt alloy deposited supports (electrocatalysts) will be subjected to 
extensive material characterization. Surface area and pore size distribution of the prepared supports and 
catalysts will be measured using BET. Mercury porosimetry will be used to measure the porous nature of 
the catalyst layers prepared using the developed supports/catalysts. Scanning electron microscopy (SEM) 
and Transmission electron microscopy (TEM) will be used to observe the surface morphology and 
particle size distribution. XRD measurements will be used to analyze the structure of the catalysts. 
Thermogravimetric analysis coupled with mass spectrometry will be used to analyze the thermal stability 
of the developed supports and the corresponding species evolved due to degradation. In addition to the 
above mentioned studies, the metal support interaction and the role of the carbon modification will be 
studied using X-ray photoelectron spectroscopy (XPS) and X-ray absorption (XAS) spectroscopy. 
 Task 2.2 and subtasks 2.2.1 and 2.2.2 will be completed incrementally as new supports are 
synthesized in task 2.1.1 and 2.1.2.   
 

Subtask 2.2.1 X-ray Photoelectron spectroscopy (XPS):  Photoelectron spectroscopy utilizes 
photo-ionization and energy-dispersive analysis of the emitted photoelectrons to study the composition 
and electronic state of the surface region of a sample. For each and every element, there will be a 
characteristic binding energy associated with each core atomic orbital i.e. each element will give rise to a 
characteristic set of peaks in the photoelectron spectrum at kinetic energies determined by the photon 
energy and the respective binding energies.  X-ray photoelectron spectroscopy, which detects only the top 
2-10 atom layers, has been widely used to study surface oxygen species on different carbons7,8,9. In the 
present study, the nature of functional groups on the surface of oxide supports is expected to play an 
important role on the stability of the deposited catalyst and support.  XPS peak spectra will be 
deconvoluted to analyze the surface functionalities and their interactions with the deposited catalysts. 

 
Subtask 2.2.2 X-ray Absorption Spectroscopy (XAS):  Studying the metal support interaction is 

crucial to obtain an insight in the corrosion processes of the support.  The effectiveness of a catalyst 
ultimately depends on its detailed atomic arrangement and electronic structure. X-ray Absorption 
Spectroscopy (XAS), in the near-edge region (X-ray Absorption Near Edge Structure, XANES) and the 
extended fine structure (X-ray Absorption Fine Structure, EXAFS), will be employed in order to obtain 
detailed information on the structure of the metal complex in the catalysts to be synthesized in this 
program.  These techniques are particularly suitable for the investigation of small particles and disordered 
materials.  They also have the advantage that they can be used for studies "in situ" under actual operating 
conditions, in view of the ability of X-rays to penetrate relatively thick layers of materials.  Initial work 
will involve an "ex situ" characterization to determine such information as oxidation state (valency), 
coordination number, bond length, and degree of disorder, from the measured XANES and EXAFS 
spectra.  Both metal components of the mixed metal complexes will be studied, as far as is practicable. 
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We will also use this spectroscopic technique for in situ characterization of the electrocatalyst 
substrate under actual PEM fuel cell operating conditions.  It is important to note that structural and 
electronic characterization of the nanoparticles have to be conducted in situ, surface studies of the 
electrocatalyst and electrode surfaces are difficult to interpret since the surface of the electrocatalysts 
undergo significant changes in an electrochemical interface depending on the reactant, and potential 
region.  In situ XAS spectroscopy will have two important roles in this proposed effort.   

i. Determination of short-range atomic order, this is independent of particle size, as it is bulk 
averaged information.  The important aspects in this measurement is to ensure that the 
measurements are done in situ at potentials close to the double layer region (~ 0.54 V vs. RHE) to 
avoid interference from surface adsorbed species.   

ii.  Determination of the changes in the short-range atomic order and electronic state changes as a 
result of changes in fuel cell operating conditions.  Since effect of surface adsorbed species is an 
important component of this measurement, normalization of the data with population of surface 
sites is important.   

Taking advantage of the element specificity of the technique, spectra will be acquired at both the L (e.g., 
Pt L3 and L2 edge) and K edges of the electrocatalysts.  Variation in fuel cell operating conditions such as 
temperature, electrode structure, operating potential and current density will be examined from the 
perspective of its effect on the electronic and short range atomic order in the catalyst substrate.  
 
Task 2.3.  Electrochemical Characterization.  

The catalyst on developed supports will be tested initially using RRDE technique to determine the 
activity and selectivity (towards 4 e- reduction) using half-cell studies in liquid electrolyte. Thin-film 
RDE technique opens the possibility for the mass-transport-free determination of the electrode kinetics 
and can analyze the mechanism for the oxidation of methanol. If comparable mass-specific current 
densities are used, the RDE data can predict the performance of real fuel cell cathodes operating under 
methanol cross-over conditions. Therefore, the thin-film RDE technique supplies an efficient way for the 
fast and simple screening of supported electrocatalysts for PEM fuel cells.  

