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Lanthanum ferrites and manganites have been shown to be excellent catalysts for 

use as sensing electrodes for potentiometric gas sensors to detect CO, CO2, and NOx 

gases and for use as cathode materials for solid oxide fuel cells (SOFC) to reduce 

oxygen.  However, these materials have complex surfaces that are not well understood.  

For further optimization, more understanding of the surface behavior is needed. 

NOx adsorption behavior on LaFeO3 (LFO) and LaMnO3+δ (LMO) was 

characterized using temperature controlled methods and mass spectrometry.  

Temperature program desorption revealed decomposition of complex surface species 

formation when NO or NO2 was adsorbed on LFO and LMO.  LFO exhibited higher 

adsorption capacity for NOx species than LMO and was shown to be more active for 

NOx surface conversion.  Both effects were attributed to the different B-site cations, with 

iron in LFO in the 3+ valence state, and manganese in LMO in the 3+ and 4+ valence 

states.  Results from diffuse reflectance infrared spectroscopy were used to identify 

specific nitrite and nitrate species that are formed on the surfaces of LFO and LMO at 

room temperature.  Temperature programmed reaction revealed a complex NO2 

decomposition mechanism to NO and O2 for LFO and LMO in which the formation of 
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nitrite and nitrate species serve as intermediates below ~600°C.  NOx sensing 

mechanisms were considered and predicted based on the types and quantities of 

surface species formed. 

A novel approach using isotope exchange was developed called isothermal 

isotope exchange (IIE) to study the oxygen reduction behavior on lanthanum ferrites 

and manganites.  Two common kinetic parameters have been used to characterize the 

ability of a material to exchange oxygen: the tracer diffusion coefficient (D*) and the 

surface exchange coefficient (k*).  D* is a measure of the bulk diffusivity while k* is a 

measure of surface exchange.  Both aspects are involved in the oxygen reduction 

reaction (ORR), but in particular k* can be difficult to measure.  Techniques used to 

measure k* currently require dense, thick samples that restrict testing to the diffusion 

controlled regime.  IIE has the capability of testing powder materials which allows for 

accurate measurement of k* in the surface exchange controlled regime. 

(La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF) was shown to have low activation behavior of k* 

between 500-800°C indicating the surface is catalytically unchanged within the 

temperature range.  On the other hand k* for (La0.8Sr0.2)MnO3 (LSM) was observed to 

increase with decreasing temperature.  This behavior is consistent with a precursor-

mediated mechanism in which there is no energy barrier for chemisorbed dissociative 

adsorption.  Composite cathodes were tested and results showed that when a pure 

electronic conductor is combined with a pure ionic conductor, k* increases to higher 

values than either of the pure materials alone.  k* for different A- and B-site 

stoichiometries of lanthanum ferrites, cobaltites, and manganites were also measured.  

The mixed ionic and electronic conductors were shown to exhibit higher k* values than 



 

17 

the pure electronic conductors indicating the importance of having both electrons and 

oxygen vacancies present for ORR  These results provide guidance for improving k* of 

SOFC cathodes and suggestions for optimization were made.
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CHAPTER 1 
INTRODUCTION 

Modernization of industrial processes and transportation methods over the last two 

centuries has created a social and political culture confronted with concerns of 

environmental health and safety as well as natural resource limitations.  An increasing 

amount of attention is being focused on engineering clean, renewable, and sustainable 

energy sources to limit harmful emissions created by processes involving the burning 

and combustion of hydrocarbons derived from fossil fuels.  Many technologies such has 

hydrogen fuel cells, solar cells, hydropower, wind, geothermal, and battery systems 

have been proposed, and in many cases, are being implemented already.  In addition, 

to accurately measure the low concentration byproducts of existing and new processes, 

more sensitive and selective gas sensing technologies are being developed. 

In 1971, the United States Congress passed a bill that became the Clean Air Act 

[1], initiating regulations on stationary and mobile emissions.  Since then, it has been 

amended several times with the most significant revisions occurring in 1990.  Among 

the harmful emissions to be limited are carbon monoxide, carbon dioxide, nitrogen 

oxides (NOx), sulfur oxides (SOx), particulate matter, and volatile organic compounds 

(VOCs).  These gas emissions contribute to environmental pollution such as acid rain, 

smog, and ground ozone, and health issues such as respiratory infection, aggravation 

of existing health conditions, and failure to absorb oxygen resulting in fatality.  With the 

production of more automobiles, planes, ships and other modes of transportation that 

utilize combustible fuels, there is a pressing need to reduce their harmful emissions.  

According to the Environmental Protection Agency, regional air quality is being 

monitored in multiple locations for pollutant levels [2].  This system is useful for 
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estimating overall levels, but concentrated levels of harmful gases such as NOx are 

emitted locally wherever gasoline or diesel is burned.  Individuals interacting closely 

with these sources on a daily basis will be more affected than those who are not in the 

proximity.  Currently there are no devices that can accurately measure the low 

concentration of NOx emissions from automobiles, so standards are somewhat 

subjective.  Potentiometric gas sensors, which operate by the generation of a potential 

response when gas molecules adsorb and catalytically decompose on the surface of 

catalysts, have shown promise to detect such gases.  However, characterization 

regarding sensing mechanism and materials selection are outstanding issues that need 

to be resolved. 

