
PREPARATION AND CHARACTERIZATION OF SOLID ELECTROLYTES: 
FUEL CELL APPLICATIONS 

DONALD G. PRIER 
TOMMY ROCKWOOD 
DINESHAHAWKINS 

Administrative Point of Contact 

CYNTHIA Y.  MITCHELL 
U.S. DOE Federal Energy Technology Center 

Pittsburgh, PA 15236-0940 

This work is supported by the U.S. Department of Energy, Federal Energy Technology 
Center through EBCU- Fossil Energy program. This project is administered for DOE 
by Ms. Cynthia Y. Mitchell, Contract A_dministrator and for Southern University by 
Chairperson Dr. C. Yang, Dean Dr. Earl Dooms, Associate Vice Chancellor- Office of 
Grants and Sponsored programs Dr. Emmanuel Osagie, and Mr. F. McClinton, Ms. K. 
Gibson and Mrs. Cheryl Melleon, Office of Comptroller. 



CONTENTS 
I; 
I 

2. 

63 
3. 
4. 

- 

Synopsis 

Human Resources 
Laboratory Resources 

Preparation and Characterization of Solid Electrolytes: Expectations, 
Objectives, and Material Issues 

5.1 Electrical and Structural Jnvestigations of Trivalent Rareearth Dopants in 

5.2 Direct Oxidation of Methanol Fuel Cells (DMFCs) 
5.3 Experimental Validation of the Polymer Electrolyte Fuel Cells (PEFCs) 
5.4 Silver based Fast Ion Conducting Glasses 

0 Cerium Oxide: SOFCs 

1. 
2. 
3. 

J 
4. 

5. 
6. 2 

J 

Solid Oxide Fuel Cells [MS. Vinetia Young] 
Fuel Cell Workstation Validation [ Mr. Sdeem Hasan ] 
Fuel Cell Performance Data [ Mr. Sudhakar Rao Allam and Mr. Charles 
Waynes J 
4* DOE=HBCU Fossil Energy Conference Proceedings [ S. Hasan, Jerry 
LeBlanc, Timothy George, V. Rayank 3 
12* International Conference Extended Abstract [ Tameka page et all 
Scienceand Technology at CAMD-1996 Annual Workshop -~ 

---I1 
- _--__ , 

, 
I , 
I 



0 

SYNOPSIS 

The intent of this project with Federal Energy Technology Center( FETC )/Morgantown 
Energy Technology Center ( METC ) is to develop research infrastructure conducive to 
Fuel Cell research at Southern University and A&M College, Baton Rouge. A state of the 
art research laboratory ( James Hall #123 and #114 ) for energy conversion and storage 
devices was developed during this project duration. The Solid State Ionics laboratory is 
now fully. equipped with materials research instruments: Arbin Battery Cycling and testing 
(8 channel) unit, Electrochemical Analyzer (EG&G PAR Model 273 and Solartron AC 
impedance analyzer), Fuel Cell test station (Globe Tech), Differential Scanning 
Calorimeter (DSC-1 0), Thermogravimetric Analyzer (TGA), Scanning Tunneling 
Microscope (STM), W-VIS-'NIR Absorption Spectrometer, Fluorescence Spectrometer, 
FT-IR Spectrometer, Extended X-ray Absorption Fine Structure (EXAFS) measurement 
capability at Center for Advanced Microstructure and Devices ( CAMD- a multimillion 
dollar DOE facility), Glove Box, gas hood chamber, high temperature fiunaces, hydraulic 
press and several high performance computers. In particular, a high temperature furnace ( 
Thermodyne 6000 fiunace and a high temperature oven were acquired through this 
project funds. The PI Dr. R. Bobba has acquired additional funds fkom federal agencies 
include NSF-Academic Research Mi.astructure program and other DOE sites, We have 
extensively used the multimillion dollar DOE facility " Center for Advanced 
Microstructures and Devices (CAMD ) for electrochemical research. Our students were 
heavily involved in the experimental EXAFS measurements and made use of their DCM 
beamline for EXAFS research. 

The primary objective was to provide hands on experience to the selected Afi-ican 
American undergraduate and graduate students in experimental energy research. The goal 
was to develop research skills and involve them in the Preparation and Characterization of 
Solid Electrolytes. Ionically conducting solid electrolytes are successfully used for battery, 
fuel cell and sensor applications. The above mission was accomplished during the project 
duration and the project was 100% successful since all the proposed technical objectives 
described in the proposal were attempted and executed with care. A total of six students ( 
three undergraduates ( Ms. Dinesha L. Hawkins, Mr. Jerry LeBlanc, and Mr. Jaymes 
Baker ) and three graduate ( Mr. Donald G. Prier, Mr. Tommy Roclrwaod, Mr. Saleem 
Hasan, and V. Ray&) and two faculty members (Dr. Rambabu Bobba and Dr. T. Wang 
) were involved and supported through this project to accomplish the technical objectives 
of the project. Out of these six students, four of them graduated and Mr. Prier is a 
candidate for MS degree soon and now undergoing co-op training in the fbel cell research 
group at Los Alamos National laboratory ( LANL ). Mr. Tommy Rockwood was also 
involved in this project. He has developed a model for experimental validation of polymer 
electrolyte fuel cell and is developing graduate thesis under the supervision of staff 
scientists at LANL. 
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We have investigated the electrode-electrolyte interfacial reactions, defect structure and 
defect stability in some perovoskite type , transition metal electrocatalysts, perfluorinated 
ionomer Nafion type solid electrolyte materials for &el cell applications using synchrotron 
radiation based Extended X-ray Absorption Spectroscopy ( . E M S  ), surface analytical ( 
HVC STM, SEM, and TEM ) and Impedance Spectroscopic techniques. In the general 
effort to establish the doped ceria electrolyte for use in solid oxide fiel cells because of its 
well known advantages, the equally well known problems involved with the ceria material, 
we have measured the AC impedance and K edge EXAFS of the entire family of rare earth 
dopants in Cerium Oxide. Our objective was.to understand the effect of dopants on the 
conductivity and its impact on the structural properties of Cerium Oxide. Doped ceria was 
considered an electrolyte or an electrode for solid oxide fiel cells ( SOFCs ) because of its 
relatively high ionic and electronic conductivity. The host lattice ceria was more 
compatible with a wider range of trivalent dopants compared to zirconia, hafhia and 
thoria. We have measured the AC impedance and K edge EXAFS of the entire family of 
rare earth dopants in Cerium Oxide to understand the effect of dopants on the 
conductivity and its impact on the structural properties of Cerium Oxide. All of the 
systems showed an increase in the conductivity over undoped ceria with ceria doped Gd, 
Sm and Y showing the highest values. The conductivity increased with increasing ionic 
radius of the dopant cation. Among the trivalent cations. Armnolous behavior has been 
reported for Y 3+, Sm +, Gd 3+7 , and La 3+, yielded highest conductivities, where as for 
Sc 3+ doped ceria much smaller ionic conductivity compared to their counter parts. The 
dopant ionic radie and its effect on the host crystal lattice structure are a major factor in 
providing mixed ionic and electronic conductivities which are desirable in some 
applications such as electrode/electrolyte interhces. To ver@ the local structure and short 
range order around a defect or dopant in order to explain the ations in conductivities, 
we have measured the K edge of the EXAFS’of these dop . Our objective was to 
understand the nature of the defect clustering between oxygen vacancies and trivalent 
ions. Very interesting results were obtained in the doped ceria, this project helped us to 
measure the EXAFS first time on this system. The Llll and K edge NEXAFS 
measurements in the Ce ‘+, La 3+9 , Gd 3+, Y 3+, In 3+, were measured‘using the Double 
Crystal Monochromator beamline at CAMD under normal operating conditions. A 
preliminary results were presented in lo* SSI confbrence and the detailed work will be 
published in the refereed journal. We are providing the detailed EXAFS spectra in this 
report. The initial intent was to collaborate with scientists at Morgontown Energy 
Technology Center ( METC ) to fhbricate the solid oxide fiel cells using doped ceria 
samples in their laboratory and then evaluate their performance characteristics in our 
laboratory. In this task, we were not successfbl. However, we strongly believe, that 
Ce0.9Gd0.101.9 electrolyte will be ideal candidate for the fabrication of intermediate or high 
temperature SOFCs. In any case, during this project duration, we have built our own 
research capability to measure the performance characteristics of the &el cells in general. 
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In this project, we have also attempted to develop new organic and inorganic cathodic 
catalysts as alternatives to the conventional perfluorinated membranes for long term 
optimal performance of polymer electrolyte fuel cells ( PEFCs ). Our students were 
involved in the catalyst preparation, membrane integration, modeling or parameter studies, 
qualifications of the structural and electrochemical characteristics and identification of 
useful PEW by investigating the charge transfer reactions at the electrode-electrolyte 
interface. The overall goal of this project was to minimize the cathode flooding problems 
,decrease proton exchange membrane resistance in order to minimize the membrqe ohmic 
polarization , and increase membrane's proton transfer abilities (i.e. maximize the proton 
transference number) and also to overcome the methanol cross over in the cathode. The 
direct methanol fuel cell (DMFC) is a particularly attractive alternative to the Hi02 Cell. 
Although not as high as hydrogen, the energy density of methanol is the highest among the 
organic fuels. Another advantage of the DMFC is rapid start up and operation with little 
or no emissiodnoise signature. This has led to an intense research effort over the past 20 
years. In recent years, the DMFCs have received increasing attention due to interesting 
electrochemical pedommce achieved with the use of solid polymer electrolyte 
membranes. Traditionally, the PEM has been Nafion@ 117, 115 or 112. Despite the 
progress, DMFCs have been plagued by its low power density which has been attributed 
to the methanol crossover from anode to cathode and vice versa. Methanol cross over 
&om the anode to cathode results in consumption of &el and also impacts the 
pedormance of the cathode causing the cell to operate at lower overall efficiency. Figure 1 
show the schematics of a fuel cell describa the probable methanol crossover events. 

C 0 2 +  6 H + +  6 e  

CH,OH + $0 

Anode Cathode 
I I 

H20 

O2 
A B C B A  

A Porous Gas Diffusion Electrode 

B Electrocatalyst Layer 

C Proton Exchange Membrane 



The crossover rate is largely determined by the electrochemical, thermal and structural 
activity of electrode Catalysts, and permeability of the membrane. Perfluorinated ion 
conducting polymers with lower equivalent weight such as Nafion 117 presents high ionic 
conductivity but also. permeable to methanol. In the present study, we focussed on 
electrochemical (cyclic volammetry , in-situ current and potential step) measurements of 
Werent cathodic catalysts and ionomeric membranes to understand the problem of " 

Methanol Crossover in DMFCs ". We have successhlly completed the he1 cell 
performance measurements utilizing the low cost carbon supported transition metal 
catalysts. We have demonstrated that transition metal alloy catalyst show superior or 
similar perfbrmance as that of conventional noble metal catalysts used in the existing he1 
cell technologies. We have attempted to utilize the power that was generated fiom our 
fbel cell system to operate a toy car. Our goal is to extrapolate the design ideas towards 
commercial vehicles in hture. The XANES &r-K edge in perfluorinated polymer 
electrolyte (Nation@ 112, 115, 117, 417 and 450) membranes were analyzed under 
different heat treatments and in acidic treatment with H3P04. The structure of &Po4 
treated Nafion@ changes and was reflected in the higher energy peak of the XANES. The 
observed structural changes in the Nafion@ are best explained by considering the role 
played by-the phosphoric acid for the enhancement of proton transport. In the non- 
treated Nation@, the proton transport is totally dependent on the incorporation of water in 
the structure and its role in the treated Nafion@ is minimized. The phosphoric acid and its 
hydrogen bonding abilities enhanced the ionic conductivity of the membrane. To elucidate 
cathodic and anodic oxidation of methanol crossover events i.e. CO poisoning in the 
Direct Oxidation of Methanol Fuel Cells (DMFCs), Cyclic Voltammetry measurements 
were carried out on carbon supported electrodes (Pt, C, WC, Pt-FdC, Pt-Co/C, Pt-NVC, 
Pt-CdC, Pt-RdC, and Pt-Ru/ Nafion@). The transition metal alloy electro-catalysts were 
evaluated as low cost alternatives to DMFCs and compared with generally accepted noble 
metal and alloy catalysts. The effect of methanol concentration in sulfitric acid, 
temperature, and catalyst surface area were evaluated and matched with the proper 
electro-oxidation mechanisms. The alloy catalyst Pt-Co/C was found to be a better. 
catalyst for methanol oxidation in acid solution compared to other WIIb transition metals. 
The observed current oscillations in Pt-CdC in low and medium temperature'regions were 
due to the dual role played by the suflace reaction between MOH and PtCO. 
Pt/C/Nafion@ showed the highest resistance (lo6 Wcm2 ) compared to Pt-RdC 
(2SWcm2). 

Fuel cells of varying combmtions of anodes and cathodes were evaluated using H2 and 
compared with liquid feed methanol fuel cell. Our students have also attempted to use 
ethanol, formaledhyde, butanol and profane as an alternate liquid feed in the &el cell 
systems. The results were satisfactory and further work is needed to consolidate the 
hypothesis. Globe Tech MEAs and E-TEK MEAs were used in the initial experiments. 
Finally, with the help of LANL scientists, we have made our MEAs u i i g  the procedures 
developed by Wilson, Gottesfeld and their co-workers in our laboratory. The validation of 
the experimental system and the initial pex-hrmance measurements are very promising. The 
detailed report regarding the data generated in our system is presented in this report. 

. 
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' One of the objectives of this project is to collaborate with industrial partners. The 
scientists in Motorola endorsed our proposal initially to explore the new and innovative 
procedures for making solid electrolytes and to explore their applications in the device 
issues. Dr. P.S.S. Prasad of Motorola has suggested, that we should use sol gel process 
for the preparation of glasses and thin film samples. In this project site, during this 
project duration, we have learned the art of preparing glasses and films using sol gel 
prucess. Compared to thermal evaporation, co-evaporation, co-precipitation and 
electrochemical deposition techniques, the relatively new sol gel process technology is an 
excellent method for fabricating variety of semiconductors in the form of bulk as well as 
thin films with high purity and homogeneous products at low temperatures. Specialty 
products like thin h s ,  coatings, fibres, and monoliths are dficult to obtain by ceramic 
route but can be easily obtained by sol gel process. So essentially the sol gel process is 
quite simple. A solution containing the desired oxide or non oxide precursor is prepared. It 
is applied to a substrate by spinning, dipping, or draining. The process is able to apply a 
coating to the inside and the outside of complex shapes simultaneously. The films are 
typically one micron thick, uniform over large areas, and adherent. The sol gel prepared 
thin f h s  and glasses have the advantage of having more channels, than the conventionally 
prepared materials. This technique, unlike its high vacuum counterparts is simple, 
inexpensive, involves negligible waste of materials, and is ideal for large scale production. 

We have initiated a collaborative effort with faculty members at University of Pondicherry, 
Pondicherry, India. To develop sol gel process and technology, we have brought exchange 
visitor to prepare sol gel glasses. Various compositions of silver based quaternary 
superionic conducting (SIC) [AgI-Ag2O-(SeO2 + PZOS (SSP)] glasses were prepared by 
melt quenching technique. The nature of the compounds were confirmed by X-ray 
diffraction. Electrical and electronic conductivity studies were carried out to select 
the high ionic conducting composition of the SSP system for the fabrication of 
batteries. Different dopant salt (AgI) compositions in the A@- &OD S a  -VzO, (SSV) 
system were prepared by melt quenching technique. All the prepared compositions of the 
SSV system were characterized by X-ray diiliaction, IR and DSC. 

The PI and his students have presented some of their results in DOE workshops and 
conferences including DOE/PETC/HBCU/Private Sector conference held in North 
Carolina A&T State University , Southern University A&M College and at University of 
Maryland, Easternshore. Our students have earned first prize in DOEEpSCOR and other 
DOE student competitions. This project has provided travel supp~rt to seven students to 
attend these conferences. The PI has submitted a new proposal for continuation of the 
work presented above. 

' 

The graduate and undergraduate students in the project has presented following papers, 

HBCU and MI Energy Research and Development Technology Symposiums( April 2-3, 
1996, North Corolina A&T State University, Greensboro, 2) March 4-5, 1997, Baton 
Rouge, Louisiana, 3) University of Maryland, Easternshore, 1998 ) 

postar presentations and exhibits in the DOE-FETC-Fossil Energy 4 t h t h  , 5 and 6& Annual 
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1. Solid Electrolytes for Fuel Cell and Battery Applications, Saleem Hasan, J. LeBlanc, 
V. K. Rayanki, and B. Rambabu, ( 4* DOE-FETC , NC) 

2. Structural Studies of Electrolytes and Cathode Materials for Secondary Rechargeable 
Batteries, B. Rambabu, Vinetia Young, T. Wang and Timothy George, ( April 8-10, 
1996, LSU- Baton Rouge 

3. Fuel Cell Project at Southern University, D.Prier, M.Prier, Tommy Rockwood and 
B.Rambabu . 

4. Southern University-Dow Chemical . Company Fuel Cell Development Project for 
Transportation Applications, B. Rambabu (SUBR) and Stephan Noding (Dow, 
Plaquemine) Exhibit [ 5fi DOE-FETC, LA) 

5 .  Surface Characterization of NOx on some selected single crystal surfaces. Hieke 
Geisler and B. Rambabu [ 5& DOE-FETC, LA) 

6. Synchrotron Radiation Studies of Photovoltaic Materials for Renewable Energy 
Applications, Hartwig Modrow, Monikka Mann and B.Rambabu [ 5& DOE-FETC, 
LA) 

LA, 5fi codaence] 
7. Photovoltaic Modules: Prospectus, Tameka L Page and B. Rambabu (DOE-FETC, 

8. Environmental Sensors, Trammel Muhammad and B. Rambabu [ 5& DOE-FETC 
conference, LA] 

7. Mr Tommy Rockwood and Ms. Leah Warrington ( presented their Fuel Cell work in 
the LANL annual meting ) 

8. Methanol Crossover in DFMCs: A Study of Electrochemical and Structural 
Characterization of Cathodic Electrodes and Membranes ; accepted for oral 

, presentation in the ll& International Conference on Solid State Ionics to be held in 
Hawaii. (Nov 16-23, 1997). ** the manuscript will be published in the journal Solid 
State Ionics, Spring 1998. *** Obtained 111 travel support fiom the Conference 
committee and also &om the Asian Society of Solid State Ionics. B. Rambabu, 
Tamika Page, M a y  Shamona, Josef Homes and Steve Noding 

9. Characterization of Silverselenophosphate Glasses, N. Satyanarayana et al and B. 
Rambabu, p accepted for oral presentation in the llfh International Conference on 
Solid State Ionics to be held in Hawaii. ( Nov 16-23, 1997). ** the manuscript will be 
published in the jounral Solid State Ionics, Spring 1998. *** Obtained 111 travel 
support fiom the conference committee and also fiom the Asian Society of Solid State 
Ionics. 
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2. Dr. T. W a g ,  Professor and Interm Chair, Department of Physics 
3. Ms. Dinesha Hawkins Undergraduate Student ( Electrical Engineering Major ) 
4. Mr. Japes  Baker, Undergraduate Student, Laboratory Assistant 
5. Mr. Jerry LeBlanc, Undergraduate Student and Electronic Technician 
6. Mr. Donald G. Prier, Graduate Student ( MS degree candidate, presently at LANL ) 
7. Mr. Saleem Hasan, Graduate Student 
8. Mr. V. Ray- Graduate Student 

Technical Monitor/ DOE Project Of€icer 

1. Venkat K. Venkatramam 
U.S. Department of Energy 
Morgantown Energy Technology Center 
3610 C o b s  Ferry Rd 
P.O.Box 880 
Morgantown, WVA 26507 

Collaborators 

1. Josef Homes and Paul Schillhg 
Universitat Bonn, Germany and LSU-CAMD, Baton Rouge. 

2. Stephen G. Noding 
Dow Chemical Co. Plaquemine, Louisiafla 

Southern University A&M College Research and Financial Administration 

1. Dr. Emannuel Osagie, Associate Vice Chancellor, Office of Sponsored Programs 
1. Mr. Flandus McClinton, Vice Chancellor for F h c e  and Administration 
2. Ms. Sherry1 Gibson, Accounting Supervisor, Of€ice of Comptroller 
3. Mrs. Cherry1 Melion, Grants Specialist, Office of Comptroller 

1. 

U.S. DOE, F'ETC Contracts and Grants Administrator 

Ms. Cynthia Y. Mitchell 
Project Administrator 
Federal Energy Technology Center 

Pittsburgh, PA 15236-0940 
P.O.BOX 10940, MS 921-143 
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LABORATORY RESOURCES 
Experimental Facilities for Fuel Cell and Battery Materials Research at SUBR 

A 2000 square foot room ( 100 R X 20 fl, room #123 ) and 1.600 square foot room ( 40 ft 
X 40 ft, Room # 114 ) on the first floor of the James Hall are available for this project. 
These laboratory rooms are conveniently designed for setting up surface physics 
experiments. The department has recently acquired funds for facilities renovation and is 
planning to develop a clean room for developing device structures and surface physics 
laboratory ( Room #II4, James Hall ). 