A glassy carbon rotating disk electrode (GCRDE) will be used for the determination of the active 
surface area and evaluation of the catalyst's electrocatalytic activity. The experiments will be performed 
in 0.3 M H2SO4 solution at room temperature, where mercury mercurous sulphate is used as the reference 
electrode. For DMFC applications, the electrolyte will be 0.3 M H2SO4 + 1 M CH3OH. The catalyst ink is 
prepared by ultrasonically blending the catalyst (2.8 mg) with 1 mL of distilled water for 5 min in a 
Branson Ultrasonic Cleaner. The ink (10 μL) is then placed on the glassy carbon surface of the RDE. 
After drying, a catalyst loading of 28 μg was achieved on the GCRDE. A volume of 5 μL of a mixture 
of Nafion solution (5 wt.% from Aldrich) and isopropyl alcohol (1:20) was applied on the dry catalyst to 
ensure better adhesion of the catalyst on the glassy carbon surface. The experiments are performed using 
a three-neck round bottom flask containing 0.3 M H2SO4 solution. Initially, in order to clean the surface 
of the catalyst, the system is purged with N2 and cycled between 1.24 and −0.03 V versus normalized 
hydrogen electrode (NHE) at a scan rate of 50 mV s−1. Next, the electrode is polarized by using a 
5 mV s−1 scan rate in order to evaluate the electrochemically active surface area. Hydrodynamic 
voltammograms (at rotation rates varied from 300 to 3000 rpm in 0.3 M H2SO4 solution saturated with 
O2) for ORR were recorded between 1.04 and 0.24 V versus NHE at a scan rate of 5 mV s−1. The 
Koutecky–Levich equation 1 is used to calculate the kinetic currents 

 

where ‘C0’ is the bulk concentration, ‘ν’ the kinematic viscosity, ‘ω’ the rotation rate in radians per 
second, ‘DO’ the diffusion of O2 in the bulk, ‘A’ the surface area, ‘n’ the number of electrons exchanged 
in the electrochemical reaction, ‘F’ the Faraday's constant, ‘L’ the film thickness, ‘cf’ the reactant 
concentration in the Nafion film and ‘Df’ is the diffusion constant in the Nafion film. Since the film 
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thickness was reduced to the extent that the Nafion film diffusion limited current density, ‘if’ becomes 
significantly larger than the kinetically limited current density ‘ik’ and diffusion limited current density, 
‘il’, the influence of ‘if’ on the measured current in our experiments was negligible. By plotting i−1 versus 
ω−1/2 and extending the regression line, the y-intercept or the inverse of the kinetic current can be 
calculated 
 Task 2.3will be completed incrementally as new supports are synthesized in task 2.1.1 and 2.1.2.  
 
Task 2.4.  Corrosion studies on developed supports and catalysts. 

Platinum (30 wt%) and platinum alloy catalysts will be deposited on the developed non-carbon 
supports.  The new catalysts on developed corrosion resistant oxide supports will be tested in fuel cell 
conditions for performance and stability. Durability tests to measure to analyze the corrosion rate will be 
conducted in accordance with the procedure illustrated by DOE for carbon  in an effort to compare the 
oxide supports with traditional carbon supports. After startup and conditioning, the VI curves will be 
obtained in a 50 cm2 cell at 80oC and 50 % RH in H2/air streams. After polarization test, the cell will be 
switched to H2/N2 stream and 100% RH. The durability of the support will be measured with the 
application of 1.2 V for n number of h followed with a polarization curve. The steps will be repeated for a 
minimum of 100 h at 1.2 V. The detailed procedure provided by DOE/GM.10   

Task 2.4 will be completed incrementally as new supports are synthesized in task 2.1.1 and 2.1.2 
 
Task 2.5.  Stability analysis of the catalysts loaded on developed supports in ADT. 

In addition to the corrosion resistance of the developed support, the most important factor to 
reach a feasibility decision on a developed support is the stability of the deposited Pt or Pt-X catalysts. As 
illustrated in the technical background of the proposal, loss in performance under normal operating 
condition (<1.0 V) is mainly attributed to the Pt migration/sintering or dissolution of the catalyst. 
Numerous studies are in progress to increase the metal support interaction and there by to enhance the 
stability of the Pt and Pt alloy catalysts. Selection of the supports will be based on the stability of the Pt 
and Pt alloy catalysts. 

