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ABSTRACT

Research activities being conducted as part of this project include: (1) fundamental studies
of electrochemical processes occurring at surfaces and interfaces in fuel cells, and (2) development
of novel materials synthesis and processing methodologies for fossil energy, conversion
applications. Complex impedance and dc polarization studies of the electrocatalytic activi b' at the
cathode have allowed intrinsic materials properties to be separated from extrinsic properties related
to morpholoD,. Mixed conduction in cachode materials was shown to dramatically, enhance elecn-o-
cataly,tic acfivi b, with this approach. Combustion synthesis methods were used to prepare
muhicomponent perovskite catalysts in the Lal.xSr×Col.vFe.,,O3 system. Electronic properties of
these catalysts can be altered by adjusting the compositioh, vShich affects both catalytic activi b, and
selectivity. Inverse rnicelles have been utilized to prepare nanosized nickel sulfide particles, which
shovepromise as hydrodesulfurization catalysts for liquified coal. Self-assembling organic
monolayers and derivatized inorganic surfaces have been used to control nucleation and cr),stal
morphology' of inorganic phases.

INTRODUCTION

This project, conducted jointly by Pacific Northwest Laboratory and Oregon Graduate

Institute, seeks to develop advanced ceramic materials for utilization in solid oxide fuel ceils and

other technologies related to the broad, clean, and efficient use of fossil fuels. Objectives of this

project are to (1) identify, and develop new, electrically, conducting materials for use as electrolytes,

electrodes, bipolar connections, membranes, and catalysts in solid-state electrochemical processes;

(2) develop a fundamental understanding of molecular processes associated with advanced

electrochemical and catalytic s.vstems; and (3) develop novel materials synthesis and processing

1Operated by Battelle Memorial Institute for the U. S, Deparm2ent of Energy Under
Contract DE-ACO6-76RLO 1830.



methodology to improve qualib', reduce cost, and/or provide the capability to produce new

materials, forms, and structures.

ELECTROCHEMICAL STUDIES
z

Electrocata],,_ic Reactions at the Cathode

To date, performance of a solid oxide fuel cell (SOFC) has been lin'fited by slow oxygen

reduction at the cathode-electrolyte interface. The electrochemical activity for an SOFC cathode is a

measure of the production of an ionic electrical current due to the oxygen reduction reaction at the

cathode-electrolyte interface. This activity cm_be quantified by measuring the rela:b,e rate of

oxygen reduction. The goal for a SOFC cathode is to achieve a high and stable oxygen reduction

rate, or a low and stable cathodic polarization resistance.

Oxygen reduction rates should depend on: (1) the rate at which reacting constituents arrive

at the reaction sites, including the local partial pressure of oxygen, (2) the number of available

reaction sites, (3) the activation energy for reaction, and (4) the operating temperature. The first of

these can depend on diffusion pathways through the cathode material (cathode morphology) and is

veD, important in SOFC design. However, in selecting optimm"n electrode materials, it is

important to perform measurements that can eliminate the effects of cathode morpholo_, and focus

instead on intrinsic electrochemical properties of the cathode material.

The unbonded interface cell (UIC) design provides an experimental approach for

accomplishing this objective. In this cell design, a small pellet of electrode material with a flat but

roughened surface (ground with a 15 micron diamond wheel) is pressed against a sin'lilarly

roughened electrolyte material. The rough mating surfaces make multiple point contacts. The

surrounding gas atmosphere easily flows between the rough surfaces and uniformly reaches the

physical boundary line surrounding the cathode/electrolyte point contacts. This boundary line is

called the triple phase boundary (tpb). The length of the tpb represents the surface region along the

tpb on which oxygen reduction takes place, and is referred to as the "effective reaction len_h" or

ERL. Using impedance spectroscopy with the UIC design or by measuring the circumference of

cathode contact points with the electrolyte, the ERL can be estimated.

Once the ERL is defined for a particular interface, the desired goal of removing interface

morphology can be achieved. The normalized reaction rate, or "specific activib," is defined by

Specific Activity = (ERL x Rp)-I (S/cre) (1),

I
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where Rp is the polarization resistance obtained from impedance spectroscopy measurements or

_om the initial slope of dc polarization measurements. With units of electrical conductivity, the

specific activity is an intrinsic material property, independent of morphology. When using the UIC

design, ERL and Rp can generally be determined from a single impedance spectroscopy scan for a

given set of operating conditions (oxygan partial pressure, temperature, applied potential).

For mating electrode-electrolyte surfaces with multiple point contacts separated by distances

large in comparison to r, the net contact resistance for 'T' parallel point contact resistances is given

by the Newman equation1:

Rc = 1/4 cyEri (2),

where cr is the conductivity of the electrolyte. The total length of tpb between surfaces with

multiple point contacts is then 2rcEri. The ERL, in units of length, can then be calculated:

ERL = 27z/4cyRe (3).