Aside from emissions of combustible hydrocarbon fuels, there is also the problem 

of limited resources.  Fossil fuels are not unlimited, though it is not known exactly the 

totality of supply available, and it is estimated that under current consumption rates, 

supply could be depleted within the next half century if current power generation is not 

supplemented by other fuels or renewable energies [3].  One promising technology that 

could be used to help alleviate the burden is solid oxide fuel cells (SOFC).  SOFCs 

convert chemical energy into electrical energy with the potential for up to 70% efficiency 

compared to 30% efficiency from internal combustion engines limited by the Carnot 

cycle.  SOFCs are most efficient when operating with hydrogen as the fuel, but have the 

benefit of still being more efficient than internal combustion engines when operating with 

hydrocarbon fuels and they evolve significantly lower concentrations of harmful 

emissions.  However, there are still obstacles to overcome.  SOFCs operate at high 

temperatures (800-1000°C), which makes materials costs prohibitive.  Therefore, there 



 

20 

is a driving force to make these materials less expensive and easier to design, which 

can be achieved by lowering the operating temperature.  However, when the operating 

temperature is lowered, the kinetics of the electrochemical reactions that take place on 

the surface of the electrodes, which are thermally activated, decrease causing 

polarization (efficiency) losses.  The electrochemical reaction of particular concern takes 

place on the cathode where oxygen is reduced.  It is well known that oxygen is reduced 

faster with certain catalysts, but what is not well understood is the mechanism of the 

surface reaction.  New characterization techniques are needed to aide in the 

fundamental understanding of the oxygen reduction reaction. 

Both gas sensor and SOFC technology can be achieved with the same type of 

materials used for electrolytes and electrodes.  In particular, lanthanum ferrites and 

manganites with the perovskite structure have been identified as excellent catalysts for 

the detection of NOx in gas sensors and the reduction of oxygen in SOFCs.  However, 

further characterization is needed to understand the surface activity and kinetic behavior 

of these materials. 
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CHAPTER 2 
BACKGROUND 

2.1 Heterogeneous Catalysis 

Potentiometric gas sensors and solid oxide fuel cells (SOFC) function because of 

the use of materials that facilitate or catalyze surface reactions.  Catalysis is the 

acceleration of a reaction by chemical compounds without the net alteration of the 

chemical compounds (i.e. the chemical compounds assist in the reaction).  

Homogenous catalysis occurs when the catalyst is soluble in the reaction medium.  

When the catalyst is a separate phase from the reaction medium, the term used to 

describe the reaction is heterogeneous catalysis. 

In the case of gas sensors, heterogeneous catalysis takes place on the electrodes 

where gaseous species, such as NO or NO2 adsorb, dissociate, and combine with other 

surface species, such as adsorbed and dissociated O2, to form other surface species.  

Examples of formed surface species include nitrite (NO2
-) and nitrate (NO3

-) species.  

These reactions taking place simultaneously on two different catalytic electrodes 

creates a potential difference, which is used as a sensor response. In the case of an 

SOFC, the cathode needs to be catalytic toward the reduction of oxygen while the 

anode needs to be catalytic toward the oxidation of hydrogen.  For both gas sensors 

and SOFCs, these reactions take place between a gas phase and a solid phase, thus 

they are heterogeneous reactions. 

2.2 Potentiometric Gas Sensors 

Potentiometric gas sensors are made up of two electrodes sandwiching a solid 

electrolyte.  In response to electrochemical reactions taking place at each electrode, the 

electrical potential changes and that potential difference is the output signal used to 
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determine gas concentrations the electrodes are exposed to.  There are several types 

of potentiometric sensors that can be or are used for different applications.  The most 

common is the λ-sensor used as an oxygen sensor in automotive combustion engines.  

The response for this type of sensor is based solely on thermodynamics and can be 

described by Nernst’s law.  However, when electrodes catalytic toward the oxidation or 

reduction of multiple reactions are used, the response can no longer be attributed purely 

to thermodynamics and kinetics must be considered.  In this case, non-Nernstian 

behavior is observed. 

2.2.1 Nernstian Behavior 

A standard λ-sensor has a dense, oxygen ion conducting yttria stabilized zirconia 

(YSZ) electrolyte with two porous platinum electrodes.  One electrode is exposed to air 

and is used as a reference, while the other is exposed to the gas stream to be 

measured.  At high enough temperatures, the YSZ becomes conductive and oxygen 

ions are in equilibrium at the interface of each electrode/electrolyte pair according to Eq. 

2-1. 

−− ↔+ 2
2 O2e4O   (2-1) 

The electrolyte must be in electrochemical equilibrium.  Since an ionic gradient 

exists if the pO2 at the sensing electrode is different than that of the air reference, a 

compensating electrical gradient also exists which creates and electromotive force 

(EMF) response according to Nernst’s law (Eq. 2-2). 