Accelerated durability test11 developed at USC will be used to carry out the stability of Pt and Pt 
alloy catalysts on developed supports under normal operating conditions. The ADT cell consists of a 
three-electrode system, which includes a reference electrode, a platinum mesh counter electrode and a 
catalyst-coated GDL as a working electrode. To avoid any chloride contamination, Hg/Hg2SO4 electrode 
was used as a reference electrode. The ADT experiments are carried out by immersing the electrodes in 
200 mL of 0.3 M H2SO4 solution, which mimics the environment of the electrode–membrane interface of 
the cathode side. The difference between the actual fuel cell test using a membrane electrode assembly 
(MEA) and ADT is that in the case of MEA, only the catalyst that is in contact with the membrane is 
active. Also, the proton electromigration and diffusion (the proton mobility) is limited due to the presence 
of a solid polymer electrolyte interfacing the cathode and the anode. In the case of ADT, the entire active 
surface of the catalyst is exposed and high proton mobility in the liquid results in more severe catalyst 
corrosion than that observed in the MEA. Under these conditions, the deterioration of the catalysts is 
accelerated. A fixed potential of 0.9 and 0.8 V versus NHE is applied to the working electrode (the 
catalyst-coated GDL) and the responding current is recorded by using an Arbin instrument (Model No. 
BT-2043). 
 Task 2.5 will be completed after the new supports are synthesized in task 2.1.1 and 2.1.2. 
Completion of this task is expected in 07/2008 (22 months after start of the project.) 
 
Task 2.6.  Hardware Purchase. 
 We will purchase the following equipment to accomplish the objectives of this project:  
  2 Chemisorption Systems 
  An XRD  
  A TGA  
  2 Potentioistats 
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  A GC/Mass Spec 
This equipment is assigned to this project for convenience only.  These equipment have general 
applications for projects 1,3 and 5 since catalytic surface area must be determined by Dr. Popov for the 
non-noble metal catalysts, as well as by Dr. St. Pierre and Dr. Shimpalee to understand poisoning of 
MEAs by poor hydrogen quality, and the nature of the active surface in the PBI-type MEAs. We need to 
use this equipment in support of our CFC and other industrial component suppliers. The chemisorption 
systems will be use to determine active area of the non-carbon support as well as the catalytic area of the 
electrodes. Two systems are required because we use our existing systems 24 hours- 7 days a week and 
our experience is that we these systems are fragile and repair takes 3-4 weeks.  During that time, our 
characterization ability is hampered unnecessarily. We will use the XRD to characterize the catalysts and 
the supports and the thermogravametric analysis (TGA) will be used to understand morphology changes 
and support stability as a function of temperature.  These measurements will be used to understand the 
durability of the catalysts and supports. Potentiostats are required to characterize electrochemically the 
catalysts and the Gas Chromatograph/Mass Spectrometer (GC/MS) will be used to analyze reaction 
products from the catalysts as well as to understand the degradation products from the TGA.  
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Project 3. Hydrogen Quality (Dr. Jean St-Pierre) 
 
Project Objectives 
 The objective is to develop an understanding of the mechanisms of fuel cell performance and 
durability loss involving fuel contaminants.   We will perform experiments and develop models with the 
long-term goal of predicting these losses.  In addition, we will use the data developed throughout the 
North American fuel cell team in two ways.  First, these data will guide the development of these 
mechanistic models and secondly these data will serve as a verification test of the predictive capabilities.   
 
Project Scope 
 This project will support the cross-program effort on H2 quality and it address parts of Tasks 1-3 
and 8-10 of Table 3.4.15 entitled “Technical Task Descriptions” of the 2006 Technical Plan-Fuel Cells 
section of the Multi-Year Research, Development and Demonstration Plan.  The project addresses the 
barriers of Durability, Cost, and Performance that are labeled A-C on page 3.4-25 of that plan. 
 The North American Fuel Quality Team organized by Dr. James Ohi (NREL) has been divided 
into two subteams:   
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 Subteam 1 will focus on mechanistic and material details involving the six selected critical 
constituents (CO, S species, NH3, He, CH4 and inerts, and Particulate Materials (PM)) primarily 
through single-cell (and perhaps short-stack) testing.   

 Subteam 2 will focus on engineering aspects of fuel quality (both production/purification  and fuel 
cell stack/system operation), the relative impacts on fuel cost and performance of under realistic 
operation of both the fuel infrastructure and vehicles, and analytic methodology and 
instrumentation needs.   