Very good a_eement has been obtained between ERL values determined geometrically

from an SEM or optical micrograph and those Obtained from the contact resistance (from

impedance measurements) following equation (3). The ERL calculated using equation (3) for a

single, truncated, cone-shaped platinum bead on yttria-stabilized-zirconia in a UIC was 2.05_+0.15

mm. The circumference of the truncated cone top measured from an optical micrograph was 2.16

mm, in excellent a_eement. We have reproducibly determined the ERL for a variety of surface

types, independent of the composition of the electrode material.

The specific cathodic activity of electrode/stabilized zirconia interfaces using the UIC

design were evaluated, in which the electrode was platinum or a substituted lanthanum or yttrium

manganite. These determinations were made as a function of the oxygen partial pressure and

temperature, as shown in Figure 1. The activation ener_es for the reduction of oxygen in air

varied linle for quite different electrode materials. Values of 1.63, 1.9C, and 1.70 eV were

obtained for Y0.sCa0.sMnO3 (YC5M), La0.9Sr0.1MnO3 (LS1M), and platinum, respectively.

Similar results (1.85 eV) have been reported by Mizusaki, et al for Lao.6Cao.4MnO3 on stabilized

zirconia2. These results imply that the nature of the rate-determining step in the cathodic reduction

of oxygen is similar for each electrode/electrolyte interface.

While activation energies for oxygen reduction at the cathode have exhibited little variation

for different electrode/electrolyte combinations, specific activities (electrocatalytic activities divided

by the magnitude of the ERL) varied by orders of magnitude. Representative results obtained at or

extrapolated to 960"C for a series of La(Sr)MnO3 (LSM) compounds, YC5M, and platinum are
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Figure 1. Temperature dependence of the specific activity of various cathode/electrolyte interfaces,
measured using complex impeda.nce spectroscopy. Specific activities are determined by dividing
the electrocatalytic activity by the ERL, allowing intrinsic properties of cathode materiNs to be
compared.
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Figure 2. Specific electrocatalytic activity for oxygen reduction at the cathode/electrolyte interface
for various electrode materials at 960"C. Enhanced electrocatalvtic activity is attributed to an
expansion of active surface sites, a result of mixed conduction {n cathode materials.
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Wen in Figure 2. Included in this figure are specific activities calculated from dc polarization

curves given by Hammouche, et al3. Platinum resulted in among the lowest of the specific

acti,_dties. For the LSM compounds, specific activities rose substantially as the extent of strontium

substitution was increased. The highest electrocatalytic activity encountered to date was obtained

i with YC5M/zirconia interfaces.

Trends in electrocatalytic activity with electrode compositional changes are consistent with

expected variations in electrode conductivity. For platinum-zirconia interfaces, oxygen reduction

can only occur at the triple phase boundary and oxygen anions can migrate only within the zirconia

electrolyte. While electrons can move freely in platinum, oxygen atoms or anions are immobile.

Similarly, oxygen anion conduction in unsubstituted lanthanum manganite is quite low.

Substitution of a divalent cation on the A-site of manganites is known to create holes via the

promotion of Mn3+ to Mn4+, thus enhancing the electrical conductivity of the mate.riM. Oxygen

vacancies can also be created electrochemically, wtfich then contribute to enhanced ionic

conductivit-y within the electrode materials3. In this situation, oxygen reduction can occur not only

at the triple phase boundary but on part of the electrode surface as well. The use of substituted

manganites as cathodes appears to augment active surface sites for oxygen reduction, by more than

two orders of magnitude in some cases.

-- Choice of cathode materials can be of si_.ificant importance in minimizing the overpotential

i in an SOFC. The following estimates are intended to illustrate this point. An acceptable fuel cellcathode might operate at 960°C with a current density J=250 mA/cre2 in air4. The cathodic

! over-potential, which should be less than perhaps 50 mV, can be estimated from:

mc = J (mA/cre2) x [specific activity (S/cre) x ERL (cm/cm2)]-I (4).

The specific cathodic activi b, is an intrinsic property of the cathode/electrolyte interface, while the

ERL is an extrinsic, materials processing property. A b,pical value for a thin, porous oxide

cathode material sintered on a dense zirconia electrolyte is 103 crn/cm2, although this value could

var), considerably2.5. For LS lM (10 percent Sr substitution for La), the specific activity was

measured at 0.004 S/cm at 960°C, leading to an estimate of the cathodic overpotential of more than

60 mV following equation (4). For YC5M (50 percent Ca substitution for yttrium), the specific

activity was found to be 0.1 S/cre, leading to a cathodic ovcrpotenfial estimate of 2.5 inV. Thus,

both high electrocatalytic activib, and effective reaction length are necessary for optimum

performance of the fuel cell.
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Ele¢.trocatalyric Reacg0ns at .the Anode_