)
pO

pO
ln(

F4
RTE

)ref(2

)sense(2=    (2-2) 
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E is the potential response, R is the universal gas constant, T is temperature, F is 

Faraday’s constant, pO2(sense) is the oxygen partial pressure of the stream to be 

measured, and pO2(ref) is the partial pressure of the air reference. 

This type of sensor has been used successfully in automobiles to monitor and 

control the air to fuel ratio of combustion engines since the 1970’s.  It is able to 

withstand operating temperatures up to 900°C and has a lifetime of 100,000 miles [4].  

However, this type of sensor is only useful for detecting oxygen and cannot be used to 

detect small concentrations of combusted effluents such as CO, CO2, CH4, and NOx. 

2.2.2 Non-Nernstian Behavior 

To measure low concentrations of combusted effluents, metal-oxide 

semiconductor materials have been used as electrodes instead of platinum.  These 

metal-oxides contain transition metal cations, which have been shown to be good 

catalysts towards the oxidation or reduction of combusted effluents as outlined in 

several reviews on solid-state gas sensors [5-7].  Since a typical combustion stream 

contains multiple gases that may react on an electrode, depending upon whether 

electrons are donated or received and the space-charge layer created by adsorbates, 

the electrical potential of the electrode changes thereby changing the potential response 

between the sensing electrode and the reference electrode.  No longer is the EMF 

response from thermodynamic equilibrium, but the kinetics of the reactions must be 

accounted for to explain the electrochemical potential between the two electrodes.  

Since the Nernst equation cannot describe this behavior, it is considered non-Nernstian. 

One advantage of using metal-oxides as catalysts to measure low concentrations 

of combustible effluents is that both electrodes can be exposed to the same gas stream.  

If one electrode is a better catalyst for oxidation or reduction than the other, a potential 
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response will be generated as the electrochemical potential of one electrode will change 

must faster than the other. 

2.2.3 Mixed Potential Theory 

One of the common interpretations to describe the potential response between two 

electrodes associated with multiple electrochemical reactions occurring simultaneously 

is the Mixed Potential Theory [8, 9].  This theory states that the potential difference 

between two different electrodes is attributed solely to the reduction and oxidation 

couple taking place at each electrode.  For example, in an NO and O2 containing gas, 

the cathodic and anodic reactions can be considered to proceed according to Eqs. 2-3 

and 2-4 respectively. 

−− →+ 2
2 O2e4O   (2-3) 

−− +→+ e4NO2O2NO2 2
2    (2-4) 

If the electrodes are in two different environments, then the cathodic reaction takes 

place on the reference electrode and the anodic reaction takes place on the sensing 

electrode.  If both electrodes are in the same environment then both anodic and 

cathodic reactions will take place on both electrodes.  However, this does not account 

for adsorption/desorption behavior, which on a semiconductor, results in a change in the 

Fermi level at the surface. 

2.2.4 Differential Electrode Equilibria 

Differential Electrode Equilibria incorporates both the thermodynamic and kinetic 

contributions of catalytic semiconducting metal-oxides [10].  At high temperatures, 

where kinetics are fast, Mixed Potential Theory may be able to fully explain the potential 

difference between electrodes, however at lower temperatures the electrochemical 
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reaction is only one contribution to the potential difference.  One of the best examples is 

the theoretical thermodynamic equilibrium of NO at high temperatures.  NO should 

decompose to N2 and O2, however this has been shown not to occur over several 

metal-oxide catalysts [11, 12].  Since NO never achieves thermodynamic equilibrium, it 

is clear kinetic contributions are affecting the potential response that cannot be 

explained by Mixed Potential Theory. 

Differential Electrode Equilibria suggests non-equilibrium behaviors exist on the 

surfaces of the electrodes that change the local gas concentration.  In addition, the 

surface species formed either donate or accept electrons, changing the Fermi level of 

the electrode and further altering the potential response.  The best example of this is the 

differences in sign of the response signal for oxidizing (NO2) and reducing (CO) species 

on p-type (LaFeO3) and n-type (WO3) electrodes [13].  On the p-type material, NO2 

adsorption results in a decrease in potential response relative to a platinum reference 

electrode, but on the n-type material an increase in potential is observed.  In the case of 

the reducing gas the opposite response is seen.  Adsorption causes an increase in 

potential response on the p-type material and a decrease in potential on the n-type 

material.  If the electrochemical reactions taking place at the electrodes were the only 

contributions to the potential response, both p-type and n-type semiconducting 

materials would give potential responses with the same sign.  Therefore Differential 

Electrode Equilibria has been shown to be a more comprehensive explanation for 

sensor response than Mixed Potential Theory. 

2.3 Solid Oxide Fuel Cells 

SOFCs are devices that convert chemical energy into electrical energy, similar to a 

battery.  However instead of stored chemical energy, the chemical energy is constantly 
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supplied to the device in the form of a gas.  SOFCs operate at high temperatures in 

excess of 800°C.  One of the benefits of SOFCs is their ability to reform hydrocarbon 

fuels, but they function most efficiently with pure hydrogen.  When hydrogen is used as 

the fuel, the byproduct of the overall reaction is water, which makes SOFCs attractive 

devices for their environmental friendliness. 