The initial goals of this team include the development of the science and engineering to support the 
development of fuel standards within three years.  
 The University of South Carolina will focus on supporting subteam 1 because of we have 
performed experiments and developed models that describing performance losses associated with CO, 
NH3, H2S contaminants in the hydrogen fuel feed to laboratory-scale single cells.  That work has been 
focused on reformate fed to a stationary PEMFC and relatively high concentrations of these contaminants 
have been used in an effort to develop accelerated durability tests (ADT).  In contrast, this project will 
seek to apply that knowledge to the issue of hydrogen fuel quality as it relates to transportation needs.   
 As part of this project in task 5, USC and Oak Ridge National Laboratory (ORNL) will explore, 
in a collaborative effort, the usefulness of a techniques developed at ORNL to measure differences in the 
extent of contaminates adsorption.  .Researchers at Oak Ridge National Laboratory’s (ORNL) Fuels, 
Engines and Emissions Research Center (Todd J. Toops, William P. Partridge, Josh Pihl and Johney 
Green) have developed a spatially resolved mass spectrometer technique (Spaci-MS)1  which has shown 
the ability to measure O2, N2, and water at several locations in the flow path of an operating PEMFC.  The 
sensors are minimally intrusive and may allow for intra-cell measurement of concentration gradients and 
changes in local (i.e., in the plane of the membrane along the serpentine path) contaminates as a function 
of time.  This is a collaborative effort because USC understands the operation of the PEMFC exposed to 
contaminants and ORNL has developed the unique capabilities that elucidate intra-PEMFC species 
concentrations and temperature distributions [1].  This is an exploratory study with very specific go-no-go 
objectives.  The combination of these two facilities will advance the technology of PEMFC research by 
allowing a detailed understanding of the local dynamics inside fuel cells. A subcontract will be issued to 
ORNL for this part of this task. 
 
Tasks to be Performed 
Task 3.1.  Determine the uniformity of current and temperature. 
 We will study all of the cell hardware configurations used or proposed for use by subteam #1 and 
determine the uniformity of current and temperature distribution as a function of cell design and operating 
conditions.  We seek to understand the non-uniformity of the temperature for these designs because the 
adsorption isotherms are temperature dependent.  Typically, the current is also non-uniform even without 
contaminants and this gives rise to changes in temperature. Non-uniformities are important because the 
performance results (i.e., polarization curves, voltage decay at a given current density, or current loss at a 
given voltage) will be an average over the area of the test cell.  These averages are acceptable if the 
deviations are small enough so that the results can be used to predict performance in industrial scale cells 
and stacks.  Our experience at USC indicates that deviations as large as 10°C are common in 25-cm2 cells 
and that these depend on cell hardware (such as flow field design and external temperature control) and 
on stoichiometry and feed relative humidity even for the same membrane electrode assembly (MEA), gas 
diffusion layer, and cell assembly procedures.  The North American team has received suggestions to run 
at infinite stoichiometry or to use a single pass-multiple channel cell to ensure uniformity. However, there 
has been no documentation that these suggestions will insure the requite uniformities.  Segmented cells 
and sophisticated measurement techniques have limitations and are time consuming.  Software tools in 
the form of subroutines that couple the electrochemistry and phase change behavior to computational 
fluid dynamics solvers for the mass, momentum and energy balances are available commercially, have 
been verified in terms of water balances, have received modest acceptance by industry, and provide 
relatively quick results.  This task will use a commercially available tool, es-pemfc, available from cd-
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adapco,ltd., to provide those answers.  We will assess the uniformity of the dependent variables for the 
different cells as a function of operating conditions. We will determine the distribution of current, 
temperature, oxygen, hydrogen, and water for each of the laboratory scale test cells used by subteam 1 
members. 
 Completion of task 3.1 is expected by 09/2007 (12 months after start of the project)  
 
Task 3.2.  Determine Independent Adsorption Isotherms and Rate Constants . 
 These isotherms must be determined as a function of temperature, CO concentration, and local 
overpotential-current density relationships the MEAs chosen by the subteam.  The methodology will be 
documented so that consistent and reproducible parameters can be determined for additional MEAs that 
might be chosen and so that the effects of catalyst loading, membrane properties (including air crossover) 
can be isolated.  
 The team has identified CO as the primary contaminant and, for this reason, it is the first species 
to initiate development of the parameters necessary for a model.  As discussed above CO may act as a 
“canary” to mark the ratio of all six contaminants.  In addition, the literature is rich with fundamental 
studies to suggest the mechanism of performance loss.  This mechanism includes the reversible 
adsorption in either bridged or linear species (also know as “atop” species) and the subsequent electro-
oxidation in the presence of water to CO2.  Other phenomena may affect this mechanism such as the 
crossover of oxygen form the air in the cathode but it is clear that the adsorption is influenced by 
temperature, concentration, and dosage ) length of exposure.  The existing mechanistic models can be 
adapted but the parameters such as temperature dependent activation energies must be determined.  This 
task will determine these parameters based on experiments in the four test stations purchased in this 
contract.  
 Completion of task 3.2 is expected by 09/2007 (12 months after start of the project) 
 