* Impedance Spectroscopy (EG&G E'C Research Station 

r! 

r\ 

F;i, PAR model 273A Galvonostat/Cycli meter) 

* 
* 

* DSC and TGA techniques 

* 

Fuel Cell research station (Globe Tech) 

FT-IR Spectroscopy (Nicolet 7000 series) dual beam spectrometer 
11 

Materials Testing System for Mechanical properties 

c 3  * Scanning Tunneling 

* Scanning Electron Microscopy 

* Transmission Electron Microscopy 

* Optical Spectroscopy Techniques 

* X-Ray Ditbction 

0 

. *. Center for Advanced Microstrhctures and Devices (CAMD) I' ') 

* Extended Absorption Fine S re Spectroscopy 

The J. Bennet Johnston Sr. Center for Advanced Microstructures and Devices ( 
CAMD ): The X-ray Spectroscopy analysis will be pdormed at CAMD. DOE has 
established CAMD, a multimillion dollar facility in Baton Rouge to promote energy and 
defense related research in Louisiana. The advanced light source is stationed 10 miles 
away from Southern University. The PI has been actively involved in developing 
developing a new synchrotron radiation beamline ( SEA Sync ) for materials researchers in 
minority institutions to facilitate E M S  research at CAMD. At present he is using the 
Brazilian beamline i.e Double Crystal Monochromator beamline ( port 5A ) at CAMD for 
EXAFS measurements. 
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In order to evaluate the newly synthesized or prepared solid electrolytes, all the above 
experimental techniques were acquired, installed and operated during this project duration. 
This section show the figures of several electrochemical instruments and their 
experimental set ups used in this project. The ceramic samples prepared using ball milling 
and sintering procedures, where as Fast Ion Conducting (FIC) glasses were prepared using 
SUI gel techniques. For preparation of glasses, we have used melt quenching techniques. 
We have attempted to prepare membrane electrode assemblies (ME&) in our laboratory. 
We have acquired all the necessary intiastructure for the preparation of MEAS and learned 
the procedures. Two of our'students who were involved in this project have developed 
procedures for mciking MEAs at Los Alamos National Laboratory ( LANL ). 

FIGURE 2.1 

Temperature controlled current-voltage measurements ( EG&G PAR 
Model 273 PotentiostatIGalvonostat, AC impedance (Solartron AC 
impedance analyzer) for conductivity. This instrument is designed for integrated 
amperometry, dc amperometry, conductivity, and cyclic voltammetry modes of detection. 
When the time constant of the EMF cell is sufficiently low, it will be possible to follow the 
intensity of a product or intermediate formed in an electrochemical reaction as a hct ion 
of applied potential. AC impedance spectra will be measured using the Princeton Applied 
Research Model 273A potentiostat and Solartron model 1255 fiequency response analyzer 
using PAR M383 software. This is a very effective combination for catalysis studies and 
particularly useful for the investigation of electrode-electrolyte materials to be used in 
solid state fuel cells. 
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FIGURE 2.2 

FUEL CELL WORK STATION (Globe Tech HP6060 B electronic load) 

The workstation will be used to monitor the operation of fuel cells. It includes 
independent microprocessor based temperature controls for both fuel and 
oxidizer. Initially we will acquire ready-made he1 cells for testing and 
evaluation. The system will allow us to determine conventional rate constants 
over a wide range of temppatures and pressswes, for a variety of catalytic 
svstems 
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FIGURE 2.3 and 2.4 

Differential Scanning Calorimetry (DSC) and Thermogravemetric 
Analyzer (TGA) (TA Instruments DSC10, TGA). DSC and TGA measures the 
amount and rate of change in the weight of a material as a function of temperature or time 
in a controlled atmosphere. Measurements are used primarily to determine the 
composition of materials and predict their thermal stabiility at temperatures up to 1200 C. 
TGA experiments provide important information that can be used to select materials, 
predict product performance and improve quality. The technique is particularly useful for 
determining 1. composition of multicomponent systems, 2. thermal stability of materials, 
3. oxidative stability of mat s, 4. decomposition kinetics of materials, and 5 .  the effect 
of reactive or corrosive atmospheres on materials. 

UV-VIS-IR optical absorption measurements by using Varian E5 (from 
high temp to O°K) for analysis of optical properties. 
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C’ FIGURE 2.5 

Scanning Tunneling Microscopy (STM) for structural, interfacial and 
surface morphology studies. The McAllister Technical Services will be installing 
an Ultra High Vacuum Scanning Tunneling Microscope unit with a provision to 
upgrade the STM chamber with other surface characterization. With an 4-mesh Rear 
View LEED and suitable electronics, we would be able to use LEED and AES together 
using UHV chamber equipped with STM. Metal -oxide interfaces are of fundamental 
importance for the lot of phenomena such as , heterogeneous catalysis or photochemistry. 
The oxide support seems to play a prominent part in particular when the oxide involved in 
the system is reducible oxide. Using LEED and A E S ,  we would be studying the growth of 
the metal on the oxide support and the influence of the stoichiometry of the support on the 
structure of the deposit 
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FIGURE 2.6 

Extended Absorption Fine Structure Spectroscopy (EXAFS) for *, 

geometric and electronic structure measurements. Double Crystal ir’ 

Monochromator beamline ( port 5A ) at CAMD for EXAFS measurements. This beam is 
equipped with a double crystal vacuum monochromator of the Lemmonier type for which 
several sets of crystals are available allowing measurements between about 700 eV and 18 
keV. Thus it is possible to investigate all elements f?om 2 = 9 (F) up to Z = 92 (U) at least 
at one suitable X-ray edge. Experiments can be carried out using the standard transmission 
technique and also using the total electron yield mode. A semiconductor detector (with a 
rather low resolution) for fluorescence detection is available but has to be taken into 
operation. 

Y 

CAMD Facility Layout 
X-Ray Lithography Sector Basic Sciences Sector 
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F'IGURE2.7 

GLOW BOX , SOL -GEL WORK BENCH, FURNACES, SINTERING 
SOLID ELECTROLYTES 

- - - - - -  
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US Department of Energy Grant Award Number DE-FG22-95MT95016 

Project Director: Dr.Bobba Rambabu 
Materials Research Instrumentation Laboratory, Department of Physics 

Southern University A&M College, Baton Rouge, Louisiana 708 13 

INTRODUCTION 

Fossil fuels are one of the most important sources of energy. The combustion of fossil 
fuels gives off carbon oxides, sulfur oxides and nitrogen oxides which pollute the 
atmosphere. Carbon dioxide is expected to be the reason for global warming. Sulfur 
oxides give acid rain and nitrogen oxides which are emitted from the exhaust of 
automobiles cause air pollution in large cities. The continuous and accurate monitoring of 
these oxides is the first step in pollution control. In 1973, the oil price quadrupled and the 
world had a sudden awareness of its petroleum dependence. Resources of fossil fuels are 
decreasing and complexity of power distribution is increasing. Mobile power system 
dependencies are increasing. Environmental pollution is increasing. In order to solve these 
global problems and to provide alternative and viable energy resources, the US 
Department of Energy his been consistently strives to explore new technologies such as 
Solid State Ionics (SSI) technologies. Their applications range from small batteries (l), to 
high power batteries for energy storage systems , electrochromic windows for energy 
conservation (3), sensors for cheinical pollution detection ,' etc. Superionic conductors ( 
SICS ) or Fast Ionic Conductors ( FICs ) or Solid Electrolytes ( SEs ) are the class of 
materials which exhibit high ionic conductivity comparable to liquid electrolytes. These 
materials are characterized by a) the electrical conductivity as high as 10 a S/cm to 1 S/cm 
, b) the principle charge carriers are ions with negligible electronic conductivity, c) the low 
activation energy for the ion migration and d) the conducting pathways across 
intergranular and interparticle boundaries for ion migration. The study of FIC materials 
have been receiving more and more importance owing to their potential applications to 
advanced solid state ionic devices. The applications include solid state batteries, fuel cells, 
high energy density batteries for vehicular traction, gas sensors, electrochemical 
capacitors, electrochromic displays, analog memory devices, miniature cells etc [ 1-3 ].The 
intent of this project was to exclusively investigate solid electrolytes for he1 cell 
applications. 

* 
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The solid electrolyte is one of the essential components of a solid state ionic device. 
Ideally, an electrolyte is a ionic conductor and an electronic insulator. It is used both as an 
internal ionic conductor and as a separator between two chemical compounds: the 
reactants of the device. In addition to possessing high ionic conductivity, some application 
require a material which also possess high selectivity and prevents the displacement of 
other charge carriers. The preparation and characterization of solid electrolyte materials is 
very important issue in the development of new ionically conducting devices . 

An acceptable solid electrolyte must usually exhibit negligible electronic conductivity and 
an ionic transport number of the reactant ion which tends to 1. The region in which the 
electronic conductivity is less than one percent of the total conductivity is called the 
electrolyte domain. Besides having these conductivity properties the solid electrolyte must 
be stable in the environment of its application. In these conditions solid electrolyte 
transduce the ratio of the chemical potential of the electroactive component of interfaces 
directly into an electrical voltage. The next step is the choice of electrodes. From a simple 
SSI device viewpoint, an electrode can be defined as a location in a chain of electrical 
conductors where the conductivity changes in nature from electronic to ionic. The 
electrodes relate external electrical circuit to the SSI materials and in aprticular to the 
electrolyte. Electrochemical reaction occuring at the electrode requires charge transfer of 
electrons and ions. Such a charge transfer reaction is then restricted physically to regions 
which are simultaneously linked to the current collector by an electronically conducting 
bridge. In the monophasis electrodes with high ionic and electronic mobilities, the charge 
transfer reaction would occur over the entire volume of the electrode. While in the 
different cases two of the two phase electrodes the charge transfer reaction would only 
occur over the entire electronio-ionic conductor interfhcial area. This limitation of the 
reaction electrode zone may lead to kinetic problems and polaraization effects during the 
charge carrier flowing. The SSI technologies refers to all electrochemical devices which 
contain at least one solid electrolyte i.e. a solid with unusually high diflfusion coefficients 
and conductances for specific ions. As compared to traditional power generation systems, 
the ability of fuel cells for direct conversion of chemical energy into electricity offer 
significant advantages . Fuel Cell systems offer a new and interesting option to convert 
fossil fuels to electric energy with high efiiciency and high power density, for example as a 
heat and power system or for transportation applications. A &el cell, in short, is an 
apparatus which converts chemical energy directly into electrical energy. In general, Fuel 
Cells are being considered as notable energy sources due to, not only their potential for 
obtaining high energy conversion efficiencies, but also environmental sensitive features. 
The development of environmental friendly and high performance fbel cells are important 
due to the problems relating to global environmental pollution which is regarded as a very 
serious social issue [4-61. 
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In this project, we have attempted to develop mixed ionic and electronic conducting 
oxides that exhibit fast ionic transport properties as an electrode materials for Solid Oxide 
Fuel Cell ( SOFC ) applications. SOFCs offer the potential for high efficiency, low cost 
electric power plants for many applications. Introduction of SOFC into a combined cycle 
has the potential to improve the total electrical conductivity by more than 10%. To realize 
the importance of operating SOFC at high temperature, we have attempted to explore the 
high conductivity solid electrolytes and electrode materials for the development of &el 
cell research at Southern University. Our goal was to focus on both low temperature and 
intermediate temperature &el cells for stationary and transportation applications. There 
are many reasons to believe that the study of catalysis and the development new and 
innovative catalysts have becoming increasingly popular in next generation vehicle (NGV) 
technologies and in many chemical industries. Since this is an educational project, we have 
involved our students in Catalysis research i.e. development new organic and inorganic 
catalysts for &el cell applications. In this two year project, we have investigated solid 
electrolytes rare earth dopants in cerium oxide for Solid Oxide Fuel Cells ( SOFCs ) and 
transition metal electrocatalysts for Direct Oxidation of Methanol Fuel Cells ( DMFCs ). 

Mixed conductors are expected to able to replace the state of the art SOFC cermet 
anodes. Mixed conductors, in which both electrons and ions are mobile, promote the 
charge transfer reactions over the whole area of the solid gas interfbce. Zirconia based 
mixed conductors can be partially or fully stabilized zirconia with mixed valence dopants, 
like COO, FQO~, MnO and Ce02. As mentioned earlier, in this project we have 
investigated the rare earth dopants in Ce02 for SOFC applications. Doped CeO2 possesses 
ionic conductivity at 800 OC comparable to that of stabilized ZrOz at 100 'Cy However, 
under typical fuel cell conditions with oxygen activities lower than 10 -16 to 10 -20 and 
temperatures 800 -1000 OC ceria exhibits deviation in oxygen stoichimetry with 10 to 10 
-22 in C e a ,  accomapnied by a reduction to Ce +-4 to Ce + 3. This result in the creation of 
oxygen vacancies and n type defects localized at Ce site. Some perovoskite type solid 
solutions based on SrCe03 and BaCe03 exhibit protonic bnduction under hydrogen 
containing atmosphere at elevated temperatures. They also show the hole conduction 
under relatively high partial pressure of oxygen. Earlier investigations on these systems are 
aimed to understand ionic conductivity and other material properties [7-lo]. However 
very little is known about the valence state of the impurity and their occupied position in 
the lattice. Dopant cation size and crystal lattice structure is believed to be major factor in 
the ionic conductivity of the solid electrolyte. This results in the onset of mixed 
conduction, and in the case of a solid oxide &el cell, internal shorting across the 
electrolyte leading to a reduction in faradic efficiency. It is important to investigate this 
thoroughly. The host lattice of ceria is most compatible with a wider range of trivalent 
dopants compared to zirconia, h&a, and thoria and proved to be an excellent oxygen ion 
conductor because of its stable defect structure at elevated and intermediate temperatures 
and pressures. The dopant ionic radii and its effect on the host crystal lattice structure are 
major factor in providing mixed ionic and electronic conductivities which are desirable in 
some application such as electroddelectrolyte interfaces. We are studying the structure 
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and the ionic conductivity of ceria doped with all naturally occurring rare earth elements 
to explore the suitability of these materials for fbel cell applications. The dopant cation 
size and its effect on the host crystal lattice structure are a major factor determining the 
ionic conductivity of solid electrolytes. In order to understand the precise role the dopant 
plays in modiwg the properties of the oxide the primary information that is required is 
the exact location of the dopant in the host lattice. However, in many systems this problem 
can not be resolved by conventional diftiaction techniques. For example, the concentration 
of the dopant may be very low( less than 1 mol%), the dopant may be indistinguishable 
from the host ( as. in atoms with similar atomic numbers), the dopant may introduce 
complex disorders into the lattice or the material may be amorphous. In this project, we 
have attempted to use AC impedance and other advanced X-ray Spectroscopy techniques 
like EXAFS to obtain complete structural information. 

Despite the progress, DMFCs have been plagued by its low power density which has been 
attributed to low-activity catalysts for the methanol anode.[l1-14] The degradation of 
commonly used electrode catalysts (Pt, Ag and others) and corrosion of carbon substrates 
are making commercialization of fbel cells incorporating present day technologies 
economically problematic. Usually a few milligrams of a precious metal such as platinum 
are employed, but the cost escalates with high loadings of these catalysts. By using the 
binary alloys of base transition metals (i.e., r, Ti, CO, Ni, and Cu etc.) with Pt, the 
level of electro-catalytic activity increas The cathodic r e d o n s  enhance the 
performance of proton exchange membrane fbel cells (PEMFCs). However, most of this 
research was emphasized on the improvements in phosphoric acid %el cells ( PAFCs ). 
Therefore, it is important to investigate these binary alloy systems to explore their utility in 
the PEMFCs. In this project, we have investigated the methanol crossover problem in 
DMFCs. 

I 
I 
I 

During this project duration, we were involved in the preparation and characterization of 
SIC glasses. Various compositions of silver based quaternary superionic conducting 
(SIC) [AgI-&O-(Se02+ PZOS (SSP)] glasses wereprepared by melt quenching 
technique. Different dopant salt (AgI) compositions in the AgI- AgzO- SeO2 -VZOS (SSV) 
system were prepared by melt quenching technique. 

The prepared samples are characterized by the following experimental probes: 1) X-Ray 
Daaction ( XRD ), 2) Differential Scanning Calorimetry 3) AC Impedance 4) X-ray 
Absorption Fine Structure Spectroscopy. The crystalline and the galssy nature of the 
compounds are confirmed by the XRD. The diflkaction pattern of the powdered samples 
are obtained by using Phillips X-ray generator. Change in temperature of the samples is 
due to either endothermic or exothermic reactions. The change in temeperature during 
chemical or physical change was detected by different methods such as Differential 
Scanning Calorimetry. Glass is prepared bypassing the crystallization and the liquid to 
glass transition temperature Tg . We have measured the glass transition temperature using 
the DSC 10 TA instruments. Powdered glass samples of 15-20 mg are used and the 
sample is heated at the rate of 10 OC/min. 
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AC impedance data on rare earth dopants in CeO2 was obtained using PAR model 273 
potentiostat galvanostat and EG&G impedance analyzer. X-ray absorption measurements 
were carried out using synchrotron radiation mainly at the DCM beamline of the storage 
ring of the Center for Advanced Microstructures and Devices (CAMD) in Baton Rouge 
(USA). During the experiments the ring was operated at 1.3 GeV with an average current 
of about 120 mA. Radiation was monochromotized using double crystal X-ray 
monochromator of the Lemmoiner type equipped with InSb(ll1) crystals providing a 
resolution of about 0.7 eV in the energy region bf interest. In general, spectra were taken 
between 2440 eV and 2520 eV with a step width of about 0.6 eV in the region of interest 
and a step width of about 0.3 eV in the pre-edge region and behind the X A N E S  features. 
Integration time was about 0.5 sec. Spectra were obtained in the standard X-ray 
absorption technique using ionization chambers as monitor and detector. While the 
accuracy of the relative scale is better than 0.1 eV, the absolute scale was estimated to be 
better than 0.2 eV. The relative energy scale was calibrated. 

Experiments were conducted in a three-compartment electrochemical cell, containing 
freshly prepared, oxygen fiee (purged and blanked with nitrogen) 0.5 M HzSO4 or 0.5 M 
H2S04 + CH3OH. The electrochemical cell was located in a water bath for controlling 
temperature. The following carbon supported membranes were employed as the working 
electrodes: WC, 20%Pt, 0.4 mg/cm2 Pt loading; Pt-RdC, 20% PtlRUlC (l:la/o), 0.4 
mg/cm2 WRu loading; 20% Pt/Ni/C (l:la/o), 0.5 mg/cm2 Pt/Ni loading; 20% PdCdC 
(l:la/o), 0.5 mg/cm2 PdCu loading; 20% Pt/Fe/C (l:ldo), 0.5 mg/cm2 W e  loading; 
20% Pt/Co/C (l:la/o), 0.5 mg/cm2Pt/Co loading; All carbon supported membranes were 
purchased from GlobeTech,Inc. A saturated calomel electrode (SCE) was used as the 
reference electrode. All potentials in the following will be referenced to the SCE scale. A 
carbon rod was used as the counter electrode. The cyclic voltammetric response was 
measured using EG&G PAR Model 270 potentiostatlgalvmostat and wave form sweep 
programmer. A cycle was started at the open circuit potential of the cell and was swept 
negative at 0.35 V to map the initial state of hydrogen absorption sites on the Pt. The 
positive potential of the measurements was limited to 1.60V to minimize oxygen 
generation. Cyclic voltammetry. experiments were utilized for determination. of solid 
membrane resistance. The resistance of different CMEs was measured by 
chronopotentiometry with lOmA current steps. The relative energy scale was calibrated 
against the white line (Le., first strong resonance of ZnSOd at 2481.44 eV. In order to 
analyze the near edge region, a linear background was subtracted from the raw data. 
Spectra were normalized at 2510 eV where the variation in the photo absorption cross 
section was very small. This enabled direct comparison of the relative oscillator strengths 
of the various electron transitions. Samples were taken from commercially available 
membrane sheets (Aldrich Company). Thin films with a thickness of about 30 
micrometers were prepared using a microtone. Samples were dried for 7 h at 60 C and for 
18 h at 110 C followed by treatment with phosphoric acid. After the first measurement, 
the dried samples were put into distilled water for about lhr. Then, another spectrum of 
the same samples was taken. The X- ray absorption near edge spectra (XANES) of K 
edgesulfurinNafion 112, 115, 117,417and450wereanalyzed[14-19]. 
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The MEAs were loaded into a single test fixture and the performance using a Globe Tech 
Fuel Cell workstation ( HP6060 B electronic load) was measured. The single cell test 
fixture was composed of two copper current collector end plates and graphite plates 
containing rib channel patterns that allowed the methanol vapor access to the anode and 
humidified oxygen to the cathode. The Globe Tech Fuel Cell Test Station was acquired 
during this project duration and installed in our laboratory for the purpose of 
electrochemical investigations of proton exchange membranes ( .or solid polymer 
electrolyte ), alkaline, and phospharic acid ‘he1 cells single cells and electrochemical cell 
stacks. This test station was used during the course of the investigations to evaluate the 
single cells and multicell stacks with electrode areas covering 5-12 cm ’. The performance 
evaluations are made over the temperature range of 23 - 200 OC and pressure range of 1 to 
7 atm. Our initial measurements on fuel cell performance characterstics and E M S  are 
made on commercial membranes PtI.Ru/Nafion 115, 117 and 110. The performance of the 
DMFCs is beleived to be considerably improved by increased catalyst loadings. The upper 
limit. at 4 mgkm and 12 mg/cm in order to estimate the improvement that can be 
achieved in the cell performance We have initiated this study with a goal to 1. reduce the 
cost of the pt catalyst and ionomeric membrane 2. increase the efficiency and power 
density of the PEFC 3. optimize the system for operation on the organic fuels and air and 
4.solve key technical issues that impede the development of the DMFC, We have 
measured I-V and polarization characteristics of H2-H2OY he1 
electrode/electrolyte/oxygen electrtode, 0 2 ,  system. 
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STRUCTURAL INVESTIGATIONS OF TRIVALENT RARE EARTH DOPANTS 
IN CERIUM OXIDE FOR SOLID OXIDE FUEL CELLS 

3 , l  Introduction 

As compared to traditional power systems, the ability of the he1 cells for direct 
conversion of chemical energy into electricity offers si@cant advantages [l]. In 
comparison with other type of fiel cells, solid oxide fiel cells (SOFCs) operated at 900- 
1000 OC have the advantage of rapid reaction kinetics with out the need of expensive 
noble metals, The ability to produce high quality heat also makes power and heat co- 
generation an attractive option, The use of solid ceramic materials in SOFCs also 
eliminates the corrosion and liquid electrolyte management problems associated with other 
type of fiel cells [2,3]. However, the high operating temperature has placed considerable 
constrain on the material requirements, which also increases the price of the cell 
manufacture. To overcome these problems Steele suggested that the combination of ceria 

. based eleckolytes operating over the temperature range 500-700 OC offers the most cost 
effective way forward for systems operating on either natural gas or methanol fuels. In this 
project, we have studied the structural and transport properties of rare earth dopants in 
cerium oxide. 