2.3.1 Function 

An SOFC is composed of two electrodes and an electrolyte.  A dense oxygen ion 

conducting electrolyte separates two porous electrodes.  The anode is composed of 

materials catalytic toward the oxidation of hydrogen according to Eq. 2-5. 

−+ +→ e2H2H2    (2-5) 

The cathode is composed of materials catalytic toward the reduction of oxygen 

according to Eq. 2-6. 

−− →+ 2
2 O2e4O    (2-6) 

The oxygen ions formed as a product of reduction then conduct through the electrolyte 

to the anode where it combines with oxidized hydrogen ions to produce water while 

electrons produced according to Eq. 2-5 flow through a load connected to the fuel cell 

(Eq. 2-7).  The overall reaction takes place according to Eq. 2-8. 

OHOH2 2
2 →+ −+    (2-7) 

OH2OH2 222 →+    (2-8) 

A diagram of an operating fuel cell is shown in Fig. 2-1. 

2.3.2 Efficiency 

An SOFC generates a voltage which is the potential energy generated by the 

electrochemical potential difference between the two electrodes.  This is commonly 
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referred to as the open circuit voltage or potential (OCV).  For a reversible fuel cell, the 

OCV is given by Eq. 2-9. 

zF
gΔE f−

=    (2-9) 

Where E is the electromotive force or OCV, fgΔ  is the molar specific Gibbs free energy 

of the overall reaction, z is the number of electrons transferred for each molecule of fuel, 

and F is Faraday’s constant (96,485 C).  In reality, the fuel cell is not reversible and 

there are several irreversible energy losses. 

There are three types of irreversible losses associated with the voltage generated 

by a fuel cell when applied to a load.  The losses are seen in Fig. 2-2.  The first portion 

of loss is due to the activation polarization of the electrodes.  These losses are lessened 

with higher catalytically active materials that exhibit rapid adsorption, dissociation, 

charge-transfer, and incorporation of oxygen into the lattice. 

The second portion of losses are due to the ohmic resistances of the anode, 

cathode, electrolyte, and interconnect materials.  Unlike activation polarization losses, 

these losses obey Ohm’s law, which is why they are called ohmic losses.  Using 

materials with high electronic and ionic conductivities reduces this type of loss as well 

as using a thin electrolyte layer since the ohmic losses associated with the electrolyte 

are due to ionic conductivity which is much lower than the electronic conductivity of the 

rest of the materials. 

Finally, there can be losses from mass-transport limitations of reactants to the 

electrodes.  If products are not swept away or reaction kinetics are faster than the flow 

of reactant fuel, losses will occur and are commonly referred to as concentration 

polarization losses. 
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2.3.3 Mechanism of Oxygen Reduction Reaction 

The current industry trend for SOFC fabrication is to lower the operating 

temperatures to decrease start-up times, decrease expenses associated with using 

high-temperature materials, and increase seal flexibility.  By decreasing the 

temperature, the activation polarization losses associated with the electrochemical 

reduction of oxygen on the cathode increase, and become the highest contribution.  To 

develop ways of improving the kinetics, the mechanisms by which oxygen reduction 

occur must be understood.  Over the last 15-20 years, many researchers have sought 

to explain the complicated ORR with varying degrees of success and no agreed upon 

standard. 

A thorough review of the state of ORR understanding was written by Adler in 2004 

[14].  One overarching conclusion is that there is not one rate-limiting step that can be 

applied to all electrodes and may not be applied to any.  Since O2 is thermodynamically 

stable even at high temperatures, the chemical steps involved, including adsorption, 

dissociation, and transport often times mask or overlap time-scales associated with 

charge transfer or interfacial electrochemical kinetics.  In particular, the microstructure 

and polarization history of the electrode play a significant role in emphasizing certain 

steps.  For example, lower sintering temperatures and times provide an increase in 

porosity and surface area for reactions to occur, but decrease the interfacial contact 

area between the electrode and electrolyte where incorporation and transport occur.  

On the other hand, higher sintering temperatures and times result in increased 

interfacial contact, with less porosity and surface area for the reactions to occur.  

Usually there is a compromise between the two.  Additionally, composite electrodes that 

are designed to increase interfacial contact and surface area of the catalyst further 
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convolute the chemical and electrochemical steps of the ORR.  Fig.2-3 shows a 

depiction of all possible steps involved in the ORR on a platinum/YSZ [15].  Combining 

Adler’s conclusions with the diagram of possible elementary steps, it is no surprise that 

deconvolution is a non-trivial matter.  Furthermore, Adler also concludes that there is a 

need for in-situ measurements of surface reactions in ambient pressure as a function of 

temperature, pO2, and polarization, which at this time has eluded researchers in this 

field. 