Task 3.3.  Predict Long-term Effects. 
 We will use the parameters obtained in task 3.2 in mechanistic models to predict long-term 
effects associated with a load cycle and impurity dosage and concentration cycle.  Compare with data 
obtained by the North American team.  
 Data is available and will become available showing the long-term effects of CO on the 
performance.  Additional experiments may need to be designed to verify the mechanistic models and this 
task will provide those designs.  It is hoped that much of this long-term data acquisitions can be shared 
throughout the international community and that duplication of effort will not be prevalent.  These long-
term test occupy a test-station ( ~$40,000 of equipment) for extended periods of time (~2000 hrs) and 
they are best performed with technicians rather than students. Initial discussions with the Working Group 
12 are positive and expected to facilitate the sharing of  data and effort associated with these long-term 
experiments.  Nevertheless, USC will support subteam 1 by providing long-term data when necessary.  
 Completion of task 3.3 is expected by 03/2008 (18 months after start of the project) 
 
Task 3.4.  Extend the Methodology to Other Species. 
 We will initiate extensions and suggest adaptations to the methodology developed for CO to the 
other species with identified as critical.   These other species in the critical list (see Appendix F- 
Hydrogen Quality of Ref. 1) will not have the same mechanism as CO.  That is, CO will be more 
reversible that S-species on the Pt catalysts.  NH3 will attack the ionomer interface rather than the 
catalysts.  Hydrocarbon species will probably adsorb differently than CO, have different temperature 
dependent isotherms, and may affect the performance in different ways.  Other species in the Table F.1. 
may act as inerts which may only affect the performance when local hydrogen concentrations approach 
starvation conditions.  
 Completion of task 3.4 is expected by 03/2008 (18 months after start of the project). 
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Task 3.5.  Exploratory Study with ORNL: Intra-PEMFC Sensors. 
 We will determine the applicability of a unique and new in-situ analytical technique, developed at 
ORNL, for understanding the distribution and chemistry of contaminants in a PEMFC.  We will begin the 
task by confirming that consistent data (polarization curves) can be obtained at both facilities.  The a  
Research Professor from USC travels will travel to ORNL for 1 week for safety training, badging, and to 
perform preliminary baseline tests to learn ORNL system and Spaci-MS operation.  ORNL will 
incorporate the Spaci-MS probes into PEMFC for second effort at ORNL and the USC Research 
Professor will work with ORNL to determine performance losses as a function of CO concentration in H2 
fuel over a 3 weeks period.  The initial effort will be performed while only measuring concentrations at 
one internal point in PEMFC.  We will use CV to clean the MEA and reverse the effects, so only that in 
these preliminary studies one MEA is necessary.  We will identify specific concentrations where the most 
significant effects are observed and then we will repeat measurements of CO inhibition while fully 
mapping out internal CO concentration profile.  Together we will analyze results determine to determine 
if more measurements are necessary to develop a complete intra-PEMFC profile.  A second set of CO 
inhibition measurements with increased resolution will be performed. The deliverables will be a paper 
that discusses the limitations and applicability of the techniques.   
 Completion of task 3.5 is expected by 03/2007 (6 months after start of the project) 
 
Task 3.6.  Hardware Purchase. 
 Because existing equipment is being used for other fuel cell projects, we will purchase the 
following equipment to accomplish the objectives of this project:  

4 Test stations 
3 Impedance stations 
3 Potentiostats 
2  Gas Chromatographs 

The gas chromatographs will be used to characterize exit streams from each of the four test stations.  We 
will use impedance to characterize changes in the interfacial and membrane resistances.  We will use the 
potentiostats to run half-cell and CV experiments on each test station to determine the mechanisms.  
Multiple stations are required for reproducibility experiments that may take 500-1000 hours.  Subteam 1 
is developing the details of a test matrix but it is clear that this will include multiple variables such as 
relative humidity, temperature, pressure, MEAs, catalysts loading, and at least 3 levels of contaminate 
concentrations for each of the six critical species. Clearly this experimental effort must be and will be 
shared, but multiple stations are needed because there are not enough test stations at national laboratories 
and universities to establish the required information and data base to met the objectives of this effort.   
 
References 
1. W.P. Partridge, T.J. Toops, J.B. Green and T.R. Armstrong, “Intra-fuel cell stack measurements of 
transient concentration distributions”, J. Power Sources, in press, available online 
doi:10.1016/j.jpowsour.2006.01.016]. 
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Project 4.  Gaskets  (Dr. Y.J. (Bill) Chao) 

 
Project Objectives 
 This project will obtain a fundamental understanding of the degradation mechanisms of existing 
gasket and seal materials in a PEMFC environment.  We seek to explain the interactions of chemical and 
mechanical stresses that decrease the long-term durability of both existing and new sealing materials. 
Both ex-situ (out-of-cell) and in-situ (within a single fuel cell) tests will be conducted.  The objectives of 
the proposed research are to 