Earlier research on doped ceria systems has reported the conductivities of electrolytes 
with dopants such as Y203, CaO and rare earth oxides. Many of these doped ceria 
materials have conductivities at lower temperatures surpassing those at higher 
temperatures and low oxygen partial pressures, limits the lower limit of 0 2  under which, 
the condition is predominantly ionic. The vacancies introduced in the crystal lattice by the 
dopant allows ionic conduction to occur when the activation energy for oxide ion 
movement in the lattice is raised. The transport depends greatly on kinetics of vacancy 
motion at the atomic level. It also depends on the thermodynamic process that trap 
vacancies locally, making them unavailable for bulk transport. Ionic mobility can be 
anticipated in materials possessing both a rigid lattice and interstitial sites partially 
occupied by mobile ions. Ideally these sites crystallographically equivalent and share 
common interface. Furthermore, such interface should possesses highly polarizable 
boundary ions so that passage of mobile ions not be significantly impeded. It has also been 
pointed out that to achieve high ionic conductivity in solid electrolytes , the most 
influential factor may not necessary be the presence of inherently high concentration of 
mobile ions, but rather be related to the geometry of the lattice structure and the potential 
energy profiles through which the mobile ions must migrate. To understand these issues, 
conventional Xl'U) showed limitations in obtaining idormation on defect and electronic 
structure of the phases formed during high temperature sintering . Thus we have 
attempted to obtain emperical crystallographic parameters with XAS, which could be 
correlated with experimentally measured activation energies for ionic conduction and ionic 
conductivity of doped cerium oxide. The dopant cation size and its effect on the host 
crystal lattice structure are amajor factor in determining the ionic conductivity of the solid 
electrolytes. In order to understand the precise role of the dopant plays in modifjmg the 
major properties of the oxide, the primary information required is the exact location of the 
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dopant in the host lattice. However, in many systems that has proved to be difficult 
problem that can not be resolved by conventional XRD techniques. For example, the 
concentration of the dopant may bery low ( leass than 1 mol%), the dopant may be 
indistinguishable from host, the dopant may introduce complex disorder in to the lattice or 
material may be amorphous. It is very important to employ Synchrotron Radiation based 
experimental technique EXAFS to obtain the structural information correctly. The local 
structural environments of trivalent ceria has not been reported so far. We have attempted 
to prepared doped ceria and BaCe03 samples to investigate the vacancy trapping using 
several experimental techniques in this project. 

3.2 Preparation of the Samples 

The experimental procedures of sample preparation was reported in LLNL UCRL-JC- 
116378. The stoichiometry of the rare earth impurity was varied to make the solid 
solutions. Ceria mixed with appropriate quantities of rare earth oxides was ball milled in a 
spex mixing with a tungston crucible mixing ball for several minutes, and then mixed 
hrther in Tubula mixing mill for about an one half hour. One gam of powder was pressed 
at 140 Mpa into pellets and then sintered at 1600 OC in air. The particle size of the ceria 
powders had a strong influence on the behavior of the pressed pellets during sintering. 
Intense ball milling was crucial step in the powder processing . Dry milled powder , 
pressed to compacts , was sintered 97% dense , at 1200 OC (4h). In the past ceria has 
been difficult to dens% ( better than 97% of theoretical density ), even at high 
temeperature. Using the above mentioned procedures, we prepared the entire of the f d y  
of rare earth doped cerium oxide (except promethium). 

3.3 AC Impedance Measurements 

We have made an attempt to obtain AC impedance spectra using Princeton Applied 
Research Model 273 potentiostat and Solartron model 1255 fiequency response analyzer. 
The experimental data was generated on these with the assistance of Brayan Balazas at 
LLNL. The initial measurements were made at LLNL using their samples. 

The experimental set up was shown in the previous section. An automated apparatus 
based on phase synchronous detection has been assembled for measurements of complex 
impedance of fast ion conduction. Figure 3.1 show the ionic conductivity ( log T, S Cm -' 
K ) vs lOOO/T (IC') plot of the entire f i d y  of rare earth dopants in cerium Oxide. 
Trivalent rare earth ion doping increases the concentration of oxygen vacancies result an 
increase in the ionic conductivities. Among the trivalent cations, anomalous behavior has 
been reported for Y3', Sm3'. Gd3' and La3', yielded highest ionic conductivities. The 
dopant ionic radie and its effect on the host crystal lattice structure will be major factor in 
providing mixed ionic conductivities which are desirable for some applications such as 
electroddelectrolyte interface. The cations of different ionic radii than that of Ce4' were 
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Oxide conducting solid electrolytes for SOFCs 

MOz-M'O or MO~-M"~03 (M=Zr, Ce; M'=Ca, Mg; 
M"=rare-earth) 
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chosen for our XAS investigations and compared with the ac impedance measurements. 
We have correlated our results with the conductivity data. The maximum conductivity 
observed (at 600 'C) was 1.2 X 10 -2 S cm -' fot C ~ O . S S ~ O . ~ O ~ . ~ .  The conductivity of 
yitteria doped ceria varied substantially dopant concentration. 

3.4 EXAFS 

The cations of different ionic radie (over sized. and undersized) than that of Ce +4 were 
chosen for EXFAS measurements and compared with the ac impedance measurements. In 
X-ray Absorption Spectroscopy, the absorption coefficient is measured as a fbnction of 
incident photon energy across the absorption edge of the core level (K or L) electron: The 
XAS spectra of Ce ", La3+, Gd 3+, Y 3+, In 3+ , Llll edge and Sc 3+ K edge were performed 
using DCM beamline at CAMD under operating conditions (1.5 GeV, 160 mA). Some of 
the measurements are made by Dr. Josef Homes who is providing professional services to 
the PI and helping PI to analyze EXAFS. 

Figure 3.2 show an overview of the EXAF 
have probed the Ce L111, Ce L11 and Nd L 
EXAFS and NEXAFS was considered to probe the Ce. X A N E S  measurements 
made to probe the impurity. In a separate measurement and in an expanded scale, we hav 
recorded the individual edges for analysis. Figure 3.3 and 3.4 show the Ce Llll edge. 
Figure 3.5 and 3.6 show the NEXAFS measurements of La 3+ : CeO2 and Pr 3+: Ce02. 
Looking at the data from Ce, there are hardy any differences in their first and second 
coordinations shells. To really llok these things, one has look f?om the dopant. Florescent 
measurements are needed. There is such facility at CAMD. A preliminary data was 
obtained from Universitat Germany. 

ctrum of Nd +3 : Ce02 T with, we 
s and plotted the absorbance vs 

- -  
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XAS data for the dopant cation in 5 mol% -scZo3 
measured fluorescent excitation spectra using large solid ion chamber as the fluorescent 
detector. All other measurem+s were made in ion transmission mode, using chambers 
filled with N2. All the spectra were measured at room temperature. EXAFS data were 
converted to k space and all the FT and curve fitting calculations were performed using k- 
3 weighted data. The structural parameters of the solid solutions obtained from the best 
fit were then compared with various defect models and the structures of the second 
nearest neighbours ( cation-cation) pairs are analyzed using the Fourier Transform of the 
EXAFS. Figure 3.7,3.8 and 3.9 show the FT of EXAFS data measured on these samples. 

A unit cell of CeO2 consists of eight small cubes containing anions at their comers, with 
every alternative cube having a cation at their corners, with every alternate cube having 
cation at its center. When trivalent cations substitutes for Ce 4+ one oxygen ion vacancy is 
introduced for every two cations in order to compensate for the lower cation charge. For a 
dilute solid solution, an elementary picture of defect structure postulates an equal number 
of MCe-0 pairs and isolated MC-e, both randomly distributed spatially. We have 
attempted to develop the model to interpret 'qualitatively the observed electrical properties 
with dopant concentrations. 
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In this work, we have come to 
candidates for use in intermediate temperature SOFCs. Extensive research has been 
undertaken on a number of different CeO2 based electrolytes. At low partial pressures, 
however, Ce02 is prone to developing electronic conductivity, where Ce 4+ ion is reduced 
to Ce 3+, and hence can limit its use as an electrolyte in a SOFCs. However, we have 
attempted to utilize Ce0.9Gdo.lOl.g electrolyte as a possible candidate for SOFCs. 
Measurements of the current voltage characteristics were not complete at this time. 
However, we have measured I-V polarization characteristics of H2-02 &el 
electode/electrolyte/oxygen electrode, 0 2  system. In order to gain fiuther experience in 
fbel cells, we have continued to work on Direct Oxidation of Methanol Fuel Cells. Several 
conference and two MS thesis have resulted fiom support of this project with Federal 
Energy Technology Center ( FETC ). 

understanding that CeO2 based electrolytes are pos In this work, we have come to understanding that CeO2 based electrolytes are pos 
candidates for use in intermediate temperature SOFCs. Extensive research has been 
undertaken on a number of different CeO2 based electrolytes. At low partial pressures, 
however, Ce02 is prone to developing electronic conductivity, where Ce 4+ ion is reduced 
to Ce 3+, and hence can limit its use as an electrolyte in a SOFCs. However, we have 
attempted to utilize Ce0.9Gdo.lOl.g electrolyte as a possible candidate for SOFCs. 
Measurements of the current voltage characteristics were not complete at this time. 
However, we have measured I-V polarization characteristics of H2-02 &el 
electode/electrolyte/oxygen electrode, 0 2  system. In order to gain fiuther experience in 
fbel cells, we have continued to work on Direct Oxidation of Methanol Fuel Cells. Several 
conference and two MS thesis have resulted fiom support of this project with Federal 
Energy Technology Center ( FETC ). 
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METHANOL CROSSOVER IN DMFCs: A STUDY OF ELECTROCHEMICAL 
AND STRUCTURAL PROPERTIES OF CARBON SUPPORTED ELECTRODES 
AND MEMBRANES 

Fuel cells are widely observed as excellent possibilities for power devices where light 
weight, power efficiency and negligible emissions are required. They are being considered 
as alternative power sources for transportation' and stationary applications[ 1-31. Ideally 
such power systems would operate at relatively low temperatures (60 C-130 C) which 
strongly suggests using fuel cell technology based upon the proton exchange membrane 
(PEW. Without question, hydrogen is a very desirable fuel choice. However, the 
difliculties associated with the production and the routine handling of hydrogen severely 
limit its commercial use. The direct methanol fie1 cell (DMFC) is a particularly attractive 
alternative to the H2/02 Cell. Although not as high as hydrogen, the energy density of 
methanol is the highest among the organic fuels. Another advantage of the DMFC is rapid 
start up and operation with little or no emissiodnoise signature. This has led to an intense 
research effort over the past 20 years[4-5].. In recent years, the DMFCs have received 
increasing attention due to interesting electrochemical performance achieved with the use 
of solid polymer electrolyte membranes. Traditionally, the PEM has been Nafion@ 117, 
115 or 1 12[6]. Other perfluorosulfonated ionomers (PFSI) such as perfluorosulfonic acid 
(PFSA) with branched polymer backbone have been investigated.[7] The PFSAs can 
incorporate many more sulfonate groups in the polymer which help to increase the 
hydrogen ion transfer. In general, the greater the density of anions on the polymer 
backbone, the better the transport which results in higher current density and cell 

s have been plagued by its low power density which has been 
attributed to low-activity catalysts for the methanol anode.[8-11] The degradation of 
commonly used electrode catalysts (Pt, Ag and others) and corrosion of carbon substrates 
are making commercialization. of fuel cells incorporating present day technologies 
economically problematic. Usually a few milligrams of a precious metal such as platinum 
are employed, but the cost escalates with high loadings of these catalysts. By using the 
binary alloys of base transition metals @e., V, Cr, Ti, Co, Ni, and Cu etc.) with Pt, the 
level of electro-catalytic activity increase. The cathodic reactions enhance the 
pdormance of proton exchange membrane fie1 cells (PEMFCs). However, most of this 
research was emphasized on the improvements in phosphoric acid fie1 cells ( PAFCs 
)[ 121. Therefore, it is important to investigate these binary alloy systems to explore their 
utility in the PEMFCs. 

The anions of perfluorinated sulfonic acid polymer are only weakly absorbed on Pt. In 
contrast, the phosphate anions are strongly adsorbed. A number of catalysts have been 
studied including the following: Pt-Cy cobalt phthalocyanines (CoPc) with and without 
carbon supports, Pt alloys such as m u ,  etc., as well as others.[l3-141 Activity 
improvement can be achieved by increasing the surface area, both geometric and internal, 



or the catalysts. In addition, improvement can be made in setting conditions which 
r\ facilitate the removal of water from the conduct arts of the 

electrode/membrane/electrode arrangement. The interface b electrodes and 
electrolyte are essential to improving the output longevity of the fbel cell. By improving 
the conductivity and the transport of the system, this can be achieved. 

In addition to the catalysts, another problem which predominates is that of methanol 
crossover[l5]. Crossover can occur because methanol is a neutral mglecule, and it can 
easily wet a membrane such as Nafion@. Ngfion@ allows cations but not anions to move 
from the anode side of the fbel cell to the cathode side: There a neutral molecule like 
methanol can crossover to the cathode. In addition, CO and other neutral molecules 
indicated below can also crossover; although it is not as favorable due to solubility and 
other factors. Therefore, any restriction or barrier to neutral reactants or products would 
increase the fbel cell efficiency and longevity. 

However, methanol as a fbel is relatively electrochemically inert, so that cs of the 
methanol oxidation is slow. The products of methanol oxidation in acidic media include 
formaldehyde, formic acid, methylformate, dimethoxymethane, carbon monoxide, and 
carbon dioxide. 
consisting of the following reactions:[ 16-19] 
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Generally, the mechanism of methanol oxidation was 

‘Y 

COH + 3 K‘ + 3 e’ 
HCHO + 2 CH3OH 

electrodes have been extensively studied for methanol electro-oxidation in acid electrolyte 
at .ambient and elevated temperatures: As the anode catalyst, Pt is highly Active for the 
adsorption and dehydrogenation of methanol. To oxidize CO to COZ, a second oxygen 

, 

atom is required &om an adjacent water molecule. Bi-fbnctional alloys composed of Pt 
and a second metal (M), are able to activate HzO at low potentials. Therefore, they are 
excellent candidates as materids for methanol oxidation. 

Pt + CH3OH 
Pt-CH30Gb --> Pt-C 
M +H20 

Methanol crossover from the anode to the cathode results in consumption of fbel and also 
impacts the pexformance of the cathode causing the cell to operate at a lower overall 
efficiency. The crossover rate is largely determined by the permeability/&siveness of 
methanol towards the membrane and the electrode structure. In a fbel cell using a proton 
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exchange membrane (PEW, the membrane acts as a separator and as the electrolyte. The 
conductivity of the PEM is very dependent on its degree dration. During operation, 
water molecules can move &om the anode to the cathod ch can result in membrane 
dehydration on the anode side of the In addition, flooding occurs on the 
cathode side. Water is produced at by the electrochemical reduction of 
oxygen. Water replenishment by back dfision alone is insufficient to keep the anode side 
of the membrane hydrated. This is especially true at high current densities. As the 
membrane becomes dehydrated, the pores within the membrane shrink which results in 
even lower back-diflksion rates of water. Any fluctuation in temperature control C a n  
result in even more dehydration. The transport of water and ions in a PEM fie1 cell is 
controlled by the presence of the sulfonate groups of the polymer backbone of the Nafion@ 
membrane. This transport is more efficient when the membrane is ultra-thin and uniformly 
hydrated. A number of models have been developed to show that back diffusion of water 
fiom the cathode to the anode is insufficient to keep the membrane hydrated at high power 
densities. Therefore, the anode gas stream, hydrogen, should be humidified. In addition, it 
would be beneficial to humidie the cathode, oxygen or air. 

When methanol is used as hel, a voltage drop as well as significant thermal management 
problems can be encountered. The later being the chemical oxidation of methanol at the 
platinized carbon on the cathode. These systems have been developed to enhance the 
reduction of oxygen and oxidation of hydrogen. The conventional method of preparation 
uses Pt-C and PTFE loaded carbon which are mixed and hot-pressed on highly conductive 
carbon paper. This carbon electrode was impregnated with PFSI solution. The solvent 
was removed by vacuum and temperature. Two of the resulting electrodes were hot- 
pressed on both sides of the membrane which usually was Nafion@. These carbon 
electrodes provide added surface area and added catalytic reaction efficiency for the 
reduction of oxygen. The use of catalyst impregnated carbon paper allows increased 
catalyst utilization and uniform continuity of the catalyst. 

Methanol crossover especially under relatively high temperatures is a very significant issue 
for membranes such as Nailon@. Nafion'll7 possesses high ionic 'conductivity but is 
highly permeable towards mekmnol. Generally, N&on@ membranes with higher 
equivalent weight have lower methanol permeability and higher ionic conductivity. Figure 
1 shows the schematic of the methanol crossover issue A basic way of looking at 
methanol crossover is its ability to wet membranes like Nafion@. This wetting is 
accelerated at high temperatures. Phosphoric acid can diminish this aflFect, but not 
eliminate it. Phosphoric acid changes the structure of the Nation@, which makes it more 
diacult for the methanol to wet the membrane. The membrane is highly hydrated aRer 
treatment with the phosphoric acid, and, therefore the membrane structure prefers water 
over methanol. Therefore, it is important to discover membranes which methanol 
membrane wettability or permeability. Because of this preferential difference, it would be 
very usefil to know the structure of the phosphoric acid treated Nafion@. Once the 
structure is known, other types of membranes may be discovered which are simile or even 
better at limiting methanol from influencing the he1 cell mechanism. Though extensive 
work [l-51 was conducted on platinized electrodes for both the oxidation and the 
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Experiments were conducted in a three-compartment electrochemical. cell, containing 
freshly prepared, oxygen fkee (purged and blanked with nitrogen) 0.5 M H2S04 or 0.5 M 

’ &so4 + CH30H. The electrochemical cell was located in a water bath for controlling 
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analyze the near edge region, a linear background was subtracted fkom the raw data. 
Spectra were normalized at 2510 eV where the variation in the photo absorption cross 
section was very small. This enabled direct comparison of the relative oscillator strengths 
of the various electron transitions. Samples were taken fkom commercially available 
membrane sheets (Aldrich Company). Thin h s  with a thickness of about 30 
micrometers were prepared using a microtone. Samples were dried for 7 h at 60 C and for 
18 h at 110 C followed by treatment with phosphoric acid. After the first measurement, 
the dried samples were put into distilled water for about lhr. Then, another spectrum of 
the same samples was taken. The X- ray absorption near edge spectra (XANES) of K 

I 

I 
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I edge sufir in Nafion 1 12, 1 1 5, 1 1 7,4 1 7 and 450 were analyzed. 

The MEAS were loaded into a single test fixture and the performance using a Globe Tech 
Fuel Cell workstation ( HP6060 €3 electronic load) was measured. The single cell test 
fixture was composed of two copper current. collector end plates and graphite plates 
containing rib channel patterns that allowed the methanol vapor access to the anode and 
humidified oxygen to the cathode. 