2.4 Perovskite Materials 

2.4.1 Engineering of Lanthanum Based Perovskites 

The ABO3 perovskite materials, where A and B are metal cations, have proven to 

be the best materials for cathodes up to this point because of their tunability.  Properties 

such as electronic and ionic conductivity, phase stability, and thermal expansion 

coefficients (TEC) can be adjusted with the choice of A and B-site metal cations.  The 

most stable configuration at SOFC operating temperatures is when the A-site cation has 

a similar ionic radius to oxygen (1.4 Å), the B-site cation is small enough to fit in the BO6 

octahedra position between the O anions, and both A and B-site cations are in the 3+ 

valence state.  Goldschmidt developed the tolerance factor as a metric for configuration 

stability according to Eq. 2-10 [16]. 

)rr(2
rrt

OB

OA

+

+
=    (2-10) 

In this equation, t is the tolerance factor, rA and rB are the radii of the A- and B-site 

cations respectively, and rO is the radius of the oxygen anion.  When t=1, the cubic 

phase, and the most closed packed configuration, of the perovskite is preserved.  The 

further from t=1, the more distorted the lattice becomes.  For these reasons, lanthanum 
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is chosen as the A-site cation because it has an ionic radius closest to oxygen.  

Transition metals are chosen as B-site cations to adjust electronic properties, but they 

must also fit in the octahedra sites without creating a strain in the lattice. 

The above reasoning was the framework that generated well known cathode 

materials (La0.8Sr0.2)MnO3 (LSM) and (La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF).  The 

substitution of Sr2+ on the La3+ site created a charge imbalance that was compensated 

for by the oxidation of Mn3+Mn4+.  The result was an increase in the electronic 

conductivity, which for the Mn3+/Mn4+ couple resulted in p-type semiconducting 

behavior.  In LSM, like many perovskites with electrical conductivity, conduction occurs 

by small polaron hopping along the B-O-B chains made up by the Mn3+/Mn4+ couple 

according to Eq. 2-11.   

1n1n MhM +++ →+    (2-11) 

The closer the packing and less the cell is distorted, the easier it is for electronic 

species to move. 

It was thought that since the ORR requires oxygen vacancies and electrons, 

creating an ionically and electronically conductive material would be ideal for fuel cell 

operation, especially at lower temperatures.  LSCF was engineered for this purpose.  

Sr2+ substitution on the La3+ sites still resulted in a charge imbalance, but unlike 

manganese, cobalt and iron are thermodynamically more stable in the 2+ and 3+ 

valence states.  This results in charge compensation through the generation of oxygen 

vacancies and oxygen non-stoichiometry results [17].  Because of this, ionic 

conductivity as well as p-type semiconducting electronic conductivity exists.  However, 
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total conductivity and thus electronic conductivity is still lower than LSM at high 

temperatures [18]. 

2.4.2 Lanthanum Manganites 

LaMnO3+δ (LMO) is unique among the perovskites in that it is oxygen 

superstoichiometric.  Of the three B-site cations reviewed here, it favors oxidation the 

most.  It has excess oxygen because manganese favors the 3+ and 4+ valence states, 

so additional oxygen ions balance the charge on the lattice.  Because of this, LMO 

exhibits intrinsic p-type conductivity.  No evidence has been found for the existence of 

interstitial oxygen atoms, so to accommodate the additional oxygen, it has been shown 

by neutron diffraction and high-resolution transmission spectroscopy that cation 

vacancies exist on the A- and B-sites [19, 20].  However, there is disagreement as to 

the ratios of lanthanum and manganese vacancies.  The general molecular formula, 

which assumes equal vacancies between A- and B-site cations, was written by Van 

Roosmalen et. al. [20] as follows, where Δ is a cation vacancy. 
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The tendency for Mn3+ to oxidize makes it difficult to create oxygen vacancies in 

LMO.  Normally for perovskites this is done by substituting a cation of lower valence, 

such as Sr2+, on the A-site, but with LMO, manganese compensates for the divalent 

substitution by oxidizing from the 3+ to the 4+ valence state, thereby creating more 

Mn3+/Mn4+ couples, which increases the p-type conductivity from 150 S/cm [21] to 200 

S/cm [22] at 900°C.  (La0.8Sr0.2)MnO3+δ (LSM) has high electronic conductivity but very 

minimal ionic conductivity because of manganese oxidation.  However, LSM does have 

a TEC (11.7x10-6 K-1) [22] close to (Y2O3)0.08(ZrO2)0.92 (YSZ) (10.5E-6 K-1) [23] and is 
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electrocatalytic toward the reduction of oxygen, which is why it has become a standard 

cathode material. 

2.4.3 Lanthanum Ferrites 

Mizusaki et. al. conducted a thorough study on the electronic conductivity and 

defect structure of LaFeO3 (LFO) [24].  LFO is oxygen deficient and was shown to have 

p-type semiconducting behavior.  Iron can be stable in valence states 2+, 3+, and 4+.  

Mizusaki showed LFO has a low concentration of lanthanum vacancies, which is 

balanced by a low concentration of oxygen vacancies and Fe3+/Fe4+ oxidation couples.  