 (a) identify good/poor candidate seal materials for PEMFC applications by evaluating changes to the 
mechanical and chemical properties of the elastomeric materials and by measuring chemical 
byproducts and leachantes, 

(b) develop suitable accelerated durability (i.e., life) testing (ADT) protocols,  
(c)  provide generic and practical knowledge concerning sealing materials in PEMFC cells to the 

scientific community and industry to accelerate the commercialization of the fuel cell technology.   
. 
Project Scope 
 This project will complement industrial sponsorship of Project 25C in the National Science 
Foundation Industry/University Cooperative Research Center for Fuel Cells (CFC) at USC1.  This project 
also address Task 6 of Table 3.4.15 entitled “Technical Task Descriptions” of the 2006 Technical Plan-
Fuel Cells section of the Multi-Year Research, Development and Demonstration Plan.  The project 
primarily addresses the barriers of Durability labeled A on page 3.4-25 of that plan. However, our 
experience in the CFC indicates that the barrier of Cost must also be addressed.  That is, we have found 
some materials that give relatively good initial performance and minimal long-term stress relaxation but 
their raw material cost is higher than that desired by stack and component suppliers.  
 
Tasks to be Performed 
Task 4.1.  Selection of Commercially Available Seal Materials. 
 Commercially available seal materials will be identified and selected for testing based on their 
potential to be used for FC applications.  Silicone, EPDM (Ethylene-propylene-diene-monomer) and 
fluoroelastomer are selected and have been tested at USC for FC applications.  Our preliminary results 
indicate that silicone based seals which is the most popular sealing material may not be as chemically 
stable as EPDM13 for FC applications.  We will seek other materials from silicone suppliers that may be 
available. 
 Task 4.1 will continue throughout the project life.  It will be completed by 03/2008 (18 months 
after start of the project). 
  
Task 4.2.  Aging Of Seal Materials In Simulated And Accelerated FC Environment. 
 Selected seal materials will be aged with and without stress/deformation in simulated and 
accelerated FC environment.   In our preliminary studies, two solutions with different chemical 
concentration have been used that are (a) the ADT (Accelerated Durability Test) solution containing 1M 
H2SO4, 10 ppm HF and reagent grade water and (b) the regular solution containing 12 ppm H2SO4, 1.8 
ppm HF and reagent grade water.  Two temperatures at 60 0C and 80 0C have been used and applied 
deformation up to 50% compression to the seal material has been used.    Other test conditions will be 
developed/adopted for the accelerated testing procedure (see Task 5). 
 Task 4.2 will continue throughout the project life as new materials are selected.  It will be 
completed by 05/2008 (20 months after start of the project). 
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Task 4.3.  Characterization of Chemical Stability. 
 Due to the acidic corrosive electrolyte in the cell, seal material degrade as a function of time. 
Potential seal materials will be aged with and without stress/deformation in simulated fuel cell solutions.  
Both constant stress and constant displacement tests will be performed to assess the effect of applied 
stress/deformation on the rate of degradation.  Samples will be taken out of the test ovens on a weekly 
basis and their chemical/thermal stability will be assessed by various methods which includes weight loss 
measurement using TGA/MS, chemical byproducts and leachants identification (from the solution) using 
atomic absorption spectrometer and mass spectrometry, surface deterioration using optical microscopy 
and SEM (scanning electron microscope),  molecular mechanisms of surface chemical degradation using  
XPS (X-ray Photoelectron Spectroscopy) and ATR-FTIR (Attenuated Total Reflectance Fourier 
Transform Infrared).  ATR-FTIR determines the chemical structures on the surface of the sample using 
the vibration mode of the atomic structures.  XPS is a much more sophisticated instrument which is a 
surface sensitive method that probes the chemical composition and atomic concentration of the material to 
a depth of about 10 nm.  It can also determine the same information at different depth layer by layer and 
therefore can be used to elucidate the degree of chemical degradation penetrating the thickness of the 
sample.   
 Task 4.3 will continue throughout the project life as new materials are selected.  It will be 
completed by 05/2008 (20 months after start of the project). 
 