RESULTS AND DISCUSSION 

ELECTROCHEMICAL STUDY OF CARBON SUPPORTED MEMBRANE 
ELECTRODES (CMEs) 

To relate the methanol oxidation processes at Pt-based catalyst electrodes, a mechanism 
that is direct analog of the methanol electro-oxidation mechanism at bi-functional alloys 
composed of Pt and second metal (M) and capable of activating H20 at low potentialsis 
shown below: 

1) Pt+cH3oH Pt-cH3Ohh 
2) 
3) . M+H20 > ~ - ~ 2 0 a h  

Pt - cH3oH& ,-> R-;Oah+ 4 H' 4 e- 

4) M-HzOah MOO€&&+ €€++e' 
5 )  Pt-CO,h +M-OH& 2 + M + C 0 2  +€€++e '  

At carbon supported pure Pt catalyst: 

3a) Pt+HzO-> Pt-H20ah 
4a) Pt+H20ah ptO€&b + H+ + e- 
5a) Pt - COah + PtOH -->>2Pt + C02 + H+ + e' 

Besides the surface reaction between Pt-bonded CO-like species and OH species on M 
sites, the hydroxyl species can participate in the process by which an "oxide film" is 
formed at high potential (4): 



6) PtOH -> PtO+H'+e' 

7) MOH -> MO+H'+e' 
or Ck 

Figure 1 shows the CVs on different CMEs for a high methanol concentration (2.0M) in 
sulfuric acid at room temperature. The oxidation current peaks in both forward and 
reverse scan decreased with increasing CH3OH concentration for Pt-RdC, Pt-Co/C, Pt- 
Ni/C and Pt-CdC .CMEs. The surface reactions between Pt-bonded CO species and OH 

n 

species on M sites, eqs. 5 and 5(a), become the rate-determining step at room 
temperature. Pt-CO adsorbed on the surface, and decreased the number of active sites on 
the electrode due to higher methanol concentration. The oxidation current increased with 
increasing methanol concentration for WC and Pt-Fe/C due to high Surface real area ( the 
roughness factors are 702 and 465 for Pt-Fe/C and Pt/C respectively ). 

rci 

Figure 2 shows the typical CVs of PtK and Pt-RdC membrane electrodes in 1M H2S04 
+ 1M CH30H. The oxidation of methanol started ca. 385mV and 30OmV at WC and Pt- 
RdC, respectively. The oxidation of methanol on Pt-RdC was shifted negatively more 
than 85mV compared with that on pure WC. The oxide film formed minimized the 
number of active sites on d a c e  and inhibit the methanol oxidation. In addition, the 
oxidation current is much larger at the Pt-RdC electrode than at the Pt/C electrode. 
These results showed that the bimetallic Pt-RdC electrode was a better catalyst for 
methanol oxidation in acidic solution . The bi-finctional mechanism proposed [eqs. (1) - 
(5)J could be used for the explanation of experimental results observed. In Figure 2, the 
forward sweep increase in current was due to the oxidation of methanol. After the 
current peak, the oxidation current decrease was the result of a substantial amount of OH 
species absorbed on surface being transformed to the oxides, eq.(6), which break the 
active sites on electrode sdace. In the reverse sweep processes, the oxides can be 
reduced: 

L J  ' 7 

0 

8) PtO f H20 + e- ,-> PtOH + H' 

( %  ' 9) PtOH+H'+e- *-> Pt+H20 
or 

The electrode d h c e  was cleaned and oxidation current peak was observed again 
according to eqs .5 and 5@). 

Figure 3(a) and (b) show the methanol oxidation of Pt/C and Pt-RdC CMEs at different 
temperatures. The oxidation currents at these CMEs increased with increasing 
temperature. It means that a larger amount of PtOH or MOH reacted with an 
intermediate formed during the oxidation of methanol, eqs. 5 and 5(a) at high temperature. 
The activity for methanol oxidation in Pt-Ru/C CME showed a 3-5 fold increase 
compared with that on WC even on a real surface area basis. In addition, no oxide 
formed on the surface of Pt-WC at high temperature. 
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To demonstrate that transition metal CMEs can be an alternative and low-cost electrode 
materials for DMFCs, Pt-FdC, Pt-Co/C, Pt-Ni/C and Pt-CdC were investigated as 
catalysts. Figures 3(c)-(e) show the CVs of Pt-based group VIIIb of the first transition 
row metals (Fe, Co, Ni) CMEs. The highest oxidation current was obtained with Pt-ColC 
CME. Specifically, a lower amount of oxide could be formed on Pt-Co/C surface. It 
indicated that the Pt-ColC CME was a better catalyst for methanol oxidation in the acid 
solution compared to other vmb transition metals. However, for the first transition row 
metal CMEs, the higher operation temperature seemed necessary to avoid the passivation 
effect in sulfuric acid576 (e.g. Fe03 or Ni*-A--OH are formed). 

Figure 3 0  shows the CVs at Pt-CdC CME. The current oscillations observed at low and 
medium temperature regions are due to the dual role played by the surface reaction 
between MOH and PtCo eq. 5 and copper dissolution. The formation and elimination of 
both Cu' and Cu2' on electrode surface may cause the current or potential oscillation8. 
In acid solution, the reaction of copper dissolution may be described as follows : 

Fl 

I Cu' + e- 
ll) CU" cu2' + e- l 10) cu--{ 

In general, the apparent activation energy for all of the catalysts studied decreased with 
increasing temperature. The potential of onset for methanol oxidation (Eon) shifted 
negatively at high temperature, compared to its value at low temperature. The apparent 
activation energy for MO&h formation was overcome at lower potentials as the 
temperature is increased. The different potentials for the onset of CH3OH oxidation on 
carbon supported CMEs are given below in Table 1. 

Table 1. Potential for the onset of c&OH oxidation on carbon supported C M E s .  

........ .................... ........... ............................................... ..... " .................................................... ...................................E....@ .% I I " 

T ( % )  WC -RdC Pt-FdC Pt-Co/C Pt-NiC Pt-CUlC 
25 385 300 . 375 395 370 345 , 

50 345 280 345 345 335 280 
75 320 250 330 270 280 260 

The real sur fke  area of Pt-based catalyst membrane electrode was one of the important 
factors for the understanding of the characteristics of the electrode. Measurements were 
made on electrodes with 0.78 cm2 in geometric areas. Figures 4(a) and (b) showed the 
CV results of different electrodes scanned between a potential range of -0.35 V and 1.60 
V at a scan rate of 10 mV/s and room temperature in 0.5M H2S04. From the charge of 
the oxidation of adsorbed hydrogen, the roughness factor (RF) and the ratio of the actual 
electrode area to the geometric area was calculated as listed Table 2 by assuming 210 mC 
for a real area of 1 cm2 on a smooth Pt-electrode. The resistance of C M E s  was measured 
using cyclic voltammetry and are given below in Table 2. 
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Table 2 Roughness factor (RF.) and resistance ( R ) of carbon supported CMEs 

CME Pt/C Pt-Ru/C Pt-Fe/C Pt-Co/C Pt-Ni/C Pt-CdC 
R.F. 465 318 702 118 ' 352 100 
R(nnlcm2) 260 280 290 266 266 318 

The electrochemical oxidation methanol at CMEs with different supported mat 
(Carbon, Nafion@ and Carbon-Nafion@) are shown h Figure 5 . The current of Pt-Ru/C 
CME was higher than the current of Pt-RdNafion@. It is due to that carbon supported 
catalysts have better electron conductivity. The resistances are 0.280, 1.00 and 106 
W/cmZ for Pt-RdC, Pt-Ru/Nafion@ and WC/Nafion@ respectively . The WC/Nafion@ 
show the highest resistance. It was indicated that no electrochemical reaction occur on 
the surface of Pt/C/Nafion@. 

STRUCTURAL STUDY OF PERFLUORINATED POLYMER ELECTROLYTE 
MEMBRANES (PPEMs) 

AU of the electrodes and membranes studied in this work have sulfonate (-so3) groups as 
the anionic finctionalities attached to the backbone of the polymer electrolyte (shown 
below). 

The presence of the water in the electrolyte facilitates or promotes proton transport. 
Without water, the proton conductivity of the membrane is insuffikient to support 
adequate fiel cell operation in PEMFCs. Recent reports c0nth-m that increasing the water 
content reduces the resistance to proton transport[l7-20]. The t h d  stability of 
Nafion@ has been studied in detail using infrared spectroscopy, fourier transform infrared 
spectroscopy(FTIR) thermal gravemetric analysis etc [.I It is thermally stable up to 280 "C 
where the sulfonate groups begin to decompose[21]. Nafion is like 
polyterafluoroethylene(PTFl2) and serves as a binder and their contact with the electrode 
in PEFC enlarges the three phase boundary between the catalyst, gas and proton 
conducting membrane. A chronic concern in the engineering of fiel cell is to prevent 
poisioning of sulfur in these electrode catalysts and electrolyte membranes. Another 
source of sub r  in the fuel cell electrodes comes from the carbon support. Although, there 
has been an attempt to address the chemical state and surface morphology utilizing surface 



analytical, X-ray and electrochemical techni es, its influence on the sport mechanism 
and electronic structure has not been completely understood. Another alternative 
technique to understand the electronic and geometric cture of these chemically 
modified materials is the X-ray Absorption Spectroscopy. 

X-ray absorption spectra taken near the absorption edge of an atom in a given chemical 
environment provide detailed information on the electronic and/ or geometric structure of 
the chosen atom on an atomic scale. XANES (x-ray absorption near edge structure) 
spectra give information about the valence of the excited atom, the electronegativity of 
the neighbor atoms, and the coordination geometry. From an analysis of EXAFS spectra 
the number and the type of the atoms in the first coordination shells and the radial 
distances of the nest neighbors to the central atom can be obtained. X-ray absorption 
does not require any long range order and can thus be applied for the investigation of non 
crystalline materials e.g. polymers or doped proton exchange membranes. However, this 
technique has not been widely applied due to the di€€iculties to measure X A S  at low Z 
elements which are normally in these polymeric systems. In an attempt to understand the 
electronic structure due to chemical modifications during electrochemical reactions, we 
have investigated the sulfur-K edge XANES in Nafion under different heat teatments and 
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S spectrum of Nafion* 
spectrum is dominated by a strong resonance at about 2480 eV with a shoulder on the 
high energy side. This energy position is typical for s f f i r  with valence IV. The presence 
of the two peaks are attributed to the two different types of oxygen in the sulfonate group. 
Two oxygen atoms have a double bond (about 1.4 A) and one has single bond to the 0-H 
group (about 1.53A). Since all of the Nation@ have sulfonate groups, the primary 
difference in XANES between the different Nafion@ grades is the absorbance. Nation@ 
1 17 has a fhr greater absorbance than the other grades fiom which can be implied that 1 17 
has more sulfonate groups and a lower molecular weight than the other grades of Nation@. 
It has been demonstrated that fie1 cells with low molecular weight membranes show 
enhanced performance with increased voltage at a given current density and under 
relatively lower humidity. The'irradiance from the X A N E S  process (ref) can crosslink low 
molecular weight membranes. It was shown that this type of irradiation can increase 
water absorption Nation@ 117. . 

Figure 7 shows the XANES spectra of Nafion 115 and 112 dried at two different 
temperatures and time. Drying the samples (even at 110 "C) has little or no influence on 
the spectra. No significant differences in the spectra are observed which confirm the 
thermal stability of Nafion up to these temperatures. This is why Nafion has become a 
very popular PEM for low temperature (<lo0 C) PEMFCs. 
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Figures 8 and 9 show the spectra before and after treatment with phosphoric acid on 
Nafion 1 12 and 1 17, respectively. The higher energy peak increased to about the height 
of the lower energy peak for both types of Nafion@. Also, the lower energy peak (2480 
ev) shifted to a slightly higher energy for both Nafions@. The significance of this shift 
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could be due the 
Because of the relatively high concentration of phosphoric acid, the presence of water is 
not as important as it is without the phosphoric acid. Without phosphoric acid, water is 
needed as the medium ,for proton transport. The water hydrates the Nafion@'s sulfonate 
groups and can function as the transporting agent for the protons produced at the kel 
cell's anode. In the case of phosphoric acid treatment, the phosphoric acid replaces the 
water. It has 3 protons compared to water's 2. Phosphoric acid also has greater aBnity 
for the Nafion@ than the water, Therefore, the role of water in the structure of treated 
Nafion@ diminishes and this role change is reflected in the higher energy peak of the 
X A N E S .  Water still plays a role in the treated Nafion@. The water still hydrates the 
phosphoric acid, but the water is not the only medium for proton transport. The 
phosphoric acid and it hydrogen bonding abilities enhance the conductivity of the 
membrane. Therefore, changes in the water concentration inside the membrane is not as 
crucial as when the phosphoric acid is not present. 

s in the membrane after treatment with p 
r 1  
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CONCLUSIONS 

0 Electrochemical and structural ch acterization 
performed on traditional Nafion@ type fuel cell proton 
exchange membranes. 

Evaluation of transition metal alloys as electro-catalysts 
instead of the generally accepted noble met 
catalysts. 

Emphasis was placed on 
methanol crossover event 
oxidation. 

The effect of meth 
temperature, surface area 
electro-catalysts were ev 
existing electro-oxidation mechanisms 

. .  
For the first time, the, sulfur K-edge XANES in Nafi 
was measured using synchroton radiation source 

The phosphoric acid treated Nafion@ exhibited a 
structural change due to the enhanced proton 
conduction. 

The current vs voltage characteristics for single cell %el 
stacks were measured with similar membrane electrode 
assemblies(MEAs), will be published soon. 



n 

::z 

3 



. 



.’ 3 

Pt-Ru-C 

- 
U 
E v 

W 

30.00 

25 .00 

20.00 

15.00 

10.00 

5.00 

0.00 

-5.00 

-10.00 

-15.00 

c I I I I 

I I I I I 

-600.0 -200 0 200 .0 600.0 1000.0 1.400 .0 

E I m W  





2 2 o . o p  
I- 

I I I I I I 

0 -600 200 1000 181 

.- 



r- 

I$ 
i - 

I I I I 
c.3 

n 

E 
Y 

m 

-16. eee 



3 



c G 
7 

L' LJ 
i \  '3 

017 
Q) 
0 

6 



0 

0 

- 60C;7h . 

2470 2480 
~ - 

: -I Energy [eV] 

c 

t-13 i?. 
J 



-.- Nafion 112 
after H3P04 treatment 
Nafion 117 

2465 2470 2475 2480 2485 2490 2495 2500 2505 

c -  

Energy (eV) 

A 

b ' 5  5 
c7 n 



5 

4 

I I I I I I I I I I I I I I I 

0 

P.... Nafion 117 
after H3P04 treatment 
Nafion 112 

-1 
2465 2470 2475 2480 2485 2490 2495 2500 2505 

I I I I I I I I t I I I I I I 

i-, c 

Energy (eV) 
F3 l o  

0 T n 





D 

” 1 
i. ‘ 

.$ 

3 

An Experimental Validation of the Polymer 
Electrolyte Fuel Cells Model 

Tommy Q. T. Rockward 
Material Science and Technology (MST-11) 
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Mentors: Thomas Zawodzinski, Jr. 

Rambabu Bobba 
Summer 1997 

ABSTRACT 
We studied Pt and a Pt-based alloy, Pt-Ru as electrocatalysts for anodes in 
Polymer Electrolyte Fuel Cells. In particular, we probed the effect of the 
presence of carbon monoxide in hydrogen on the performance of the cell. 
Optimal results were achieved by varying anode loadings and gas pressure. 
These experimental results were compared to a kinetic model of PEFC 
performance in the presence of 00 developed by Springer, Zawodzinski and 
Gottesfeld. Good qualitative agreement was obtained. 

INTRODUCTION 

Fuel cells are energy conversion devices which convert chemical energy into electrical 
energy. Fuel cell use various fuels, including reformed fuels, which are chemically 
converted t o  hydrogen. Primarily, fuel cells are being explored as a potential source of 
power for electric vehicles. The operation of fuel cells require’ high power densities and 
high energy conversion efficiencies. 

Of the many different types of fuel cells, the hydrogen/oxygen fuel cell is the most basic. 
Entering the anode feed stream,’ hydrogen is oxidizes t o  form 2 protons and 2 electrons. 
The protons cross the membrane and react with the oxygen at the cathode forming water, 
where as the electrons are conducted from the cell into wire feeds in the form of 
electricity. In the case where the formation of water is not managed correctly, the 
cathode becomes flooded and hence it decreases the rate of gas molecules diffusing into the 
cell. Therefore in optimizing the fuel cell performance a gas-permeable, hydrophobic 
membrane is needed. 

In Polymer Electrolyte Fuel Cells, Nafion is the most commonly used polymer 
electrolyte membrane. It allows the protons to  pass through while simultaneously 
keeping the hydrogen and oxygen separate. This concept is basic, however very 
important in the performance of the fuel cell. Two catalyzed electrodes are hot pressed 
to  the membrane by a membrane and electrode assembly (MEA). The MEA serves as the 
central part of the fuel cell. 

3 1 



3 

C) 

J 

es and disadvantages associated with PEFC. Some 
corrosive liquids, easy fabrication and demonstration of longevity. While in contrast, 
the present disadvantages include expensive polymer electrolyte and the difficulty in 
proper maintenance of water management in the cathode. 

A major emphasis of PEFC researc 
fuel-cell system adequate for terrestrial transportation applications. A major fuel 
source is expected t o  be reformate gas, which contains both carbon dioxide and trace 
amounts of carbon monoxide in addition to  hydrogen. It has been noted that the PEFC 
performance drops in the presence of CO. Recent works have explored' this CO poisoning 
of the PEFC anode operating on reformate gas. This is due mainly to the adsorption of CO 
onto the catalyst surface to block sites for hydrogen oxidation. This is applicable t o  our 
investigative studies of Pt and Pt alloys, whose purpose is to  decrease the surface 
deactivation. 

We analyze the cell performance by looking at polarization pl of cell voltage versus 
current density. These performance curves for PEFC fed with CO mixtures in hydrogen 
in the anode feed stream are modeled. The basis of the polarization curves stems from 
four kinetic process occurring at the Platinum(Pt) anode catalyst. These processes are 
both chemical and electrochemical. They are described in detail by a model of the PEFC 
performance with reformate feed 

the development of low cost cell components for a 

THEORY 

The goal of the model was to  obtain curves of PEFC performance in the presence of H 2 / 0  
mixtures. In an attempt t o  verify this modeling we have shown several results for 
comparison. 

This model developed by Springer, Zawodzinski and Gottesfeld predicts the performance 
of the fuel cell based on four kinetic processes occurring a t  the anode. It suggests we 
treat the anode loss as an electrode kinetics problem under the following conditions: (1 ) 
pure H2 is the dry anode reactant gas, (2) the mass transport losses can be ignored, (3) 
the catalyst ionic resistance is low enough t o  ignore potential changes and (4) 
four chemical equations govern the interfacial kinetics. The chemical equations that 
govern these kinetics are listed in the.equation section. 

Mathematically, using a system of equations to  represent these processes, the fraction of 
catalyst sites adsorbed and limiting currents were determined. Under the assumption 
that the transfer coefficient is 0.5, the model yields curves for current densities 
associated with both H2 and CO/ HZ. 

The calculated curves shown in the figures uses values of electrochemical and adsorption 
rate constants that reflect Pt/H2 and Pt/CO systems near 8OOC. Table 1 lists the values 
of base case parameters. These values describe high CO adsorption and a higher hydrogen 
electro-oxidation versus CO electro-oxidation at low anodic overpotentials. Figure 1 
indicates the set of overpotentials versus current densities that fit these parameters 
while figure 2 shows the cell voltage as a function of current density. 
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the anode catalyst site. The 
first two equations are reversible and chemically represent [ 1 ] the adsorption of CO t o  
the Pt sites and [2] the dissociative chemisorption of H2 t o  the platinum. Equation [ 1 ] is 
responsible for the performance loss while in equation 123 the hydrogen on the Pt-H sit 
becomes electrochemi Ily oxidizes. This hydrogen oxidation process describes equation 
[3] which is ultimate1 sponsible for generating the current. In equation [4] the 
adsorbed CO becomes electrochemically oxidizes to form C02 . This becomes significant 
a t  high anode overpotentials.because of the removal of CO from the catalyst sites, which 
allows for more hydrogen oxidation t o  occur. 

co+Pt;+ @-CO) 

H, + 2Pt, A 2(R-H) 

bfckfc 

bfhkfh 

(Pt - H ) k - H '  + e- + Pt 131 

H 2 0 + ( P t - C O ) ~ P t + C 0 , + 2 H '  +2e- 141 

P I  

k 

Mathematically, the model uses a steady-state balance of equivalent current densities to  
determine the t3m the fraction of CO adsorbed and Oh, the fraction of hydrogen adsorbed 
which are represented by equations[5] and[6]. It suggests the current that is produced 
originates from equation[7]. 

1 
pbco - kfiP,(l - OcO - Oh) - bfifiOco -k,OcOebc -0 

pbh - k,Ph(l- 0 - O h r  - bfi kth8; -2  Ohkehsinh 

PI 

-0 rsJ 

171 

co (9 
1 

jh = 2 k ~ ~ s i d ~ )  \@h ; jco -2k,0~~ebc 

In equation [7], j, and j, are the current densities for the hydrogen and CO oxidation. 