Holes conduct via small polaron hopping from B-site to B-site by changing valence 

state.  Conductivity is very low for LFO.  Mizusaki measured an electrical conductivity of 

0.6 S/cm at 1000°C. 

By substituting Sr2+ on the La3+ site, electrical and ionic conductivity is 

substantially increased.  Bongio et. al. reports electrical conductivity as high as 350 

S/cm at 550°C [25] for La0.5Sr0.5FeO3-δ (LSF) with a transition from semiconductive to 

metallic conductivity at about the same temperature, while Yaremchenko et. al. reports 

ionic conductivities between 0.10-0.35 S/cm at 750-950°C for La0.3Sr0.7FeO3-δ [26].  The 

increase in ionic conductivity is thought to be of particular aide in reducing polarization 

losses associated with ORR at lower temperatures.  The compatible electrolyte, 

because of similar TECs (~12E-6 K-1) [27, 28], is (Ce0.9Gd0.1)O2-δ (GDC), which is a fast 

ionic conductor at intermediate temperature operation. 

2.4.4 Lanthanum Cobaltites 

(La1-xSrx)CoO3-δ (LCO), unlike LMO, is oxygen deficient in the temperature range 

25-800°C.  Seebeck coefficient measurements by Mizusaki et. al. [29] show that LCO is 

a p-type semiconductor up to ~800°C, where conduction changes to metallic.  Since 
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LCO is both a p-type semiconductor and oxygen deficient, the cobalt ion, which, like 

iron, is stable in the 2+, 3+, and 4+ valence states has some proportion of these.  Petrov 

et. al. reported the tetravalent concentration of cobalt (Co4+) to be 0.005 [30].  Therefore 

there is some Co2+ as well to account for the oxygen deficiency. 

When a divalent ion such as Sr2+ is substituted on the A-site, p-type conductivity 

increases due to an increase in Co3+/Co4+ couples, and the semiconductor to metallic 

transition temperature decreases.  Ionic conductivity also increases because of the 

creation of oxygen vacancies, which also accommodate the charge imbalance from Sr2+ 

substitution.  The chemical formula for LSC can then be written as follows [30]. 

y3
4

y2x
3

y2x1xx1 OCoCoSrLa −
+
−

+
+−−  

Though LSC shows high electrocatalytic activity toward the reduction of oxygen and 

substantial electronic conductivities, the main problem with using it as an SOFC 

cathode is that it has a high TEC (18.5-23.7x10-6 K-1) [27, 31, 32]. 

One way to increase the electrical conductivity without sacrificing ionic conductivity 

and keeping the TEC close to GDC is to combine the properties of LSC and LSF by 

substituting some of the iron for cobalt cations.  When this is done, electrical 

conductivity has been shown to be between 100-340 S/cm in the temperature range 

500-900°C for La0.6Sr0.4Co0.2Fe0.8O3-δ [17, 31, 33, 34].  Ionic conductivity was shown to 

be similar to LSC by Stevenson et. al. with measurements of 0.23 S/cm at 900°C [35].  

Tai et. al. confirmed TEC values of 15.3x10-6 K-1 between 100-600°C were within 

acceptable limits of GDC [17]. 
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2.5 Experimental Techniques 

2.5.1 Mass Spectrometry 

Mass spectrometry is a technique that can be used to analyze the composition of 

a gaseous sample.  Gaseous molecules interact with an orthogonally directed high-

energy electron beam so that an electron is ejected from the molecule, resulting in a 

positively charged ion. 

In the case of a quadrupole mass spectrometer there are four round electrodes 

oriented in a square with opposite charge polarities on every other one such that an 

ideal hyperbolic electric field exists.  A combination of DC and RF voltages are used to 

selectively transmit ions through the quadrupole for detection.  Ions that are not 

selectively transmitted follow an unstable path and are neutralized at the quadrupole 

electrodes. 

The concentration of ions is measured using a Faraday cage where each ion that 

is detected is counted.  If gas concentrations are very low, a multiplier is used to 

increase the mass spectrometer signal.  In this case, a calibration is conducted to 

convert the signal to real values.  A quadrupole mass spectrometer can be used in a 

variety of experiments to characterize the catalytic and kinetic behavior of materials. 

2.5.1.1 Temperature programmed desorption (TPD) 

Temperature programmed desorption (TPD) is a powerful technique used to 

measure the adsorption/desorption behavior as well as the irreversible electrochemical 

reactions at the surface of catalysts.  A typical experiment involves the pretreatment of a 

sample in an oxygen atmosphere to ensure the surface is restored to its equilibrium 

state and is free of any contaminants.  Following pre-treatment, the sample is cooled to 

the temperature at which adsorption takes place.  A gas is adsorbed for 30 minutes or 
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more and cooled to room temperature under the same flow.  The long adsorption times 

are designed to saturate the surface of the material with the adsorbate.  By doing so, 

the adsorption capacity can be determined by integrating the area under the desorption 

peaks.  Once at room temperature, an inert gas, typically helium is set to flow over the 

sample until a steady state signal is reached.  With a controlled ramp rate, the sample is 

heated to 800°C while gas effluents are monitored. 