Electrochemical studies of reactions occurring at the anode/electrolyte interface are also

being investigated. For this purpose, a reactor was designed and constructed with two

compartments separated by a stabilized zirconia disk. Platinum electrodes were deposited onto

both sides of the zirconia disk. Mixtures of oxygen and fuel (e. g. methane, ethane, ethylene,

methanol, or carbon monoxide) are delivered to the fuel side (anode) and the potential or current

through the cell extemally controlled, in contrast to the normal operation of an SOFC. Vayenas

and coworkers have reported large changes in catalyzed reaction rates under similar conditions,
.,

depending on the current through the zirconia electrolyte6. Vayenas hypothesized that this

electrochemical promotion effect was related to the work function of the metal catalyst due to the

increased activity of electrons at the triple-phase boundary of the zirconia electrolyte, platinum

electrode, and gas reactant mixture. Because electrochemical promotion has been observed even

when current flow through the electrolyte was reversed, there exists some doubt as to the role of

catalyst work function on catalytic activity.

The relation of the physical state of the catalyst on activity is of current inteiest.

Previously, thick electrode layers have been prepared by the thermal decomposition of metal paints

or pastes. These thick layers were found to have very slow (minutes to hours) response times to

changes in reaction conditions, especially changes in applied potential. Also, the), do not have a

favorable combination of the relative areas of the three phases - gas, electrolyte, and catalyst -

required for efficient catalysis. Sputtered metal electrodes do provide this control, with much

improved response times to changes in reaction conditions.

SYI',,vrH]ESISOF ADVANCED CATALYST MATERIALS

Combustion Synthesis of Sr-Substituted LaCo.0 aFeKgQ_aO.Catalysts

Strontium-substituted LaCol.yFe.3,O3perovskites have been found to exhibit excellent

mixed ionic and electronic conductivity, depending on the extent of substitutionT,8. The materials

are expected to find application in gas separation membranes by oxygen permeation, as electrodes

in high temperature fuel cells, and as combustion catalysts. The key advantage offered by these



perovskite materials is the ability to tailor electronic properties by adjusting their composition,

which are related to catalytic activity and selectivity.

These materials are usually prepared by conventional solid state reactions between

corresponding oxides or by the decomposition of solutions containing metal nitrates and acetates.

Such techniques require relatively high temperatures (>1000"C) for the formation of single phase

perovsMtes and often yield inhomogeneous powders. Although many other wet chemical methods

such as co-precipitation have been successful in producing single or two component oxides, they

have inherent limitations in producing homogeneous ternary or higher multicomponent oxides.

Fine particles of Lal.×SrxCoo.4Feo.603, where x ranged from 0.0 to 0.8, were successfully

prepared by combustion synthesis methods, followed by calcination of the resulting powders.

Combustion reactions were performed using precursor solutions containing the corresponding

metal nitrates (oxidizer) and glycine(fuel). The initiation temperature for combustion of the

precursor was approximately 250"C. The combustion-derived ash consisted of very fine, mixed

oxides. Following calcination at 850°C for 6 hours, these powders were convened to a single

crystallo_aphic phase. The primary particle size of the calcined product was approx.hnately 100 'i:

nm, formed into hard agglomerates several hundred nanometers in diameter. For x=0.0-0.4, the

product crystallized into an orthorhombic structure; for x=0.6-0.8, a cubic structure was obtained.

Surface areas (BET) of the products ranged from 18-32 m2/g.

The Lal.×Sr×Co0.4Fe0.603 powders were found to be active catalysts for the

decomposition of hydrogen peroxide in alkaline solutions. Relative rates of reaction were nearly

linearly dependent on the extent of strontium substitution. These reactions were conducted at 70"C

using 10 mg of catalyst and 10 gL of 30% hydrogen peroxide in a stirred vessel containing 50 mL

of 0.1 M NaOH. Catalytic activity for this particular reaction has been related previously to the

surface concentration of oxyge.n vacancies.

Inverse Micelle Synthesis of Nickel Sulfide Coal Liouefaction Catal\,sts

Asphaltenes, derived from solvent-refined coal and heavy crude oil feed stock, contain

si_ificant (>3 percent) amounts of sulfur. \Ve have developed a room temperature synthesis of a

nickel sulfide hydrodesulfurization catalyst necessar-y to up_ade asphaltenes for mack.ing

applications. The synthetic method exploits nanocompartmentalization of water and oil in

surfactant-organized media (microemulsions) to fabricate ultrastable transition metal sulfides 2-4
nm in diameter.



Nickel sulfide nanoparticles were ...--.:.,..-.-
synthesized in an inverse micellar phase, with ..:,..,

the microemulsion consisting of nonionic ;""

surfactant, hexadecane, and 1.25 percent

solution of nickel chloride (46:46:8 by weight).