Task 4.4.  Characterization of Mechanical Stability. 
 We will identify good/poor candidate seal materials by evaluating sealability. As stated earlier, 
chemical degradation results in change of bulk mechanical properties of the seal material such as 
hardness, ductility, stress relaxation and introduction of cracking.  The overall structural integrity of the 
gasket decays over time and eventually the gasket losses its capability in sealing.  The degradation of 
mechanical properties will be investigated using samples aged in fuel cell solutions with or without 
applied stress/deformation.   Both the effect of constant stress using deadweight and constant deformation 
(compressive stress relaxation (CSR) test) at various levels of loadings on the chemical and mechanical 
degradation mechanisms will be studied in detail.  These tests will be performed at the fuel cell operating 
temperatures (e.g. 80 0C and 95 0C) and aged in fuel cell solutions as well as at higher/lower temperatures 
and higher/lower concentrations of solutions for developing an accelerated life testing methodology (see 
Task 5).  A minimum test time of 4,000 h might be required but a continual evaluation will be followed 
and differentiation of performance may 
be observed in less time as shown 
schematically in Figure 4. 1 
 Bulk mechanical properties of 
the seal materials at different stages of 
aging will be obtained using a tensile 
testing machine (purchased with project 
funds) for ductility, strength and stress 
relaxation tests for its sealability.  The 
stress relaxation is an important property 
in gasket materials because the life of a 
seal ends when the compressive stress in 
the material equals or falls below the 
sealed pressure of the system.  Figure 4 
shows schematically an anticipated 
result which can be used to assess the 
applicability of the seal materials in FC 
applications.  ASTM D6147, “Test 
Method for Vulcanized Rubber and 

Figure 4.1  Schematic results from compression stress 
relaxation (CSR) tests showing material #1 is good after 400 
hours operation 
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Fig. 4.2  Comparison of weight loss results for Silicone S samples 
aged in ADT solution at 80C with bend angle of 00, 900, and 120. 
No failure at 4,000 hours was observed for the “No Bend” sample2 

Thermoplastic Elastomer: Determination of Force Decay (Stress Relaxation) in Compression” will be 
followed and modified to according to the FC conditions of temperature and acid strength. 
 The degradation 
in cracking/fracture 
resistance of the seal 
material due to aging in 
FC environment will also 
be investigated.  Figure 
4.2 shows our preliminary 
results of weight loss with 
time from constant 
deformation tests for 
Silicone G samples aged 
in the ADT solution at 
80C.   The deformation 
in this case was applied 
through bending of 
rectangular strips of the 
samples, i.e. 180 degree 
bend is a U-bend and “No 
Bend” is without bending 
and stress relaxation was 
not measured.  Cracks 
were first observed on the 
surface and failure (for these tests) 
was defined as when the sample 
broke into two halves. The data 
clearly shows that (a) there were 
significant amount of seal materials dissolved into the solution in less than 500 hours, and (b) the 
stress/deformation level has a significant effect on the life of the seal material, reflected by the weight loss 
and cracking.  

 Task 4.4 will continue throughout the project life as new materials are selected.  It will be 
completed by 05/2008 (20 months after start of the project). 

Task 4.5.  Development of Accelerated Life Testing Procedures. 
 We will seek to develop suitable accelerated life testing protocols based on input from our 
members in the CFC.  Our goal, which probably will not be completed during the period of this project, is 
to develop methods that correlate performance and lifetime in a vehicle with laboratory tests.  Thus, the 
information and understanding developed above will be evaluated relative to this goal.  The parameters 
critical to the degradation of a particular seal in PEM fuel cells include temperature, concentration of the 
electrolyte, stress/deformation and others.  A function for “time to failure” may be written as  

     f = f (temperature, concentration of the electrolyte, stress/deformation, others)          

The physics based Arrhenius life-stress model for temperature (see “Accelerated Life Testing Analysis 
Reference”, ReliaSoft Publishing, 2001) will be incorporated into the model.  Our preliminary results 
have indicated that this model is best for temperature only.   The precise functional form including all 
parameters in equation (1) can only be determined after results from extensive tests become available. 
 The “overstress acceleration method” will be adopted which is accomplished by applying 
stress/deformation, temperature, concentration of electrolyte exceeding and below the actual conditions in 
fuel cells to accelerate and simulate the failure mechanisms to develop a meaningful accelerated life 
testing procedure.   The software ALTA 6.0 which is a commercial software package designed expressly 
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for quantitative accelerated life testing data, using rigorous scientific analysis methods, will be adopted 
for statistical analysis. 
 Task 4.5 will continue throughout the project life as new materials are selected.  It will be 
completed by 07/2008 (22 months after start of the project). 
 
Task 4.6.  Hardware Purchase. 
 We will purchase the following equipment to accomplish the objectives of this project:  

A Stress Relaxation Testing System for Continuous Measurements with 4 Rigs  
An Instron Model 5564 configured for Tensile Elongation Testing and Compression Test  
 atAmbient Temperatures and from –20C to 90C  
A TGA / MS system 

 
References 
1. National Science Foundation Industry/University Cooperative Research Center for Fuel Cells. 
http://www.fuelcells.sc.edu. 
 
2. Tan, J., Chao, Y.J., Lee, W.K., Smith, C.S., Van Zee, J.W., and Williams, C.T. (2006), “Degradation 
of Gasket Materials in a Simulated Fuel Cell Environment,” in review with ASME Journal of Fuel Cell 
Science and Technology; presented at Fourth International ASME Conference on Fuel Cell Science, 
Engineering and Technology,  June 19-21, 2006, Irvine, California, USA. 
 