Adsorbed species have different bond strengths on the surface and will desorb at 

different temperatures.  The number and size of desorption peaks observed give 

evidence of different activation energies for desorption and different surface species 

altogether as some adsorbates may rearrange to form other species.  The specific 

species is unable to be identified from TPD alone and is often used in conjunction with 

infrared spectroscopy. 

2.5.1.2 Temperature programmed reaction (TPR) 

Temperature programmed reaction (TPR) is similar to TPD except the sample is 

under continual flow of reacting gas while it is heated.  Following the pretreatment 

described above, a reacting gas balanced by helium is allowed to come to equilibrium 

with the sample at room temperature.  Once a steady-state signal has been achieved, 

the sample is linearly heated under flow of the reacting gas.  The effluent gas 

composition is again monitored as a function of temperature and time. 

The benefit of TPR, as noted by Falconer and Schwarz [36] in their review, is that 

rate of reactions are directly measured.  As the surface environment changes, the 

activities and number of sites of catalysts change also.  Using TPR, one can monitor the 

changes unlike stead-state experiments.  Though temperature programmed methods 

provide transient kinetic information, the interpretation of such data is nontrivial and 
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every system may exhibit different convoluted results.  Usually data is combined with 

results from other experiments such as TPD to draw reasonable conclusions. 

2.5.1.3 Isotope exchange 

One way of studying the oxygen exchange behavior of metal-oxide catalysts is by 

using tracer oxygen (18O2)  One of the most common ways this is done is isotope 

exchange depth profiling (IEDP) with secondary ion mass spectrometry (SIMS) [37, 38].  

In this type of experiment, a dense bar is heated to a temperature high enough for rapid 

oxygen exchange (600-1000°C), equilibrated in a high concentration of 16O2, and then 

the atmosphere is exchanged with 18O2 and the sample is annealed.  18O2 adsorbs on 

the surface, dissociates and exchanges with lattice 16O.  After annealing, the sample is 

quenched, locking the 18O in the lattice.  Finally, the sample is depth profiled layer by 

layer to determine the diffusion profile of 18O atoms over thickness of the sample.  The 

diffusion profile can then be fit to Crank’s [39] solution to the diffusion equation to 

extract the diffusion coefficient (D), a bulk property, and the surface exchange 

coefficient (k), a surface property.  These kinetic rate coefficients quantify the rate of 

oxygen exchange. 

Alternatively, another use of isotope exchange can be done in-situ with powder 

materials.  In an isothermal isotope exchange (IIE) experiment [40], the sample is 

heated to a temperature to be tested and equilibrated in continuous flow of a 16O2 

atmosphere.  In a separate line, an equal pO2 of 18O2 is flown.  The lines are switched 

and the rise and fall of m/z signals 32 (16O2), 34 (16O18O), and 36 (18O2) are monitored 

with a quadrupole mass spectrometer.  By this method, the actual exchange of oxygen 

can be observed with the removal of lattice oxygen from the fall of the 32 signal, the 

incorporation of lattice oxygen from the rise of 36 and the surface activity from the rise 
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and fall of the scrambled product seen from the 34 signal.  Like SIMS, accumulation 

profiles verses time can be processed and modeled with Crank’s [39] solution to the 

diffusion equation to extract kinetic parameters D and k. 

2.5.5 Diffuse reflectance infrared spectroscopy (DRIFT) 

When a sample contains an adsorbate on its surface, the species each have a 

vibrational signature related to its bonding.  Diffuse reflectance infrared spectroscopy 

(DRIFT) can be used to identify different vibrational modes of surface species.  A 

sample is typically mulled with potassium bromide (KBr), which serves as a reflective 

medium to accentuate the amount of signal absorbed by the sample.  IR peaks are a 

result of signal absorbed by the sample at a particular frequency.  Peak frequencies 

are then assigned and surface species are identified by their vibrational signature. 
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Figure 2-1.  Diagram depicting the function of a solid oxide fuel cell. 

 

Figure 2-2.  Solid oxide fuel cell voltage losses compared to theoretical voltage. 
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Figure 2-3.  Possible pathways for oxygen reduction illustrated with a platinum electrode 
and YSZ electrolyte [15]. 
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CHAPTER 3 
NOx ADSORPTION BEHAVIOR OF LaFeO3 AND LaMnO3+δ AND ITS INFLUENCE ON 

POTENTIOMETRIC SENSOR RESPONSE 

3.1 Introduction 

An increase in pollution and health concern over the harmful effects of NOx 

emissions from automobiles, electricity generation, and other sources have created a 

demand for improved gas sensors for their detection and catalysts for their reduction [2].  

Necessary gas sensor requirements include selectivity and sensitivity to NOx detection, 

stable response for long periods of time at operating temperatures between 400 and 

1000°C, and low cost.  Potentiometric solid-state sensors using metal-oxides (Cr2O3 [41, 

42], La2CuO4 [43-46], LaFeO3 [13, 47-54], LaMnO3 [55, 56], and WO3, [12, 57]), yttria 

stabilized zirconia (YSZ), and noble metals (Au and Pt) as the sensing electrode, 

electrolyte, and counter electrode respectively, have shown promise to meet these 

stringent criteria. 