EXPERIMENTAL 

The PEFC tested had active areas of 5 cm2 with Nafion 105 used as the polymer 
electrolyte separator. Both sides of the membrane were catalyzed using preformulated 
inks. Experimental results consisted of 20 wt % Pt/C (Vulcan X C72R) with an anode 
loading of 0.33 mg/cm' and a cathode loading of 0.17 mg/ cm2. The Pt-Ru experimental 
results contained high and low loadings of Pt-Ru on the anode side with similar loadings 
for the cathode. The high loading contained 0.95 mg/cm2 while the low had only 0.39 
mg/cm2. Each cathode contained roughly 0.1 7 mg/cm2 of 20 wt % Pt/C. 
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These mixtures of inks each contained 5 wt % Nafion 105 by MEA. Both the anode and 
cathode were hot pressed on Nafion 105. 

This ME aration method involved pi nting the inks on 5 cm2 blanks. 
layer the inks were dried and weighed. This painting and drying process continued until 
a desired amount was reached. Next, we took the Nafion membrane, which had been 
treated in sodium hydroxide to convert it to the sodium form and dried it at 1 3OoC on a 
hot plate. Labeling both sides of the membrane simplified our cell assembly. We placed 
the anode ink on the anode side of the membrane and the cathode on its respective side. 
Using two metal sheets, we placed the membrane and electrodes inside and hot pressed 
them together. Before attaching the MEA to the test station, we dropped it into a 0.5 M 
solution of H,SO, to reprotonate. Again we dried the membrane and electrode on a hot - 

plate, however at 6OOC. 

The actual cell was not complete until it was properly 
cell components systematically. We cut out gaskets, Teflon and ETEK uncatalyzed carbon 
cloth backings. Starting with the anode side, we placed the gaskets around the flow fields. 

, Then we placed the carbon-cloth backing Over the flow fields. Next, we added the Teflon 
sheet across the gasket and backing. Afterwards, we placed the MEA, anode flow fields. 
Similarly for the cathode side we added gaskets, backings and Teflon. To enclose the FC 
without leakage, we torqued each bolt 90 i 

We operated the FC at conditions similar to  those used in the model. The cell 
temperature was set at 8OOC. Our initial anode and cathode pressures were 30/60 PSIG, 
respectively, while the FC operated at 0.5V. Several hours was allowed for the cell t o  
reach peak performance. 

Data for the PEFC polarization curves were measured using the Hewlett-Packard 6060A 
electronic load. The curves were obtained using National Instruments Labview, a 
computer program linked t o  a Macintosh computer. Using Labview we were allowed t o  
obtain polarization curves of voltage versus current densities. 
easy analysis of cell performance. 

In conducting the actual experiment, our immediate concern was anode pressure and how 
it effects anode overpotentials in the presence of CO. By keeping most condition constant 
and varying only anode pressure and CO concentration we were able to  test these effects. 
First, we set the anode pressure to  the FC test station maximum of 60 PSIG, with all 
other conditions remaining stable. After allowing steady-state t o  be reached, a 
polarization curve was plotted. We next added 100 parts per million(ppm) of Qo aml 
allowed the cell t o  reach steady-state before running another curve. Immediately 
following its completion we cut the CO off and allowed the cell to  once again reach a 
steady-state. A polarization curve was completed and then we added 10 ppm CO. 
Afterwards we completed a curve at 10 ppm CO. We repeated this process varying the 
anode pressure t o  45,30,15, and 1 0 PSIG. This experiment was conducted for WC on 
Pt/C, and Pt-Ru on Pt/C. 

curves allowed 

Each curve was logged. 
plotted using Labview. 

Difference curves between the neat H2 and CO/H, curves were 
These differences are the anode excess overpotentials versus the 
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current. Based on these curves 
on the cell’s performance. 

effect of CO concentrations in 
I 

C) 
I 

The model’s prediction and th 
solving the system of equations that govern these interfacial 
polarization curves for PEFC performance in the presence of both neat H2 and CO/H, 
mixtures. Experimentally, we have shown the following: (1  ) the model and the 
experiment agrees qualitative, (2)the pressure dependence on the performance has 
profound effects, and (3) that it is possible to  operate the PEFC in the presence of CO and 
be tolerant. Results of the modeling and the experiment are shown in the appendix. 
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APPENDIX 

LIST OF SYMBOLS 

P - - molar areal density 

e,, - - rate of adsorbed CO on platinum 

Oh - - rate of adsorbed hydrogen in platinum 

bfc - - 
bfh  = 

kk - - forward constant ratio for CO 

k f h  - - forward constant rate for hydrogen 

bh - - effect Tofel slope for hydrogen 

bc - - effect Tofel slope for CO 

k, - - rate of CO in electro-oxidation 

ker - - rate of hydrogen in electro-oxidation 

P h  - - partial pressure of hydrogen 

ratio of backward to forward rate constants for CO 

ratio of backward to forward rate constants for hydrogen 



MODEL RESULTS 

Figure 1 : Anode overpotential as function of current density for base case parameters in Table I for Merent 
CO concentrations in the anode feed stream. 

Figure 2: Cell polarization curve for base case parameters in Table I for dilTbrent CO concentrations in 
anode feed stream 
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EXPERIMENTAL RESULTS 
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Figure 4: The anode overpotential as a function of current density for 100 ppm CO . 



6 0 0  

500 

400 

300 

I I I I I I - - - - TF325, N105,S cm2 - A: 0.39 mg (3O%)Pt-Ru/cm2, P S l G  
- 60/60 C: 0.1 7 mg (20%)Pt/cm2 
- 0 45/60 

- 0 15/69 - 
- T = 80°C ' 1 A '  10/60 c e l l  - 
- 10 ppm CO - 

- - - - - - - - + 30/60 - - *  - 

- - - - - 

n 

, >  
E 
U 

a, 
U 
0 
3 

0 0 . 2  0.4 0.6 0.8 1 1 . 2  1 . 4  
TF325-10 Cell Current (A/crn2) 

The anode overpotential as a function of current density for 10 ppm CO 

6 0 0 ~  - I I I I I I 4 

Figure 5: 

n 
T = 8 O o C  TF325, N105,5 an2 

A: 0.39 mg (30%)Pt-Ru/cm2, c e l l  
60/60 C: 0.1 7 mg (20%)Pt/cm2 100 ppm CO 

0 45/60 

> 
E 

- c - - , - -  

I 9 I5/bU - A 10/60 
400 - 

300 - 

200 - 
1 0 0  - 

- 4 
c 

O O  
0 

0 4 ' 0  
0 '  4 

0 c 
4 

3 
1 0 0 

0 

0 
0 x w 

0 0 . 2  0.4 0.6 0.8 1 1 .2  1 . 4  
Cell Current (A/crn2) m25-loo 

Figure 6: The anode overpotential as a function of current density for 100 ppm (20 

9 



0 0.2 0.4 0.6 0.8 1 1.2 1.4 
DF003-100 Cell Current (A/&) 
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Figure 10: 
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The anode voltage as a function of current density for CO concentrations. The 
curves shown has Pt-Ru on the anode and Pt /C on the cathode. 
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The studies on fast ion conducting (FICs) glasses are increasing due to their potential 
applications in various electrochemical devices. The FIC glasses not only have high ionic 
conductivity but also have many other advantages over their crystalline counterparts, such 
as, ease in preparation, wide selection of composition & glass forming region, 



A@-( l-X)%FrO/, AgzO-F%(0.3 SeO2 
and M/F = 2.25) system was prepared for various dopant salt (AgI) compositions by 
melt quenching technique. Analar grade chemicals of AgI, Ag20, SeO2 and P205 were 
weighed and mixed thoroughly, 'according to their molecular weight percentages. The 
mixture was taken into a quartz crucible and melted at 500°C for about 30 minutes. The 
bulk compounds were obtained by quenching the molten liquid into liquid nitrogen. The 
obtained bulk compounds were made into h e  p ers using mortar and pestle. ' 

X-ray difE-action spectra were recorded for 29 valu between 10 to 70 degrees at 
a rate of 2" per minute, for all the compositions of SSV system, using the Rigah miniflex 
X-ray diflFractometer with monochromatic Cu Ka radiation of wavelength of h. = 1.5418 
A". The peaks free X-ray difEaction spectra were observed for the 30 to 66.67% of AgI 
content in the SSV compounds and confirmed the glassy nature , whereas, 20 and 70% of 
AgI content showed the mixed nature (amorphous and polycrystalline). The Fig, 1 shows 
the glass forming region for different dopant salt content of SSV system. Fig. 3 show the 
XRD of SSP system. The absence of the peaks in the observed difiactogram spectra 
confirm the glassy nature and the existence of partial peaks in the difii-actogram spectra 
were attributed to the mixture of polycrystalline and amorphous. The glass forming region 
for various dopant salt (A@) compositions of the SSP system is shown in fig.l and it 
confirms that the X = 20, 70 and 80% of dopant salt (A@) compositions of the SSP 
system are mixed in nature (open circles) and all other compositions (X = 30 to 66.66%) 

are glassy in nature (solid circles). 

The SSV glass samples of each AgI composition and spectral grade of KBr powder were 
mixed in 120 weight ratio and made in the form of thin pellets by using the KBr press. 
The IR transmittance (T%) spectra were recorded on the thin pellets (SSV:KBr = 120) in' 
the region 400-4000 &', at room temperature (303 K), using the JASCO FTIR-5300 
spectophotometer. Fig.2 shows the typical IR spectrum of a particular AgI content in the 
SSV glass and it shows the following bands at 995, 900, 830, 755, 450, 417 cm". The 
observed IR bands in SSV system are assigned by comparing with the reported IR bands 
in ternary vanadate, selenate glassy systems [3,14]. 

The band position 995 cm-' is assigned to the characteristic vibrations of the V=O in VOs 
groups. The 900 cm-' and 410 cm-' bands are respectively assigned to the stretching ( o, ) 
and bending cub) modes of SeO2 molecule. Similarly, the 830 and 450 cm-' bands are 
respectively assigned to u3 and u4 modes of Se04 molecule. Finally the 755 cm-l band is 
assigned to the u3 mode of VO4 a molecule. Further, it is found that the IR band positions 
are not changing with the A@ content in the SSV glass. This suggests that the SSV glass 
structure is not changing with the dopant salt (AgI) content, which is also in good 
agreement with the reported values [ 151. Hence, from the IR results, it is concluded that 
the SSV glass is composed of ionic clusters of selenate, vanadate, silver and iodine. 
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CONCLUSIONS 

The search for new and improved solid state ionic conductors and electrolytes continues in 
our laboratory. Along with improving infrastructure in our laboratory for material 
characterization,, we have also contributed our effort in developing capability for research 
in electrochemical systems using the double crystal monochromator beam line (port 5A 
and 4B) for EXAFS investigations at Center for Advanced Microstructures and Devices 
(CAMD) in Baton Rouge. Student participation has been the main thrust in this 
collaborative research proje , Three undergraduate and three graduate students were 
given support through thi ect duration. A special emphasis was given on the 
development of materials for €bel cells. Based on our research finding we have arrived to 
a conclusion that the dopant cation size and its effect on the host crystal iattice structure 
are a major fbctor in determining the ionic conductivity of the solid electrolytes. In order 
to understand the precise role the dopant plays in rn0d-g the major properties of the 
oxide, the primary information that is required is the exact location of the dopant in the 
host lattice. In the present study, we have investigated the effect of methanol 
concentration, temperature, surface area of different carbon supported cathodic catalysts 
(Pt, C, WC, Pt-FdC, Pt-Co/C, Pt-NdC, Pt-CdC, Pt-RdC, and Pt-Ru/ Nafion@) using. 
cyclic voltammetry . The efkct of water content on the electronic structure of 
perfluorinated polymeric membranes (Nafion* 112, 115, 117, 417 and 450) using X-ray 
absorption near edge spectroscopy (XANES) has also been studied in this paper. Various 
compositions of silver based quaternary superionic conducting (SIC) [AgI-&O-(SeOZ + 
&os (SSP)] glasses wereprepared by melt quenching technique. The nature of the 
compounds were confirmed by X-ray dmaction. Electrical and electronic 
conductivity studies were carried out to select the high ionic conducting composition 
of the SSP system for the fabrication of batteries. Dif€erent dopant salt (&I) 
compositions in the AgI- Ag20- S e a  -VZOS (SSV) system were prepared by melt 
quenching technique. All the prepared compositions of the SSV system were characterized. 
by X-ray dif€iaction, IR and DSC. 
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INTRODUCTION 

What Is a Fuel Cell? 

A fuel cell is a device that directly converts the chemical energy of reactants (a 

fuel and an oxidant) into low voltage d.c. electricity. It is similar to a battery in that it 

produces the electricity using chemicals, often just hydrogen and oxygen, without 

combustion or rotary machine. However, unlike the conventional batteries, it does not 

consume materials that form an integral part of or are stored within its structure, and it 

does not need to be recharged. It operates as long as it is fed with a suitable fuel and 

oxidant and the reaction products are removed. The reactants are stored outside the 

reaction areas (the electrodes) and are fed to the electrodes only when electric power 

generation is required. For most fuel cells, the oxidizing reactant is atmospheric oxygen. 

When its other reactant is exhausted, all that is required to resume operation is to refill the 

fuel tank. Because the fuel tank can be made as large as desired a fuel cell's period of 

operation can be made to be much longer than that of a conventional electrochemical 

. primary battery. 

There are several different types of fuel cells. A major distinguishing 

characteristic of different fuel cells is in the electrolyte used. For stationary power 

generation, the three major fuel cells are phosphoric acid (PAFC), molten carbonate 

(MCFC) and solid oxide (SOFC). This paper will focus on the solid oxide fuel cell. 

Principle of Operation of a Fuel Cell 

A fuel cell consists of a fuel electrode (anode) and an oxidant electrode (cathode) 

separated by an ion-conducting electrolyte. The electrodes are connected electrically 
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through a load by a metallic external circuit. In the metallic part of the circuit, electric 

current is transported by the flow of ions, an oxide ion (02-) in the case of the solid oxide 

system. In theory, any 

continuously (as a flui 

Similarly, the oxidant can be any fluid that can be reduced at a sufficient rate. Gaseous 

hydrogen has become the fuel of choice for most applications, because of its high 

reactivity when suitable catalysts are used. Similarly, at the fuel cell cathode the most 

common oxidant is gaseous oxygen, which is readily and economically available from air 

for fuel cells for terrestrial applications. When gaseous hydrogen and oxygen are used as 

fuel and oxidant, a reaction takes place in the cell an 

At the anode of a hydrogen-oxygen fuel cell, 

I 

~ 

ance capable of chemical oxidation that can be supplied 

alvanically as the fuel at the anode of a fuel c 

er is produced. 

ming hydrogen gas ionizes to 

produce hydrogen ions and electrons. At the cathode, oxygen gas reacts with migrating 

hydrogen ions from the electrolyte and incoming electrons from the external circuit to 

produce water. The overall reaction that takes place in the fuel cell is the sum of the 

anode and cathode reactions; in the present 

oxygen to produce water. This overall reaction takes place at much lower temperatures 

than the conventional combustion of the two gases. Instead of energy being released as 

, the Combination of hydrogen with 

I 

heat, as is the case when hydrogen is burned with oxygen, part of the free energy of 

reaction is released as electrical energy. The theoretical standard free energy of formation 

of liquid water from gaseous hydrogen and oxygen at 1 atm pressure and 25°C is 1.229V. 

In theory, the hydrogen-oxygen fuel cell should be capable of generating d.c. electrical 

energy at 1.229V. (1) In practice, however, on account of electrode polarization and 

other irreversibilities, under net flow of current the terminal voltage will be lower than 
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this ideal value. In any event, it can be seen that as long as hydrogen and oxygen are fed 

to the fuel cell, the flow of electrical current will be sustained by electronic flow in the 

external circuit and ionic flow in the electrolyte. 

Fuel Cell Uses and Benefits 

The challenge in fuel cell development for practical applications has been to 

improve its economics through the use of low-cost components with acceptable life and 

performance. Engineering, materials improvements, and manufacturing processes now 

are developing to produce fuel cells with sufficiently high power, acceptable lifetimes, 

and affordable costs. Fuel cells can be made in a huge range of sizes. They can be used 

to produce quite small amounts of electric power, for devices such as portable computers 

or radio transmitters, right up to very high power for electric power stations. 

Several benefits of fuel cells include new markets, energy security, cleanliness and 

efficiency, and economic growth for America. Fuel cell power system markets could 

exceed $3 billion world wide by the year 2000. U.S. energy dependence is higher today 

than it was durin shock” ofthe 1970’s and oil imports are projected to increase. 

Passenger vehicles alone consume 6 million barrels of oil every single day, equivalent to 

85% of oil imports. If cars used fuel cells, oil imports could be cut by 1.5 million barrels 

every day. Fuel cells could dramatically decrease oil imports, reduce urban air pollution, 

reduce the trade deficit and produce American jobs. Fuel cells could create new markets 

for American steel, electronics, electrical and control industries, helping to maintain 

American technological leadership. (2) 

‘ 
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c:, lies, solid oxide electrolyte fuel 

oxide as the electrolyte. When thi 

sufficiently con 

serve as a solid-state electrolyte. 

ive to oxide ions ( e 

t’s examine the basic principles of operation of a high temperature SOFC 

n hydrogen fuel and oxygen oxidant. At the cathode, gen reacts with the 14 

incoming electrons fkom the external circuit, ionizing to form oxide ions, which migrate 

to the anode through the zirconia electrolyte. At the an0 

oxide ions to produce w apor, which is accompanie 

for the external circuit. The overall process is simply the reaction of hy 

oxygen to produce water. Depending on the actual composition of the fuel, water vapor, 

and oxidant, the open circuit voltage of a SOFC is usually 0.8V-1.OV. The driving force 

ion of electrons 

C) 

for the SOFC is seen to be the difference in the oxygen partial pressure on either side of 

the electrolyte. (3) . 
0 

0 Features of Solid Oxide Fuel Cells 

There are several features of SOFCs that make them very attractive for utility and 

\ J  
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industrial applications. First the very high operating temperature (-1 OOO°C) ensures that 

all fuel compositions, when combined with water vapor when necessary, will oxidize 

rapidly and spontaneously to thermodynamic completion if sufficient air is provided on 

the cathode side. The high temperature 

and permits the direct processing of the 

of reaction, does not require expensive catalysts, 

fuel cell in the fuel cell itself. Solid oxide 
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systems are able to attain at least 96% of the theoretical voltage at open circuit any losses 

being due to minor crossleaks and to the effect of small electronic conductivity of the 

electrolyte. (3) 

High temperature operation and a tolerance to impure fuel systems may make 

tems especially attractive when combined with coal gasification plants. 

The heat released in the fuel cell reactions can be efficiently transferred and used for coal 

gasifcation or hydrocarbon reforming. In consequence, no fuel need be burned to proved 

the heat of reforming. 

Because the solid oxide electrolyte is normally very stable, no electrolyte 

migration'problems under cell operating conditions exist. In addition, the composition of 

the electrolyte is not a function of fuel or oxidant composition. Because no liquid phases 

are present, there are no three-phase interfaces to maintain, no problems with pore 

flooding and no catalyst wetting problem Solid oxide cells also have a good tolerance 

to overload, underload and even short-circuiting. 

Another advantage inherent in a SO that cell component can at least in 

principle be fabricated into a variety of self-supporting shapes and configura!ions that 

may not be feasible with cells employing liquid electrolytes. Through the use of 

ing nature of the solid oxide electrolyte makes it 

potentially feasible to achieve very high power densities. The potentially high power-to- 

weight and power-to-volume ratio for such SOFC systems may eventually enable their 

use in mobile power sources as well as in those for stationary applications. (3) 

Since high-temperature water electrolysis is both thermodynamically and 

kinetically better than low-temperature electrolysis, so cells can be operated in reverse, as 

3 



high-temperature water electrolyzers capable of operat g at current densities in excess 

500mA/cm2 at cell voltages in the order of 1.3 V. 

attractive for use as energy storage devices and for peak power leveling applications. 

akes solid oxide systems 

State-of-the-Art Solid Oxide Fuel Cells 

of '  

Westinghouse SOFC 

The conventional design for a SOFC battery has been one in which a number of 

narrow cylindrical cells are joined end 

up a stack of cells of a desired output. 

developed a new design in which the electrical connections and power take-offs use low 

end, and electrically connected in s 

stinghouse Electric Corpo 

cost metallic components. In this new design, each tube consists of a single cell. (1) 

Japanese SOFC 

In Japan, solid oxide electrolyte fuel cells of conventional thin-film internal anode 

tubular are being developed by the Electrochemical Lab 

Project. The Japanese ori 

difficulty of fabrication this layers of electrolyte, they later switched to thin layer type 

d bell-and-spigot syste 

cells on porous alumina support tubes, the this layers being applie 

process. (1) 



Monolithic SOFC 

Argonne National Laboratory (ANL) has been working on a flat-plate SOFC of a 

radically new design. The Argonne cell, termed a monolithic fuel cell, employs the this 

ceramic layer components of existing SOFCs in a strong lightweight honeycomb s&cture 

that promises to give much higher energy and power densities than conventional 

configurations. 