Transmission electron microscopy' (TEM) ,_

examinations revealed a diffuse micellar

structure prior to the precipitation reaction. The ..... _,:_.
,.:.:.: .-[, :'r' i,..

reaction was carried out by adding a _ :;: ,. '

st0ichiometric amount of ammonium sulfide

solution. The final micellar water concentration

was then adjusted to 8 percent. In Figure 3, a

TEM bright field image taken immediately after 4

the reaction shows a well-defined spheroidal 500 ./k

structure. Initially formed amorphous nickel Figmre 3. Nickel sulfide nanoparticles _ownin an inverse micellar phase.
sulfide converted into crystalline forms over a

period of two weeks.

Catalytic nanoparticles stabilized in micr_mulsions will be potentially useful in the

development of efficient and easily transportable active catalysts for dehydrosulphurization and

hydrogenation of liquids derived from coal, and catalysis in general. If these microemulsions are

thermodynamically stable, then Jt opens new avenues for the studies of nucleation phenomena in

restricted geometries.

Oreanic "I_in Films as Templates for Controlled Nucleation of Inorganic Particles

Two different but closely related approaches have been taken to controlling the _owt_n of

inorganic phases: (1) nucleation and gowth on derivatized inorganic microporous supports, and

(2) nucleation and gowth on preorganized templates using self-assembling monolayers. These

efforts should illustrate key principles involved in controlling nucleation site density and crystal

morphology.

Production of oriented catalyst panicles on inorganic n_croporous supports is being

pursued. In principle, these composite materials could serve as inte_ated catalyst membranes

capable of perfornzing both a catalytic role and a separations function while withstanding the high

temperatures used in cracking, water gas shift, and other industrial processes. We have chosen to



study the crystallization of hematite (Fe203) on sebacic acid (1,10-decanedioic acid)-derivatized

Anotec membranes (0.2 micron pore diameter, ca. 50 micron pore length, 47 mm membrane

diameter) due to the relevance of this iron oxide in methanol oxidation, ammonia oxidation, water

gas shift reaction, and desulfurizationprocesses. This product can readily be converted to

magnetite by a reductive hydrothermal treatment,

To prepare oriented iron oxide particles, alumina membranes were first coated with a

tetrahydrofuran solution of sebacic acid. The membranes were air-dried and placed in a two-

chamber apparatus. Aqueous solutions of ferric nitrate and nitric acid were placed in opposite

chambers and the solutions allowed to diffuse together through the membrane (higher density ferric

nitrate solution on top). Percolation of nitric acid through the pores resulted in forced hydrolysis

of Fe(H20)s 2+at the membrane surface. Immobilized Fe(III) sites on the sebacic acid-derivatized

surface served as nucleation points for crystal growth.

It was found that Fe203 particles grew on the derivatized membrane surface that faced the

iron solution. A substantially smaller fraction was found as spheroidal particles and needles within

the pores. Crystals grew as 0.1 micron by >4 micron needles from attachment sites at the alunlina

membrane surface. Pores of the membrane were found to become smaller as the particles grew.

Polymer self-assembly is the second means of controlling nucleation and growth of

inorganic cr3,stals. Ultrathin polymer films were formed by spontaneous adsorption from organic

solutions. The polymers are designed with four architectural features: (1) flexible spacer _oups

in the backbone and side chains to facilitate organization; (2) long alkyl side chains to promote self-

assembly and side-chain association; (3) anchoring groups to bind polymers to surfaces; and (4)

functional _oups for further surface chemistry.

Copolymerization of acrylate monomers followed by functionalization via polymer analog

reactions was the route chosen. A wide varieD, of side chains and functional _oups can be added

by these methods. Film thicknesses and de,ees of side-chain organization are controlled by side-

chain lengths (longer chains provides better side association, and increased organization via van

de:"Waals interactions). Anchoring _oups include thiols for Au, Ag, Pr, and other metal

substrates and silanes for oxide surfaces.

Film thicknesses averaged 3-5 nm (single monolayers) as measured by ellipsometry.

Stability of these films has been measured under hexadecane reflux at 85'C for 28 hours. While

monomeric analogs of these films were removed after 6 hours of this treatment, polymer films

remained fully intact for the duration of the reflux. This attests to the increased film .._,c_on

resulting from the use of many anchoring side chains (multipoint attachment).

._ddition of a third monomer con:aining functional _oups (amines, thiols, and carboxylic

acids) into the polymer backbone provides accessible functionalities to immobilize catalysts on

surfaces in high densities. Moreover, use of chelating groups (carboxylic acids, sulfonates,

|
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phosphates) in the backbone allows construction of nucleation sites for inorganic phases. We are

currently concentrating on nucleating the photoactive CdS and ferromagnetic species (Fe and Mn

compounds) in high density and controlled crystalline structure on these assembled interfacial

templates.
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