 

Project 5.  Modeling the Acid Loss in PBI-type High Temperature Membranes  
(Dr. Sirivatch (Vatch) Shimpalee)  

 
Project Objectives 
 The objectives are to develop an understanding of the mechanisms of acid loss and acid transport 
in this fuel cell and to include this understanding in a mechanistic model that allows for design of new 
experiments and prediction of fuel cell performance and lifetime as a function of load cycle.  We will 
exercise the existing model and we will propose experiments to be performed at PLUG to validate the 
model.  We will analyze other existing data to improve the understanding of the mechanisms.  This 
project seeks to complete task which were under funded in FY2006 due to DOE budget constraints.  
 
Project Scope  
 This project will support the development of stationary and other early market fuel cells by 
working with Plug Power, Inc. (PLUG) to develop a model that will allow for long-term prediction of 
acid loss from PBI-type High Temperature Membranes (HTM) fuel cells. This model will provide a 
method by which durability and lifetime can be assess for the PBI-type HTM membranes.  The 
fundamental studies of acid transport should have applications as new innovative composite high-
temperature membranes are developed for transportation.  These membranes are being developed for 
stationary fuel cells and this project address parts of Tasks 8, 10 and 11 of Table 3.4.15 entitled 
“Technical Task Descriptions” of the 2006 Technical Plan-Fuel Cells section of the Multi-Year Research, 
Development and Demonstration Plan.  The project primarily addresses the barriers of Durability, Cost, 
Performance, and Transient Operation that are labeled A, B, C, and G, respectively, on page 3.4-25 of that 
plan. 
 
Tasks to be Performed 
Task 5.1.  Exercise Computer Code. 
 The objectives of this task are to exercise the model over a range of operating conditions to 
determine model limitations especially with respect to the anode region.  The results will be predictions 
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that help design experiments to test the limitations of the model.  These predictions and designed 
experiments are a first step toward validating the model.   We will elucidate the need for modifications to 
the existing model and the underlying relationships and equations.  We will pursue predictions of 
transient load and temperature operation, and we will seek to quantify the high temperature cell during 
operation.   
 The model will be exercised for ten sets of independent variables consisting of design and 
operating conditions (for example a 23 factorial sets plus two additional sets).  The independent variables 
to be specified include, but are not limited to, acid concentration, temperature, pressure, and relative 
humidity.  Simulated cell behavior under each of these sets of conditions will be compiled and compared 
with experimental data.  Deviations from experimental data will be studied to determine limits to the 
model and to identify necessary modifications to the underlying assumptions, equations, and relationships 
and to identify additional experiments required to improve the model.  A sensitivity analysis will be used 
to determine how changes in the model parameters affect the model predictions and subsequent 
agreement with the data.   
 We will deliver a report that describes:   
a. The behavior of the model and a comparison of the simulation results with experimental data. 

(Completed by 03/2007) 
b. The results of sensitivity analyses that allows the study of deviations between the model predictions 

and the experimental data.  (Completed 05/2007) 
c. A description of modifications to the model that are expected to improve its predictive capabilities. 

(Completed 07/2007) 
d. A description of additional experiments required to improve the underlying assumptions, data, and 

relationships used in the model (Completed 09/2007). 
 
Task 5.2.  Additional Experiments and Model Modification. 
 The objectives of this task are modify the computer model in accordance with the results of Task 
5.1 and to document changes to the model equations that were previously reported.  We will provide a 
graduate student to work at PLUG to aid with additional transient experiments and with the experiments 
to help understand the phenomena at the anode. These experiments will be based on designed experiments 
from the model predictions.  The data from these additional experiments may be used to improve the 
overall performance of the model, in particular, the need to modify the original empirical equations used 
in the computational code and the need to include additional equations in the model.   
 We will deliver a report that describes the modifications and additions to the model to address 
issues identified in Task 1 and resolved in this task. This repost will include: 
a. The material and energy balances and the vapor-liquid equilibrium of H3PO4 used in the model. 

(Completed 09/2007) 
b. A listing and description of the subset of the equations and data which were used in the model, 

including engineering approximations suitable for rapid numerical convergence of the governing 
equations.  (Completed 11/2007) 

c. A description of the input and output variables and a description of the limitations of the model. 
(Completed 02/2008) 

d. A list of relevant references from which property values, empirical relationships, and physical 
relationships were obtained. (Completed 03/2008) 

e. Experimental data collect as a result of this task. (Begin 01/2007 and Complete 09/2007) 
 
Task 5.3.  Hardware Purchase. 
 No equipment will be purchased for this project.  Supplies include additional computer nodes for 
our parallel processing computer cluster.  
 
 