Conclusion 

The goal of the collaboration between the Lawrence Berkeley Lab (LBL) and the 

Electric Power Research Institute (EPRI) is the development of a commercial thin-film 

solid oxide fuel cell. EPRI has enlisted the skills of an entrepreneurial start-up company, 

Ceramatec, to facilitate transfer of the LBL technology to manufacturing. In this way, the 

unique capabilities of LBL team in the area of thin-film SOFCs are combined with the 

manufacturing talents of Ceramatec in planer SOFC technology. To date, development 

. efforts are ahead of schedule with technical performance exceeding initial expectations. 

Commercialization of this technology looks promising. (2) 

’ 

the U.S. Department of Energy. Under its DOE program, Westinghouse recently initiated 

a new phase of development arrived at producing mega-watt-class power plants with 

unprecedented fuel-to-electrical energy conversion efficiencies of 60 to more than 70 

percent, reached by combining pressurized SOFC generating units with gas turbine- 

generators. (5) 

Westinghouse is developing the technology under a cooperative agreement with 
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Argonne National Laboratory is developing solid oxide fuel cells operati 

500 and 800 C range. To decrease the operating temperature of the SOFC from the 

conventional 1000 C, new materials need to be explored. Argonne is investigating novel 

oxide/electronic conductors for this type of SOFC. Auxiliary high-temperature sealant 

materials for the SOFC are also being developed to seal cell edges and the stack-to- 

manifold junctions. (4) 
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This is a report on the installation andoperation of the fuel cell test station. The fuel cell test 
station was installed by Globetech, Inc. on June 2 1-23. The station was tested using a Nafion 1 15 
PtRu (1 mg/cm2) membrane electrode assembly (MEA). Due to the lack of a special Hydrogen 
regulator (on order from Lincoln Big 3), it was not possible to start the test station until July 16. 

3 

3 

The purpose of procuring the test station was to study a wide variety of polymer membranes as 
well as different catalysts for the direct oxidation of methanol fuel cell. Literature survey has 
shown that, though highly active, the Platinum electrocatalyst gets quickly poisoned by CO 
formation during oxidation of methanol. A PtRu catalyst has proved to be more stable against 
CO poisoning. It is our plan to investigate PtRu as well as ternary catalysts for improving the life 
and efficiency of a direct oxidation of methanol fuel cell (DMFC). 

In addition to investigating catalysts we propose to study different proton conducting polymeric 
membranes. The Nafion membranes currently used are not suitable for use with methanol. They 
have a high methanol permeability which results in methanol loss across the membrane. 

The initial step wa to familiarize myself with operation of the firel test station. This included 
understanding the effect of back pressure, gas flow rate and humidifier temperature. The test 
station was delivered and installed by Globe Tech. The fuel cell with MEA#l was assembled and 
the conditioning of the MEA was carried out under the supervision of Globe Tech. 

MEA #1 
During the first experimental run, I found that the thermocouple had slipped out of the fuel cell 
resulting in firel cell temperature reaching 146 C. The actual operating temperature of the cell was 

I was told by Globetech that Nafion has a temperature limit of 90 C and that the membrae 
had probably been destroyed. I decided to continue operating the same MEA and found that I was 
getting oscillatory but high current output. During several subsequent runs the current output 
oscillated in the range 100-600 mA/cm2 at 10-30 psig back pressure and 0.300 volts. After more 
than 24 hours of intermittent operation over six days, the membrane failed. When the fuel cell was 
opened, I found that the teflon tubing had become narrow (hour glass shape) near the O-rings 
between the copper plate and the graphite block. This could have contributed to the failure of the 
membrane. 

MEA #2 
The second MEA (MEA #2) was conditioned according to the procedure provided by Globetech. 
In the initial run, the conditions were same as those for MEA #1 and the current output obtained 
was lower than that from MEA #1. Increasing back pressure to 10 psig resulted in an unexpected 
drop in current output and increased oscillations. When the back pressure was reduced to 0 psig 
tlie current output returned to its original level. Hydrogen flow rate was increased to 300 cc/min 
to bring it up to the stoichiometric value for Oxygen (150 cc/min). Increasing the back pressure to 
10 psig again resulted in drop in current and increased oscillations. Leak check on all external 
fittings was negative. It was felt that water accumulation in the cell could be a cause of the 
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increased oscillations and so the cell was placed along one corner so as to position the outlet 
directly below the inlet. This would result in all the water flowing towards the outlet instead of 
collecting at the bottom. Even this new position, increasing back pressure from 0 to 10 psig and 
then to 30 psig resulted in increased oscillation of the current. The fuel cell was pressure tested on 
the station and there was a 10 psig drop in pressure from 72 psig in 30 minutes. This indicated a 
leak but it was not clear whether the leak was in the fuel cell or test station. The cell was 
disassembled and then reassembled. There was no pressure drop in 20 minutes at 55 psig and it 
was assumed that all leaks had been stopped. Operating the fuel cell at increased back pressure 
(10 psig) however, resulted in oscillation as well as a drop in current output. This seemed to . 
indicate a leak. The fuel cell was operated intermittently for several days and each time increase in 
back pressure resulted in increased oscillations and drop in current output. The teflon tubing again 
had hour glass shaped constrictions near the O-rings. 

Since the inadvertent overheating of MEA #I had resulted in increased current output, I decided 
to try to duplicate the conditions to see if thermal treatment would increase current output. The 
backpressure was increased to 20 psig and the fuel cell heated to 145 C and then allowed to cool 
to the operating temperature of 75 C. The fuel cell was operated for 6.6 hours at 20 psig back 
pressure and had reached a current out put of 460 mA/cm2. The back pressure was increased to 
30 psig and the fuel cell operated for 1.5 hours. At the end of the run the fuel cell output was 560 
- + 30 mA/cm2 . Although there was oscillation, the current output had increased considerably after 
the heat treatment. When the cell was operated the day after the heat treatment, current output at 
30 psig reached only 330 mA/cm2 compared to 550 mA/cm2. 

Apparently, the effect of the heat treatment is temporary and when the fuel cell was operated the 
next 2 days under the same conditions of temperature and gas flow rate, current output at 20 psig 
backpressure was 165 mA/cm2 and at 30 psig it was 330 mA/cm2. In order to see if a second heat 
treatment would improve the current output, the fuel cell was heated up but the MEA failed 
during the process. 
MEA #2 failed after 56.5 hours of intermittent operation. 

MEA #3 was conditioned overnight according to the prescribed procedure. The fuel cell was 
operated for several hours to compare the performance of the new MEA with MEA #2. The 
current reached 320 mA/cm2 at 0 psig. When the cell was operated the next day, the current 
output reached only about 200 mA/cm2 at 0 psig back pressure. On increasing the back pressure . 

to 10 and the 30 psig, the current began to oscillate just like the current output of the previous 
MEAs. MEA #3 was also given heat treatment to see if its the oscillations would reduce and its 
current output would go up. After heat treatment, current output at 10 psig was higher (260 
mA/cm2 and rising) than current output before treatment (220 mA/cm2). At 30 psig, the current 
had exceeded 435 mA/cm2 and as expected the oscillations had increased. When the cell was 
restarted the next day, current output at 10 psig was low (200 mA/cm2 versus 260+ on the 
previous day). I decided to give a second heat treatment because drop in current indicated that the 
effect of the treatment was temporary. The cell was heated up to 119 C and the temperature 
maintained at 118 C for about 4 minutes. The cell was then allowed to cool to 75 C, the operating 
temperature. There was only a slight improvement in current output but there was a definite 
increase in oscillations. The next day, the heat treatment (up to 144 C) was repeated and the fuel 



cell allowed to operate overnight. The membrane fai d at some point in the night. The data could 
not be recovered because the computer stopped saving data due to insufficient memory. The 
upgraded version of the software will allow data acquisition for long periods of time 
upgrade will be available to us free of cost. 
MEA #3 was operated intermittently for 33 hours over 5 days. 

MEAM 
I had noticed that in the case of all three MEAs the current output took hours to reach a stable 
value at each back pressure. A possible reason for this could be under-conditioning. Usually 
catalysts and chromatography columns are conditioned at temperatures higher than operating. I 
decided to condition the MEA #4 at 30 C above recommended conditions. 

13 
, 
I 

I 

Et 

4 Comparison of recommended and new conditioning; temperatures CC) 
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After conditioning the MEA overnight, the fuel cell was operated at the conditions shown above. 
The current reached a stable value of 300 mA/cm2 ( 0 psig back pressure) within minutes. Even 
after 6 hours of operation there was no variation in the current output. When the cell was 
restarted the next day, the current quickly reached a value of 200 mA/cm2 and became stable. On 
the third day also the current quickly reached 200 mA/cm2 and remained stable until the back 
pressure was increased. As soon as the back pressure was increased, the current began to drop 
indicating a leak. This was confirmed by Ed Miller (Globe Tech) and Steve Noding @ow 
Chemicals). 

I disconnected the fbel cell from the test station and connected the inlet of the anode side to the 
inlet of the cathode side with (1/8” dia.) teflon tubing. I, then, plugged ’the anode outlet and 
connected the Nitrogen tank directly to the cathode outlet. The fbel cell was then pressurized up 
to 60 psig. The teflon tubing connecting the inlets of anode and cathode is for equalizing the 
pressure in the two halves of the cell. The pressurized cell was then lowered into a bucket of 
water. Gas bubbles indicating leaks began appearing between the two gaskets. The torque wrench 
(0-250 ft-lb) was replaced with a new one (0-250 in-lb) to allow the required torque (60 in-lb) to 
be applied much more accurately. However this did not help in sealing all the leaks. Freshly cut 
gaskets as well as teflon gaskets provided by Steve Noding were tried but the leaks did not stop. 
Globe Tech is mailing thicker gaskets which may help seal the fuel cell better. 
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It appears that constriction of the teflon tubing occurs ure. This was 
discovered during my attempts to assemble a fuel cell without any membrane. The gaskets were 
placed between the graphite blocks and the cell tightened to the required torque. M e r  dis- 
assembling the fuel cell, I found that the new teflon tubing had constrictions very near the place 
where it passes through the O-ring. I intend to replace the section of the teflon tube inside the cell 
with stainless steel tubing. 

ed with four Nafion 1 15 MEAs (1 mg/cm2 PtRu catalyst). 
almost same for all MEAs. Inadvertent heating of the fuel cell 

to 146 C resulted in higher current output indicating that short term heating of the Nafion 
membrane may be beneficial even though the temperature for continuous operation should not 
exceed 90 C. Each of the MEAs was heated to 146 C at least once resulting in improved current 
output. The effect of the at treatment was temporary as current output dropped with prolonged 
operation of the fbel cell. 

Placing the fuel cell along one corner helped in slightly reducing the oscillations. Leak check of 
the he1 cell by immersing it in water indicated several leaks which could be the main cause of the 
oscillations. Two different types of gaskets were tried, however, the leaks have not been 
eliminated. A thicker gasket has been requested from Globe Tech. 

The constriction of the tubing appears to be due to the pressure applied on it by the O-ring. 
Replacing the teflon tubing with stainless steel will solve the problem. This has not been tried yet 
because the major leaks were between the gaskets and not between the copper plate 

At this stage it is not possible to comment on the current output of PtRu versus Pt catalyst. The 
fuel cell test station appears to be functioning well and as soon as the leaks in the fuel cell have 
been eliminated, a Pt MEA will be operated. This will enable us to compare the results from this 
test station with those provided by Globe Tech. 

Safetv Requirements for Fuel Cell Test Station 

1 
The fuel cell station is primarily being used for operating fuel cells with polymer membrane 
electrolytes. The fuel cell is an equipment which is used to generate electricity by c a e n g  out an 
oxidation-reduction reaction across a polymeric membrane. The reactants used until recently were 
oxygen and hydrogen. From the point of safety and cost, research is now being conducted on 
utilizing methanol in place of hydrogen. 



especially important in this case because the fuel cell has to be operated for several hours 
continuously. In fact, when the new membrane is being conditioned, the fuel cell is operated 
continuously for 24 hours. Even though the fuel cell test station automatically shuts down in case 
of power failure or loss of pressure, the use of flammable gases requires several other safety 
precautions. 

1.  The exhaust gases which contain unreacted hydrogen and oxygen must be vented 
outside the building, This will prevent the accumulation of gases in the room which can be an 
explosion hazard. The simplest way would be to vent the gases into a chemical hood. The hood is 
also required for the muffle furnace which will be used for preparing the membranes. The exhaust 
duct for the two hoods in the computer room (Rm )passes through the roof of the lab (Rm 
123) and the hood can be connected to it. 

It is important to note that the presence of the band saw and other ext to the fuel cell 
test station constitute a fire/explosion hazard. A spark from the machine could ignite any 
accumulated hydrogen. If the fuel cell equipment is to remain in this lab (Rm 123), there should be 
a wall between the lab and the machine shop. The wall should isolate the lab completely to 
prevent flammable gases from leaking into the machine shop. 

2. Clamps for gas cylinders. Available from Fisher Scientific and other 
companies. 

3. First aid and eye wash kit. 

ements at this time. I do not know if Southern U 
labs have to conform to OSHA regulations. 

I 

Saleem Hasan 
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I , File: C:FUELCELL\DATA\1170330.MON 
Measurement Started- 

0 Surface Area: 5 
Comments: 
These measure 
are consolidating that there is a maximum flow, cel lemperatute beyond’ 
which there is no appreciable deviation in current density. Eventhough, 
the current is stabilizing after a long time, it is not appreciable. 

ts are taken on nafion 11 7 o These measurements 

3 
E-Comp(l Anode0 . Anode-Co Cell Temp CGLA Modes 

60 0111 1 0 0.835 0.835 -5.529 -5.529 
6 9.94E-11 0.835 0.835 -5.488 -5.488 ’ 60 1 1 1 0 
9 0.001373 0.828 0.828 -5.512 -5.512 60 1110 
10 0.005951 0.814 0.814 -5.501 60 1110 
11 0.03159 0.766 0.766 -5.493 60 1110 
12 0.03296 0.759 0.759 -5.504 60 1110 
13 0.007324 0.783 0.783 -5.506 -5.506 60 1110 
15 0.06088 0.745 0.745 -5.5 -5.5 60 1110 
18 0.03204 0.755 -5.51 -5.51 60 1110 
19 0.0238 0.764 -5.505 -5.505 60 1110 

L 20 0.06226 0.741 -5.517 -5.51 7 60 1110 
22 0.07141 0.729 0.729 -5.518 -5.518 60 1110 
24 0.09842 0.714 0.714 -5.473 -4.676 60 1110 
26 0.141 0.697 0.725 -5.501 -3.552 60 1110 
28 0.184 0.676 0.711 -5.515 -3.57 60 1110 
29 0.2124 0.666 0.703 -5.529 -3.575 60 1110 

0.649 0.691 -5.5 -3.533 60 1110 
0.642 0.689 -5.503 -3.534 60 1110 

32 0.3053 0.632 0.683 -5.515 -3.578 60 1110 
34 0.3415 0.624 0.676 -5.542 -3.584 60 1110 
35 0.3662 0.613 ‘ 0.67 -5.523 -3.562 60 1110 

4 36 0.4367 0.591 0.656 ‘-5.549 -3.581 60 1110 
38 0.4875 0.579 0.646 -5.54 -3.552 60 1110 
40 0.5773 0.555 0.635 -5.491 -3.52 60 1110 
41 0.6198 0.542 0.629 -5.528 60 1110 
42 0.6771 0.53 0.62 -5.533 60 1110 

. 44 0.7672 0.506 0.607 15.531 -3.56 60 1110 
( J  45 0.8895 0.484 0.593 -5.546 -3.572 60 1110 

47 0.9444 0.47 0.584 -5.518 -3.535 60 1110 
48 0.9856 0.457 0.579 -5.533 -3.543 60 1110 
49 1.021 0.446 0.576 -5.547 -3.556 60 1110 
50 1.073 0.438 0.573 -5.544 -3.556 60 1110 
51 1.155 0.425 0.567 -5.506 -3.523 60 1110 
52 1.205 0.413 0.559 -5.522 -3.539 60 1110 
53 1.224 0.406 0.554 -5.531 -3.552 60 1110 
55 1.25 0.4 0.549 -5.549 -3.565 60 1110 
60 1.215 0.4 0.542 -5.529 -3.558 60 1110 
65 1.199 0.4 0.54 -5.519 -3.556 60 1110 

\ 70 1.186 0.401 0.538 -5.511 -3.559 60 1110 
75 1.391 0.403 0.552 -5.513 -3.56 60 1110 
78 1.523 0.392 0.557 -5.477 -3.519 60 1110 

Time(Sec) I(A) E 0  

f? 

0 

1 

J 

Page 1 
3 



1 170331 

WRu on C GlobeTech 

r) 1 
0.8 
0.6 f 0.4 > 
0.2 

0 9 
0 5 10 15 20 

Current 

WRu on C GlobeTech 

0 1 o O 0 2 o 0 O 3 o O 0 4 O 0 o 5 o O 0  
Time 

Page 19 



I 0 2 4 6 8 10 12 I 
Current 

9 

The membrane performace is observed over an extended period of time with a gradual decrease in cell voltas 
It is again observed that there is no appreciable change in current density beyond certain limit for both gas 
flowrate and cell temperature. It seems to be that at an ideal temperature of 70 degC at which point there is 
no appreciable change in properties of nafion membrane, catalysable gas quantiy could be determined and 
approximately equivalent to 25 cc/min/cm2. The membrane performance as shown could be 
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described as one with a steady in current density with decrease in voltage 
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1995 1.125 0.35 0.381 -6.714 -3.935 95 1 1 1 0  
2000 0 0.522 0.532 -6.674 -5.853 95 1 1 0 0  

D 2005 0 0.634 0.634 -6.68 -6.68 95 1 1 0 0  
201 0 0 0.677 0.677 -6.676 -6.676 95 1 1 0 0  
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File: C:\FUELCELL\DATA\NONO.TFL 
Measurement Started: 0:43:27 06-26-1 998 
Surface Area: 25 
Comments: 

Time(Sec) I(A) E 0  E-Compo Anode0 Anode-Co Cathode@ Cathode-CompO/)"CelI Temp(C; 

I 

32 0.351 113 0.898831 0.921416 -0.51778 -0.43144 1.416608 1.352856 70 1 1 1 0  I 

63 1.810508 0.800012 0.853603 -0.55129 -0.55129 1.351298 1.40489 70 1 1 1 0  
94 4.125032 0.699545 0.804835 -0.54479 -0.42781 1.244331 1.232643 70 1 1 1 0  

125 6.973324 0.600177 0.769373 -0.55837 -0.51912 1.158544 1.288492 70 1 1 1 0  
156 10.01 526 0.499832 0.738061 -0.56072 -0.4629 1.060549 1.200965 70 1 1 1 0  
187 13.01 91 9 0.400098 0.71 0472 -0.5688 -0.47841 0.968902 1 .18888 70 1 1 1 0  
218 13.851 89 0.349498 0.681662 -0.55559 -0.41621 0.905087 1.097874 70 1 1 1 1  
249 12.8663 0.399976 0.70626 -0.58168 -0.54054 0.981658 1.246804 70 1 1 1 1  
280 13.15149 0.399549 0.708946 -0.57356 -0.51695 0.9731 13 1.225899 70 1 1 1 1  
31 1 13.15607 0.400403 0.712364 -0.57814 -0.54756 0.978546 1.259927 70 1 1 1 1  
342 13.28425 0.399854 0.710655 -0.551 1 -0.41105 0.950957 1.121709 70 1 1 1 1  
373 13.33918 0.399915 0.710106 -0.56319 -0.45787 0.963103 1.167975 70 1 1 1 1  
404 13.1048 0.399366 0.70504 -0.57314 -0.50038 0.972503 1.205421 70 1 1 1 1  
435 12.68364 0.349926 0.647543 -0.58977 -0.56386 0.939696 1.21 1403 70 1 1 1 1  
466 14.49186 0.349926 0.686973 -0.6299 -0.6299 0.979828 1.316875 70 1 1 1 1  
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11537 18.65 0.215 0.545 -7.734 -4.368 75 1 1 1 0  
11597 18.76 0.215 0.545 -7.744 -4.386 75 1 1 1 0  

17 11657 18.86 0.215 0.547 -7.747 -4.386 75 1 1 1 0  
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METHANOL CROSSOVER IN DMFCs: A STUDY OF ELECTROCHEMI 
STRUCTURAL PROPERTIES OF CATHODIC ELECTRODES AND MEMBRANES 

Yuanhang Xu', Tameka Page', Stephen Noding 2, H.Modrow3, J.Homes3, and B. Rambabu' 

1) Solid State Ionics Laboratory, Department of Physics, 
Rouge, Louisiana 70813; 2) Process Analytical Division, Dow Chemical Co., Plaquemine, 
Louisiana; and 3) Physikalishes Institut der Universitat Bonn, D-53 11 5 B 

The direct methanol fuel cells @MFcs) using polymeric (or proton) electrolytic 
perfluorinated-ionomeric membranes (such as Nafion? are promising candidates for the 
application of portable power sources and transportation purposes. They are attractive 
alternatives to hydrogen-air fie1 cells because of their inherent high energy densities and 
the low cost of the methanol as a fuel . The catalytic'dvity of methanol oxidation in an 
acidic environment using unsupported carbon platinum (pt) and platinum based binary 
alloy electrodes such as Pt-Ru, and Pt-RuO, have been well studied in ambient and at 
elevated temperatures. However, the degradation of commonly used electrode catalysts 
(Pt, Ag, and others) and the corrosion of carbon substrates are making commercialization 
of fbel cells using present day technologies economically problematic. Furthermore, the 
methanol crossover fiom the anode to cathode results in consumption of fbel and impacts 
the performance of the cathode causing the cell to operate at a lower overall efficiency. 
The crossover rate is largely determined by the electrochemical, thermal and structural 
acti+ity of electrode catalysts and permeability of the membrane. Perfluorinated ion ;- in 
conducting polymers with low equivalent weight (Le. Nafion@ 117) possess high ionic 

he conductivity and are permeable to methanol. Nafion@ membranes with higher equivalent 
I id weight have lower methanol permeability and reduced ionic conductivity. The 
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development of membranes with low methanol permeability with high ionic conductivity is 
critical. The DMFCs can have high performance due to higher catalyst loadings, but the 
dense catalyst layer structure permits enhanced transport for a number of active 
sites. However, ,methanol is relatively electrochemically he@. e kinetics of the 
methanol oxidation is slow. Though extensive work was conducted on platinized 
electrodes for both the oxidation and the reduction reactions, the mechanism involving the 
methanol cross over issue in DMFCs is not well understood. The goal of this work is to 
correlate the catalyst's electrochemical and electronic properties, structure and its 
oxidation state with the performance of proton exchange membrane(s) (Le. Nafion? for 
DMFCs. In the present study, focus will be on the electrochemical (Le. 'cyclic voltammetry 
and in situ current and potential step coulometry) investigations of different cathodic 
catalysts (Pt, C, WC, Pt-FdC, Pt-Co/C, Pt-NVC, Pt-CdC, Pt-RdC, and Pt-Ru/Nafion@) 
and XANES measurements of F, S-K edge of sulfonic acid membranes such as Nafion@ 
1 17 under different conditions. 

The cathodic electrodes, except those composed of Pt black, contain 20% Nafion@ 117, 
a d  were cast onto Teflon@ impregnated carbon paper. The membrane electrode 
assemblies (MEA) used in this work were prepared by Globe Tech Inc., College Station, 
m. The electrochemical investigations of these catalysts for the oxidation of hydrogen 



' , i  

J 

and the reduction of oxygen were carried out in t olid State Ionics laboratory using an 
EG&G PAR Model 270 potentiostatlgalvanostat and a fiequency response analyzer model 
1025. The performance of the MEA under he1 cell conditions was measured using a 
Globe Tech Fuel Cell workstation. The Nafion@ samples were pretreated using different 
precursor chemicals such as nitric and phosphoric acid. The XANES spectra of the F and 
S-K edge on the pretreated N&on@ samples were obtained by our Universitat Bonn 
collaborators at the Center for Advanced Microstructures and Devices 

The cyclic voltammograms showed a higher current response when Pt- 
rather than Pt/C (Figure 1). The Pt catalysts showed a higher current response for 
cathodic oxygen reduction than the Pt-RdC catalysts. In general, the Pt-RdC catalysts 
showed greater electrochemical properties when compared to the Pt catalysts. The effect 
of the alloying of Ru on a carbon substrate facilitated the removal of carbon monoxide 
fiom its surface. Incorporating these catalysts on Nafion@ has an increased current density 
which is believed to be due to the enhanced proton conductivity (Le. proton is the main 
ionic charge carrier). The investigation of the inexpensive transition metal alloys (i.e. Pt- 
Fe, Pt-Co, Pt-Ni, Pt-Cu) as electro-catalysts will also be reported. 

L. 

DF -I- 

The resistance of the Nafion@ membrane increases as the temperature increases due to the 
loss of water and the resulting decreased current density of the fuel cell. The structure of 
the Nailon@ allows water to be gained or lost and the rheology of the ionomer. The F and 

' S-K edge of these sulfonic acid membranes showed differences in the XANES spectra 
(Figure 2). These spectral differences reveded that the molecular structure of these 
membranes depends upon the membrane's pretreatment (e.g. phosphoric acid Figure 21). 
The acidic pretreatment effected the rheology and the molecular structure of the homer 
(i.e. Nafion@ 117) and contributed to the enhancement of proton conduction. 

Acknowledgement: This work is supported by the US Department of Energy 
and Nptional Science Foundation. 8. Rambabu acknowledge the support fiom FETC 
(DE-FG22-95nQ95016), SEA Sync beamline @E-F605-95ER 45549), NSF-ARI and 
LEQSF MS program grants. 
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SOLID ELECTROLYTES FOR FUEL CELL AND BATTERY APPLICATIONS 

r-1 
Saleem Hasan, Jerry LeBlanc, Vijay K. Rayanki, Timothy George and E&mhb. 

Materials Research htrumentation Laboratory 
Department of Physics 

Southern University A&M College 
Baton Rouge, Louisiana 708 13. n 

Introduction 

In 1973, the oil price quadrupled and the world became aware of its total dependence on petroleum. 
Resources of fossil fuels are decreasing and the complexity of power generation and distribution is 
increasing. The need for mobile power systems is also attaining greater significance. The groWing 
concerns about environmental pollution have made the search for altemative and viable energy resources 
even more urgent. The US Department of Energy has been consistently striving to explore new 
technologies such as Solid State Ionics (SSI). Application of SSI ranges &om smaU batteries for 
transportation (l), to high power batteries for energy storage systems (2), electrochromic windows for 
energy conservation (3) and sensors for chemical pollution detection (4-5). AU electrochemical devices 
which contain at least one. solid electrolyte i.e. a solid with u n d y  high diffusion coefficients and 
conductances for specific ions, are referred to as SSI technologies. As compared to traditional power 
generation systems, the ability of fuel cells for direct conversion of chemical energy into electricity offers 
si&cant advantages (6). Solid Oxide Fuel Cells (SOFCs), operated at 900-1000 C have the advantages 
of rapid reaction kinetics without the need for expensive noble metal electrodes. The use of solid ceramic 
materials in SOFCs makes power and heat co-generation an attractive option and also eliminates the 
corrosion and liquid electrolyte management problems associated with other types of fuel cells (7-9). 
However, the high operating temperature has placed considerable constmint on the materials 
requirements, which also increases the price of the cell manufbcture. To overcome these problems, one 
can use a combination of ceria based electrolytes and stainless steel bi-polar plates operating on either 
~nual  gas or methanol fitel cells. We have recently initiated a project to study the structural and 
electrical properties of solid electrolytes for ‘SOFCs with the support fiom Pittsburgh Energy Technology 
Center and Morgantown Energy Technology Center for DOE. We have also been investigating structure 
and rechargeability relationships in Li/JFeS2 and Li/SPE/FeSZ secondary rechargeable batteries using 
Synchrotron Radiation based experiments at Center for Advanced Microstructures and Devices (0). 

The operating principle of batteries and fuel cells is essentially the same. Solid electrolytes are used in 
both the devices. In each of these, mixed conductors are required for electrodes and purely ionic 
conductors for solid electrolytes. In addition to SOFC research, we are also initiating a research project 
on Direct Oxidation of Methanol Fuel Cells (DMFCs) for transportation applications for the Department 
of Defense @OD). In this paper we review in brief the materials and design considerations of 
electrochemical cells and present our effort in developing the research infiastnrcture for characterization 
of solid electrolytes in the Department of Physics at Southern University A&M College, Baton Rouge. 
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Electrochemical Cells 

Electrochemical cells are devices that convert chemical energy into electric power; the electric current 
delivered to an external load between its two electrodes is compensated by the ionic current through an 
electrolyte inside the cell between its two electrodes. The internal resistance of the electrochemical cell is 

R= L/(qA) + ht + Re, where L/A is the thi lyte, %t is the resistance to 
ionic transfer across the reactant-electrolyte interface and Re is the internal resistance to collection of the 
electronic current within the electrodes. The operating voltage is limited by the open circuit voltage 

s/area ratio of an el 

F O C )  

v = voc -IR 

Voc = (pa-p3/<-nF) where (pa-pJ is the difference in the electrochemical potential of the anode and 
the cathode, n is the number of electrons involved in the chemical reaction of the cell, and F is Faraday’s 
constant. A low voltage, V 5 4V, in an electrochemical cell means that the high power P=I*V requires a 
high current (I) through the cell. A low internal 12R loss and a high maximum power Pmrur = &Vmax 
require, in turn, a small resistance R. S ice  the electrolyte conductivity is generally low, a smaU R 
demands a small L/A ratio; but a practical lower limit to the size of WA is set by Re, which increases with 
A.. In addition to optimizing oi and minimisrjne L of the electrolyte, the designer of a power cell must 
have metallic electrode current collectors. The interfacial resistance ht must also be minimized. If the 
reactants are solids, a solid electrolyte introduces a solid-solid interface that may rupture with changing 
volumes of the solid reactants during repeated discharge/recharge cycles. Loss of inteficial in area not 
only increases the resistance for i n t d  transport across the electrode-electrolyte interface but also 
lowers the capaciq of the cell as segments of the electrode become disco~ected fiom the electrolytes. 
Therefore liqpid or elastomer electrolytes are preferred where the reactants are solids. 

In polymer electrolyte fuel cells (PEFC), a thin organic proton exchange membrane plays the dual role of 
electrolyte and the gas separator. The resistance of the organic membranes depends on its thickness and 
on the resistivity of its material. The resistivity in turn is a function of temperature and of membrane 
hydration. However, the membrane water management under fiel cell operating conditions is complex 
and depends on many parameters such as current density, temperaturey gas flows, water partial pressures, 
and cell design (10). In both SOFCs and PEFCs the reactants are fed to the catalytic electrodes and the 
reaction products are continuously discarded in the exhaust. In a fbel/electrolysis cell, the reactants are 
gaseous or liquid and chemical reaction takes place at a three phase interbe between reactant, 
electrolyte and catalytic current collector; the currm collector is a sourcdshk of electrons that fkciiitattes 
dissociates chemisorption or associative desorption of a molecular species and creates or accepts the 
ionic species transferred t o /hm the electrolyte. For example a prototype fuel/electrolysis cell reaction in 
acid is 

~ 

2H2 = 4H++ 4e’ (anode) 

4H+ + 4e- + 0 2  = ZH20 (cathode) 
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where the reactions progress from leR to right in the fbel cell, fiom right to left in the electrolysis cell. In 
this case a protonic electrolyte is used, and the anode and cathode ament collectors chosen are metallic 
catalysts for the particular electrode reaction. In a solid oxide he1 cell (SOFC), for example, a solid oxide 
ion conductor such as zirconia is used as the electrolyte and metallic oxide Current collectors catalyze the 
reaction (1 1): 

I 
I 

2H2 + 202- = 2H20 + 4e- (anode) 
, I 

4e- + o2 = 202- (Cathode) i 

Unfortunately, the oxide ion conductivity i0is not high enough in the solid electrolyte below an 
operating temperature Top = 1000 C, whereas use'of liquid, 'aqueous electrolyte restricts Top to an upper 
limit of about 100 C. The search for €-I? or 02- solid electrolyte membrane that would permit operation 
in the range 400 T, c 00 C is required. 

Hydrogen generated reformed hydrocarbons is used as the fbel in H2/02-& polymer electrolyte 
fbel cells. An alternative approach is to use the hydrocarbon directly in the fbel cell, as for example the 
direct electrochemical oxidation of methanol (12). The Direct Methanol Fuel Cell (DMFC) can operate 
on either acid, alkaline or polymer electrolyte. Esso and Shell studied methanol oxidation (anode) 
catalysts extensively and found that a PlatinumIRuthenium system was among the most active of those 
tested. The direct methanol fbel cell is capable of converting methanol into electrical energy without 
intermediate thermal steps. Unlike other fuel cells, there is no need for an external reformer to first 
convert the fbel into hydrogen. Eliminating this step results in considerable saviug in weight and cost. In 
principle, it should be possible to build very simple, battery like devices capable of being refbeled with a 
liquid fbel(3). A direct methanol air fixel cell operating at or near ambient temperature would be an ideal 
small generator for fixed or portable applications. Direct methanol fixel cells have also been considered as 
auxiliary power supplies for i n t d  combustion engine vehicles, since a fuel cell could generate power 
much more efliciently than the engine driven alternators. The performance of the DMFC anode is 

. 

I 
I 
t 
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determined by a wide range of parameters, including catalyst fbrmulasios nature of the catalyst substrate, 
and the overall electrode structure. It is evident that the problem of poor catalytic activity remains the 
main barrier to the success of the direct oxidation of methanol fuel cell. Previous studies and Arrhenius 
plots (4) indicate that acceptable power &mities should be obtainable at modestly elevated temperatures. 
Problems that have to be overcome include: migration of methanol to the cathode, where it is oxidized 
non elkctrochemically (yielding no power) or simply evaporates into the exhaust air stream of the cathode 
and be lost. Methanol migration may be substantially reduced, but probably not eliminated, by 
incorporating ion exchange membrane separators (13-15). 

The DMFC based on a solid electrolyte allows higher operating temperatures and thereby increased 
catalytic activity compared to conventional cells with a liquid electrolyte. For solid state fixel cells with 
integrated methanol reforming and a working temperature of 200-300 C, the main problem is the stabiity 
and conductivity of the solid electrolytes. A solid acate methanol fuel cell with an operating temperature 
of 100 C looks promising in terms of electrode merit density (6), electrolyte corrosion and electrolyte 
conductivity. Investigations of proton conducting materials have included intercalates with species like 
acidic metal oxides and organoamines in host structures like zeolites Y and X, transition metal 
phosphates. 



Polymer Electrolyte Fuel Cells (PEFC) technology (7) has been preferred over other firel cell 
technologies because it offers high power densities, excellent tolerance to high levels of CO2 in the he1 
stream and thus capabiity to use rdormed organic fuels and low temperatures (100 C). This makes 
possible a fast startup sealing, reduces corrosion and improves the lifetime of the firel cell. One of the 
important areas for further research is the stability, conductivity and methanol compatibility of the solid 
polymer electrolyte. The membrane currently being used in methanol fuel cells is the perfluorinated 
sulfoxiate membrane Nailon. This membrane was originally developed for the chlor-alkali industry and 
methanol diffusion through it is high especially at the high operating temperatures for direct methanol 

order to make commercially viable DMFCs it is essential to develop a solid polymer electrolyte 
membrane with proton conductivity greater t (Ohm a)-' which is practically impermeable to 
methanol. 
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oxidation fuel cells. The diffUsion coefficient for methanol in Nafion is of the order of 10- 5 2  cm /s . In 

We are initiating a research efFort on DMFCs and will concentrate initially on the proton c 
compounds such as Zirconium phosphates and Tin-Mordenite (H-zeolite c o n k g  Sn(IV)-oxide 
clusters) for he1 cell applications. The initial effort will include the preparation and characterization of 
these membranes. Our goal is understand the electrode stability and electrolyte compatibility with 
methanol 

Electrolytes 

An electrolyte is an ionic conductor and an electronic insulator that should not react with the react 
the cell other than to accept /donate the working ions fkodto the electrodes. An electrolyte may be liquid 
or a solid. Liquid electrolytes require the addition of a separator that maintains the separation of the two 
electrodes and yet is permeable to the working ions. The separator also immobilizes the liquid electrolyte. 
The principle is the same whether the immobilizing agent and the separator is the polymer of a proton 
exchange membrane, the oxide of a particle hydrate, or a permeable fiber. A solid electrolyte itself acts as 
a separator. The reactants of an electrochemical cell may be gaseous, liquid or solid. Solid electrolytes are 
usefbl where the reactants are gaseous or liquid. Liquid or elastomer electrolytes are to be prefmed 
where the reactants are solids. Most emphasis in the field of polper  electrolytes has been put on the 
improvement of the performances of materials based on polyethylene oxide. There is now a visible 
tendency to use plasticised electrolytes in place of convegtional salt/polymer complexes. Composite 
polymer electrolytes consisting of at least 35 mol% poly(vinylidene fluoride) (PVDF) and mixtures of 
propylene carbonate (PC) and dimethyl formate, lithium salts (LiAsF6, LSJ(CF$302)2 or LiC(CF3S02)3 
are some of the electrolytes worth investigating fbr secondary battery applications. A non-aqueous 
electrolyte allows consideration of electropositive Group-A m d s  as the anode. However, the cation 
released by the anode to the electrolyte, not a proton or an OH- ion, can be expected to be a working 
cation in a non-aqueous electrolyte. The most mobiie ions would be monovalent, and the monovalent 
Group-A metals are alkali metals. The lightest of the alkali metals is lithium, so it is logical to explore 
cells with Li+ as the working ion in the liquid electrolyte and elemental lithium as the anode. 
Udortunately, elemental li~um reacts with the known Li+ ion electrolytes to form a passivating d c e  
film. Although Li+ ions can be transported across the film into the electrolyte on discharge, competition 
between transport across the film and plating on to fkesh surface on recharge tends to favor the latter, 
which leads to the formation of dendrites that grow across the space separating the two electrodes. M e r  
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a limited number of dischargehecharge cycles, the dendrites m&e contact with ?.he cathode and short 
circuit the cell. Although, limited success has been achieved in controlling dendrite formation on recharge 
of a lithium anode cell, this problem has motivated the exploration of intercalation electrode systems (1 6- 
17). 

Intercalation Electrodes ' 

The term insertion and intercalation refer to the addition of a species to a host structure with retention of 
the major structural features of the host. The intercalation is a special case of insertion in which no strong 
chemical bonds of the host are broken during the reaction. The ciassifkation scheme used for electrode 
reactions is summarized below. An example of each is also shown. 

stm- 

Insertion 

In this paper we will discuss one spec& battery system Li-anoddsolid polymer electrolytdiercalated 
cathode material such as FeS2. We have performed synchrotron based radiation experiments such as 
EXAFS and N E W S  at Center for Advanced Microstructures and Devices ( C m )  to understand the 
structural integrity and rechargeabiity relationships in LiieS2 and Li/SPE/FeS2 system. Battery R&D 
organizations have been pursuing a Wge number of candidate systems for use in electric vehicles for the 
past 2-3 decades (1 8). One of the best candidates to be used in the cathode system in firture EV (polymer 
electrolyte) batteries is FeS2 (19). It is cheap and abundant. The LVFeS2 cell was invented at Argonne 
Natiod Laboratory and was first reported in the early 1970s. It makes use of a molten salt electrolyte 
which is a mixture ofallrali metal halides containing high concentmions of lithium ions, a Wum alloy 
negative electrode (usually Li-AI), a positive electrode of FeS2. The earlier versions of this cell were 
operated at 450 C, but recent changes in the composition of the electrolyte have allowed the operating 
temperature to be decreased to 400 C. The LiAVLiCl-LBr-KJ3dFeS2 cells and Li2FeS2 battery systems 
have achieved higher performance than other rechargeable batteries that operate at axnbient conditions, 
this being the main reason for the acceptance of the higher operating temperature. The lifetime and 
performance idormation on these two systems revealed that the specific energy and specific power of 
single, unsaturated cells are very attractive, being about 200 Whkg and above 200 Wkg, respectively. 
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Earlier work with the FeS2 electrode made use of both discharge plateaus: the conversion of FeS2 to 
Li2FeS2 followed by the conversion to Li2S and Fe. The L/SPE/FeS2 batteries operate over a moderate 
temperature range of 100-140 C; therefore common, commercially available, low cost hardware, 
materials, insulato , scales and current collectors can be used. The electrolytes consist of PEO, a 
thermodynamically stable auion and high sudace area oxide matrix. The high surface area oxide matrix 
improves the mechanical strena immobilizes the molten phases and seems to help in achieving low and 
stable interfacial resistance. It is expected that LilSPEIFeS2 battery will meet the power dens* and 
energy density requirements for electric vehicles. In addition, it has safety and manufacturing advantages 
over other lithium and sodium batteries. The other positive electrode materials that have received most 
attention in recent years are Mn02, VeO13, and organodisulfides. The energy storage in organo- 
disulfides is believed to take place by the scission and formation of S-S bonds coupled with the movement 
of Lif ions into and out of the polymer matrix. Polymer electrolytes have a low ionic conductivity (less 
than 10-30hm -1 cm-l) at room temperature and are generally used in the thin sheet fonn. Typically, the 
electrolytes are tens of micrometers thick with a total thickness of 250 micrometers. The 
Li/po1ymer/V~Ol3 have delivered a specific energy of 150 Whkg, specific power 400 Wlkg and these 
energies could provide a range of 200-300 miles. In general 400 Wlkg is required for electric vehicle 
applications. To improve the pedormance of the lithium battery based on a polymer electrolyte, major 
efforts are needed in the areas of cell scale up, overcharge and overdischarge tolerance, battery design, 
heat removal and other battery engineering issues. The aim of this project is to develop in situ techniques 
to understand the relationship between the electrochemical properties and the structural changes that 
occur during the chargedischarge cycles of the LVSPELFeS2 system. 

Conventional X-ray DifBaction (XRD) measurements are of limited value to understand structural 
changes in these electrochemical systems which are oRen noncrystalline and amorphous. The rather 
recent application of EXAFS to the in situ study of electrochemical systems has made it possible, for the 
first time, to explore basic concepts in the structure and electronic properties of materials under 
conditions which closely resemble those found in practical devices. Compared to other spectroscopic 
methods such as Raman, Mossbauer etc., EXAFS and NEXAFS spectroscopy has the advantage of 
providing information aboa the inter-atomic bonding .and coordination etry with high element 
selectivity. While it is quite feasible to cany out.many X-ray exp other sources, the 
experimental problems posed by electrochemical measurements are most easily overcome by working 
with a synchrotron X-ray beam which is many orders of magnitude greater in intensity. The plane grating 
monochromator beamline@ort 4A) and double crystal monocbromator beam line (port 5B) at CAMD 
are ideally suited for the in situ experiments proposed in this project. The beam line operates in the 2-18 
keV range with up to 4 m rad of dipole radiation &om the CAMD storage ring. The monochromator 
maintains a fixed exit beam and a fixed positions of the beam on the two crystals using mutually 
perpendicular elastic translations. With the ring operating at 1.5 GeV and 160 mA, Si(220) crystals 
provide a flux of 3x109 photons/dmrad at 8 keV, with an energy resblution of 2 eV, to the experimental 
hutch. The beam line is equipped with an EXAFS end station. 

We have acquired the UWXAFS software for XAFS data analysis. It will be used for determining first 
and more distant coordination shell parameters. The UWXAFS 3.0 package analyzes the data by 

. 

removmg background usmg a new, unproved, automated algorithm and then fits the data mer to FEFF 
calculations in R space orto isolated -shells of data stan&ds in k space. Our students have learnt the 
utilitv of a similar software used to analvze the XAFS data available at CAMD. We have made an attemnt 
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to understand, in detail, the Fe K absorption edge structures of FeS2. The Fe K absorption spectra of 
FeS2 are similar to the one reported earlier in the literature (J. Appl. Phys. 17, 184 (1978), J. Chem. 
Phys. 80(3), 1047-1049, 1984). The pyrite type FeS2 has a grouping of iron atoms and S2 pairs that can 
be considered similar to NaCl. Its crystals are cubic with four molecules in a cell of dimensions 
=5.40667 A. In the pyrite structure each iron atom is surrounded by six sulfur atoms at the comers of a 
nearly regular octahedron with the Fe-S distance of 2.26 A, while each sulfbr atom is bound to another 
sulfur atom and to three iron atoms. The bonding throughout the structure is wholly covalent. The X-ray 
valence band emission and absorption spectra give information about the density of states in the valence 
and conduction bands, respectively. For example, the sulfur K emission and K absorption spectra of the 
metal sulfides reflect the distriiutions of p like states in the valence and conduction bands, respectively 
and the suffiu L2 emission, and L2 absorption spectra reflect the distribution of the s and d like states. 
The K absorptioh edges consist o f a  step like structure and are interpreted in terms of energy band 
structure for these sulfides. The absorption spectra provide an interesting insight into the bonding roles of 
various sulfur orbitals. X-ray Photoelectron (XPS), W photoelectron (UPS), X-ray emission (XES), 
Mossbauer spectroscopy, magnetic data, and SO-X scattered wave MO studies on FeS2 are available. 
All these studies clearly show the FG+ to be in low s in singlet state and the shortness of the S-S 
distance indicates that the anions are actually disulfide S j -  rather than sulfide ions. A comparative study 
was made to draw MO diagrams for valence type orbitals in high spin quintet, transition state 
(3eg)1 (2t2g)2 and low spin singlet state 

The problem of localization and mobility of lithium ions in the pyrite structures is still an open question 
and the charge transfer mechanism during the oxidation process is not well understood. From a 
crystallographic point of view, the question arises about whether the .mobile lithium ions are in 
"tetrahedrd" (Li-S4) or "octahedral" @i-S6) environment or both. From an electronic point of view, 
removal of lithium &om Li2FeS2 structure is to be accompanied by an oxidation process of the starting 
phase. Mossbauer spectroscopy studies indicate a strong isomer shift decrease, consistent with the 
oxidation of F g +  iron encountered in Li2FeS2 to Fe3+ in LiFeS2. From a band structure point of view 
this corresponds to lowerhg of the iron d band level. It is difficult to imagine that oxidation beyond the 
LiFeSz composition would result in fiuther oxidation of Fe3+. since d molecular orbitals of more 
oxidized iron ion would certainty overlap the S2- anionic bond. It is hence assumed that holes will be 
created in that band with the possible formation of S2*- pairs. For better insight into the structural and 
electronic properties, we are planning to measure the FT-IR spectrum of various L q e S 2  samples. We 
have installed a Nicolet FT-IR spectrometer in our laboratoxy. 

Previous IR studies on L g e S 2  samples show the monoclinic distortion of FeS2 is due to the fonnation 
of the Sz2- pairs that may destroy the assumed original rhombohedral arrangement of the sulfbr atoms. 
As indicated in the contract, the emphasis of the project is to acquire sulfur K edge spectra in pyrite using 
our EXAFS system. The energy associated with K edge of sulfur is much lower than that of the first row 
transition metals and therefore one has to take special precautions to acquire suifirr K edge XAFS data 
and the analysis of the data. We have obtained for the first time, K edge of the sulfirr spectra using ow 
spectrometer. 

The investigation of the mechanism of discharge in the high energy density battery system LWeS2 using 
57 Fe Mossbauer Spectroscopy and in situ Fe K edge of the XAS study of lithium insertion in pyrite has 
been conducted. These studies revealed the formation of Fel_$ and the electrochemical reduction of 
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FeS2 exbibits superparamagnetism. A substantial reduction in the amplitudes of the Fe-S and Fe-Fe 
backscattering was observed as the amount of intercalated Li in FeS2 lattice was increased fiom 0 to 2 
Li' equivalents. In addition, X A N E S  revealed a rounding of the otherwise highly structured edge of 
FeS2 as the amount of inserted lithium was increased. We have attempted to i=onstrUct an electrochemical 
cell which consists of a thin lithium anode, a separator and a thin FeS2 cast electrode arranged in a 
sandwich type conf'iguration using a solution of trifluoromethane sulfonate (triflate) in a mixture of 
dimethoxyethane/dioxolane as the electrolyte. The geometry provides an optimal condition for achieving 
a highly wniform current distribution so that the lithium incorporation (or cell discharge) will occur 
homigeneously over the entire FeS2 electrode. 

Ceria based Solid Electrolytes 

The host lattice of ceria is most compatible with a wider range of trivalent dopants compared to Zirconia, 
ma, and thoria and proved to be an excellent oxygen ion conductor because of its stable d e f a  
structure at elevated and intermediate temperatures and pressures (19-20). The dopant ionic radii and its 
effect on the host crystal lattice structure are a major factor in provkhg mixed ionic and electronic 
conductivities which are desirable in some application such as electrodelelectrolyte interfaces. We are 
studying the structure and the ionic conductivity of ceria doped with all naturally occurring rare earth 
elements to explore the suitability of these materiais for fiel cell applications. The dopant cation size and 
its effect on the host crystal lattice structure are a major factor determining the ionic conductivity of solid 
electrolytes. In order to understand the precise role the dopant plays in m0-g the properties of the 
oxide the primary information that is required is the exact location of the dopant in the host lattice. 
However, in many systems this problem cannot be resolved by conventional =action techniques. For 
example, the concentration of the dopant may be very low (less than 1 mol%), the dopant may be 
indistinguishable from the host ( as in atoms with similar atomic numbers), the dopant may introduce 
complex disorders into the lattice or the material may be amorphous. It is therefore important to use 

. experimental techniques like EXAFS to obtain complete structural idormation. Trivalent rare earth ion 
doping increases the concentration of oxygen vacancies result an increase in the ionic conductivities. 
Among the trimlent cations, anomalous behavior has been reported for Y3+, Sm3+ Gd3+ and La3+, 
yielded highest ionic conductivities. The cations of dSerent iomc radii than that of Ce4' were chosen for 
our XAS investigations and compared with the ac impedance measurements. 

Materials Research Instrumentation Labratory 

The Department of Physics has been developing a "Materials Research Instrumentation Laboratory" to 
train undergraduate and graduate students in applied materials research and to execute funded research 
projects fiom state and federal agencies as well as private industry. The specific projects to be 
investigated in this laboratory include the preparation and characterization of solid state electrolyte 
membranes and electrocatalysts for direct oxidation of methanol firel cells (DMFCs), fiber optic chemical 
sensors (FOCS), rare earth doped fiber amplifiers (EDFAs.), ferroelectric single crystals for optical 
memory devices, fast ion conducting glasses, heterostructure magnetic thin films, and piezoelectric 
crystals for high temperature superconductivity studies. Our goal is to strengthen our instrumental 
capability for conducting Cutting edge research and providing bigh quality results in the ongoing DOE, 
ONR, AFSOR, NASA, NSF and LEQSF h d e d  projects. In addition, we intend to integrate the 
proposed instruments and projects with ongoing in situ structural characterization studies using the 
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M383 software. This is a very effective combination for electro-catalysis studies and particularly usefd 
for the investigation of electrode-electrolyte materials to be used in solid state fiel cells. 
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Conclusions 

The search for new and improved solid state ionic conductors and electrolytes continues in our'laboratory 
(22-24) . We have focused on design aspects of electrochemical cells and discussed the characteristics of 
electrolytes and electrode materials for he1 cells and lithium batteries. We have obtained the K 
absorption spectra of Fe and sulfur in FeS2 (pyrite). The energy associated with K edge of the sulfur is 
much lower than that of the first row transition metals. Investigations show that sulfur K absorption 
spectra of sulfur and FeS2 are similar to each other and lie almost in the same energy region. Our 
observed K absorption spectra of FeS and Fe2S3 are alike in the main features but are my different 
from that of FeS2. The absorption peaks were assigned to the spectroscopic transitions and tentative 
explanations were provided based on the band calculations and molkular orbitals of the S22- ion. Along 
with a brief description of the existing inshumentation in our laboratory, we have also reported our 
efforts in developing capability for research in electrochemical systems using the double crystal 
monochromator beam h e  (port 5A and 4B) for EXAFS investigations at Center for Advanced 
Microstructures and Devices (CAMD) in Baton Rouge. Two graduate and two undergraduate students 
are involved in utilizing the experimental resources discussed in this report. Their participation has been 
encouraged in all our projects and their contribution has been a vital component of our research. 

Acknowledgments 

This work is sponsored by the Pittsburgh Energy Technology Center for the US Department of Energy 
under grant number DE-EG22-95MT95016. We also acknowledge the DOE for supporting our eff'ort in 
utitizing the synchrotron radiation source for the characterization of solid electrolytes for batteries and 
developing the beam line for SEA institutions under grant number DE-FGO5-95ER45549. B.Rambabu 
thanks Dr. Kennedy Reed, LLNL for providing hncial  assistantships to his undergraduate students 
through a DOE grant DE-FGo3-95SF20799. The electrochemical research iustrumentation was acquired 
with the State of Louisiana (MS b d s  # 1324) h d s  to develop the graduate program in Physics at 
Southern University. 

References 

1. 

2. 
3. 

4. 

5 .  

6. 

7. 
8. 

,'J 

B. Owens, in: Applications of Solid Electrolytes, ed. T. Takahati and A. Kozapva (JEC press, 
Cleveland, OH 1980) 67. 
J.L. Sudworth and AR Tiliey, Sodium S W  Battery (Chapman and Hall, London, 1985) * 

RB. Goldner, F.O. Amtz, G. Bema, T.E. Hass, G.W& K.K. Wang and P.C. Yu, Solid State' 

T.T- hSuper Sonic Solids and Solid Electrolytes, M a t d  Sciences Series eds., A.L. Laskar 
and S.Chandra, (Academic Press, New Yorlq1989) 
Kevin C. Langry and B. Rambabu, Ionic Optrodes: Its role in Fiber Optic Technologies, Solid State 
Ionics, June 1996. 
RM. Dell, Proc. Electrode processes in Solid State Ionics, NATO Adv. Study Jnst. Sa. C, 
Ajaccio (1 975) 
B.C.H. Steele. in "Electronic Ceramics", Ed B.C.H. Steele. London, Elsevier Applied Science, 1991 
B.C.H. Steele. in Roc. of First European Solid Chide Fuel Cell Forum: U. Bossel, Ed. ISBN 3-922- 
14-X, 1994. 

I O ~ ~ C S  53-56 (1992) 

3 

24 



9. 

10. Feiix N. Buchi, Alois Morek and Gunther G. Scherer, J. Electro 

1 1. J.B . Goodenougb, Solid State Ionics 69, (1 994), 1 84- 198. 
12. D.McNicol, in Power Sources for Electric Vehicles, B.D and D.A. Jrand, Eds, Esevier Science, 

13. Ross A. Lemnons, J.Power Sources, 29,251,1990 
14. A. TicianelL, C.R Derouin, A. Redondo and S.Srinivasan, J. Electrochem. Soc.,l35,2209,1988 
15. Mukerjee, S., S . S ~ v a m ,  M.P.Soriaga and J.McBreen, J.Phys.Chem., 99,4577, 1995. 
16. J.B.Goodenough, apd A.K.,Shukla, Proc. Intem.Sem. on Solid State Ionic Devices, eds: 

17. J.B.Goodenough, Pr0c.R. Soc.(London) A293 (1984) 
18. S. Kundo, N. Aotani, K. Iwamoto and T.Takada, proc 2nd Intl.Symp. Ion. Mix.Condt.Ceramics,94. 
19. B. Rambabu, Proc. of loth Intl. Cod. on Solid State Ionics, 3-8 Dec 1995, NSU, Singapore 
20. G. Bryan B a l m  and Robert S.Glass, proc. of ECS symp. 478487,1994. 
21. B.C.H. Steele in "High Conductivity Solid Ionic Conductors," T.Takahasi ed., World Scientific. 
22. P.S.S.Prasad and B.Rambabu, J.Power Sources, Vol. 34,339-352,1991. 
23. P.S.S.Prasad and B.Rambabu, J. Mat. Sci. Vol26,2451-247,1991. 
24. P.S.S.Prasad and B.Rambabu, J. Mat. Sci. Lett, Vol9,1066-1070,1990. 
25. Charles Lejune Jr and B.Rambabu, loth Int. Codon Solid State Ionics, Proc.5-2~379, Dec 3-8, 

Tom J. George, Proc. of the Fuel 
Energy Technology Center, W. 

1985-91, 1995. 

Amsterdam,( 1994). 

B.V.RChowdary and Radhalcrishna (world scientific, Singapore, 1980 

1995, National UniverSity of Singapore, Singapore. 

3 25 



Q 

n * 

* 

:3 

:> 

:- 

i 

s 

* 
* 
* 
* 
* 
* 
* 
* 

Experimental Facilities for Fuel Cell and Battery Materials 
Research at SUBR 

Impedance Spectroscopy (EG&G E'Chem Research Station 
PAR model 273A GalvonostatlCyclic Voltameter) 

Fuel Cell research station (Globe Tech) 

FT-IR Spectroscopy (Nicolet 7000 series) dual beam 
spectrometer 

DSC and TGA techniques 

Materials Testing System for Mechanical properties 

Scanning Electron Microscopy 

Transmission Electron Microscopy 

Optical Spectroscopy Techniques 

X-Ray Diffiaction 

Center for Advanced Microstructures and Devices (CAMD) 

EXAFS has proven'to be a unique technique for studying 
the structure of various systems such as crystalline or amorphous 
solids, super ionic conductors, spin glasses, solid solution 
smfaces, catdysts, and biological systems regardless of their 
degree of crystallanity. EXAFS is structure sensitive and under 
favorable conditions gives valuable information about the 
position as well as the type and the number of near 
neighbors of the absorbing atom. The distance determination is 
limited to 4 A. 
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FOR ADVANCED MICROSTRUC- DEVICES 

CAMD Facility Layout 
. X-Ray Lithography Sector Basic Sciences Sector 

t October 1894 110 I 
I 
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a. .. 

. Beam energy (GeV) 1 .2/1.5 

Critical wavelength (A) 9.s4.9 

Estimated beam half life (hr) 

Radiative power (Wlmrad) 4 
Injection energy (MeV) 200 

. Injection time (min) s2  
Natural emittance (m-rad) 2~ IO-’ 

Beam current (mA) 4001165 
Bending magnet tedius (m) 2928 

Critical energy (keV) 1.W2.6 
0 

Harmonic number (bunches) 92 
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Fe Kedge X ray Absorption Data for FeS2 
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EXAFS Data Analysis 

The E M S  oscillations, after separation fkom the background absorption , 
are described by an equation of the form: 

, ,  

x(k) = Normalized absorption coeficient as Mction of photoelectron 
momentum k 

Ne = Number of atoms (all of the same type) with back scattering factor f$n) 
a a  2 

distance Rj from the centrd atom 

00 = Debye-Waller factor expressing the mean square variation in Rj 

6 and \vj = phase factors of the photoelectron wave 
3 

kx(k) = Fourier transform with.respect to sin(2kR) 

I 
. I  

I 

EXAFS Software: UWXAFS 3.0, FEW (University of Washington) 
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CONCLUSIONS 
3 

The design of a solid electrolyte provides an excellent 
illustration of materials science and engineering. General 
considerations lead to several quality criteria, but final 

fication depends upon the practical application, including 
the physical state of any reactants in an electrochemical cell and 

3 

) the operating conditions. 

.Lithium incorporation results in an uniaxial expansion of the 
cavity. The strength of the bonding and the direction of the 
expansion appears to be a major factor in determning the extent 
of lithium intercalation before the catastrophic rupture of Fe-S 
bonds. 

The importance of the study of electrolyte-electrode interfacial 
reactions in battery and fuel cell materials using the synchrotron 
radiation based techniques such .as EXAFS, XANES were 
discussed. We have obtained the Fe and S K absorption spectra 
in Li/FeS2 battery system, Mn and Co K absorption spectra in 
spinel structures, IC absorption of rare earth dopants in ceria for 
the first time using our EXAFS spectrometer. 

Materials Research Instrumentation Laboratory at Southern 
University A&M College, Baton Rouge is equipped with state 
of the art research equipment for the preparation and 
Fharacterization of solid electrolytes for fuel cell and battery 
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11:20-11:50 To be announced. 

11:50-12:OO Closing Remarks & Adjourn Yuli Vladimirsky 
:> 

3 



3 

' I  

3 

CHARACTERIZATION OF SOLID STATE BATTERIES 
MADE UP OF 

SILVERSELENOPHOSPHATE GLASS SYSTEM 

NSATYANARAYANA 
Raman School of Physics, Pondicherry University 

Pondicherry 605 014, India. 

M.VENKATESWARLU, K.NARASIMHA REDDY 
Department of Physics, Osmania University, Hyderabad, India. 

B.RAMBABU 
Solid State Ionics Laboratory 

Department of Physics, Southern University 
Baton Rouge, Louisiana -70813 

OBJECTIVES 

1) TO SYNTHESISE DIFFERENT DOPANT SALT (AgI) COMPOSITIONS OF 
SILVERSELENOPHOSPHATE (AgI-A~O-(SeO~-+Pzos_)} (SSP) SYSTEM . 

2) TO CONFIRM THE MATURE OF SSP SAMPLES 

3) TO SELECT THE HIGH IONIC CONDUCTING COMPOSITION OF SSP 
GLASS - MEASURING IONIC & ELECTRONIC CONDUCTIVITIES 

4) TO FABRICATE SOLID STATE PRIMARY BATTERIES - THE HIGH 
IONIC CONDUCTING SSP GLASS WITH DIF'FEREN" CATHODE 
MATERIALS (I+C), (I+C+SE) AND (I+C+SE+TM(B)AI) 

5 )  TO DETERMINE CHARACTERSTICS OF BATTERIES MADE UP 
OF SSP GLASS AND ESTIMATE THEIR PERFORMANCE 



MATERIAL PREPARATION, CHARACTERIZATION 
AND FABRICATION OF SOLID STATE PRIMARY (SSP) 
BATTERIES 

PREPARATION TECHNIQUE: Conventional melt quenching 
method 

FORMULA : X%AgI - (100-X)% [M%A&O -F%(0.3SeO~-+0.7P~O5_)] 
M/F=2.25 & X IS VARIED FROM 20 TO 80 IN STEPS OF 10%. 

Chemicals : AgI, AaO, SeO;! - and P205- 

Crucible : Quartz 

Temperature : 550 OC 

Duration : 30 minutes 

Quenched : Liquid Nitrogen Temperature (77K) 

CHARACTERIZATION : X-ray diffraction 

MAKE : Rigaku miniflex,X-ray difltiactometer 
Radiation 
Range 
Scan rate 
Nature 

ELECTRICAL CONlMJCTIVITY 

The electrical conductivity is measured on pressed pellets of SSP samples at lKHz 
using two probe a.c. cmductivity bridge (Elico make model CM82T) 

* FABRICATiON OF SOLID STATE PRIMARY BATTERIES 

* CHARACTERIZATION OF BATTERIES 

: CuK monochromatic radiation ( 1-1 9 1 8  A) 
: 10 to 70 degree 

: Peak fiee spectrum confirxned glassy nature 
. : 2 degree p& minute 