The NOx sensing mechanism of these potentiometric sensors has been described 

by Mixed Potential Theory which attributes the potential response to the electrochemical 

reactions taking place on the electrodes [55, 56, 58, 59].  However, in the case of metal-

oxide semiconducting electrodes, such as LaFeO3 and LaMnO3, adsorption of NOx 

species alters the Fermi level in the oxide and contributes to the potential response.  

Therefore a more comprehensive mechanism called Differential Electrode Equilibria that 

considers adsorption behavior in addition to the response from electrochemical 

reactions was developed [10] 

Temperature programmed desorption (TPD) and reaction (TPR) are two 

techniques used to investigate the gas adsorption and catalytic behavior of materials.  

TPD can be used to investigate relative binding energies of different adsorbed species, 
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surface complex formation, and total adsorption.  TPR can be used to investigate the 

kinetic limitations of gas phase reactions on a given material in comparison with 

thermodynamic equilibrium calculations.  Both techniques have been used extensively 

to study the catalytic properties of numerous materials. 

Diffuse reflectance infrared spectroscopy (DRIFT) is a technique used to measure 

the bond vibrational frequencies of adsorbed surface species.  Each species has a 

vibrational signature that can be used for identification, and when used in conjunction, 

TPD, TPR, and DRIFT can provide information about surface reactions that is useful for 

mechanistic evaluation.  Huang et al. [60] and Van Assche et. al. [45] used similar 

methods to conduct extensive mechanistic analysis of NO adsorption and 

decomposition on lanthanum oxide and lanthanum copper oxide respectively. 

LaFeO3 (LFO) and LaMnO3+δ (LMO) were selected for TPD, TPR, and DRIFT 

analysis to compare materials with similar parent crystal structure (perovskite), but 

possessing different B-site cations.  Iron has a valence charge of 3+ in LFO [61] and 

manganese has valence charges of 3+ and 4+ in LMO [62, 63].  The combination of 

analysis techniques allowed for the mechanistic understanding of surface reactions and 

their impact on potentiometric sensor response. 

3.2 Experimental 

LFO and LMO powders were prepared by aqueous combustion synthesis using 

ethylene glycol fuel [64].  Lanthanum nitrate and iron nitrate solutions were mixed with 

ethylene glycol in a stoichiometric oxidizer to fuel ratio for LFO synthesis.  Manganese 

nitrate was substituted for iron nitrate for the synthesis of LMO.  Once solutions were 

adequately mixed, water was evaporated at 70°C until a viscous gel remained.  Gels 

were placed on a hot plate and heated at 10°C/min until auto-ignition ensued, resulting 
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in the production of homogeneous powders.  Powders were calcined at 400°C followed 

by grinding and further calcination at both 600 and 800°C.  Finally, powders were ball 

milled in ethanol for 24 hours, dried, and sieved. X-ray powder diffraction (XRD) using a 

CuKα radiation source was used to confirm phase purity of both materials.  The final 

specific surface areas were 12.8 and 4.6 m2/g for LFO and LMO respectively, measured 

by BET.  Final stoichiometries were La(Fe3+
0.99±0.01Fe4+

0.01±0.01)O3.01±0.01 and 

La(Mn3+
0.63±0.01Mn4+

0.37±0.01)O3.19±0.01 [64] using a redox titration technique similar to 

Jaenicke et al. [65] and Porta et al. [66]. 

3.2.1 TPD Procedure 

Adsorbing gas concentrations were 2000 ppm NO (NO), 2000 ppm NO in the 

presence of 20% O2 (NO+O2), 2000 ppm NO2 (NO2), and 2000 ppm NO2 in the 

presence of 20% O2 (NO2+O2).  All gases were research grade and balanced by helium.  

Powder samples were normalized by surface area (~0.6 m2) and supported on a quartz 

frit in the middle of a continuous flow quartz reactor.  Upstream of the sample the 

reactor had a 4 mm inner diameter, while downstream of the sample it had a 2 mm 

inner diameter to reduce gas residence time.  A thermocouple in a quartz sheath was 

placed at the surface of the sample.  The reactor was placed in the center of a custom 

made tube furnace capable of linear heating rates up to 30°C/min.  Prior to each run the 

sample was pretreated at 700°C in a 4% oxygen balanced by helium mixture flowing at 

25 cm3/min. to ensure consistent lattice oxygen content and to remove any surface 

contaminants.   

After the pretreatment, samples were cooled to 300°C at 30°C/min. under the 

same gas flow as the pretreatment.  Once the sample reached 300°C, the adsorbing 

gas was flowed over the sample for 30 min., followed by cooling to 50°C at 5°C/min. 
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under the same gas flow.  Below 50°C, the gas was switched to helium and allowed to 

equilibrate for 16 hours.  Once equilibrated, the sample was heated at 30°C/min. to 

725°C in helium and the desorbed gas effluent was measured using an Extrel 

quadrupole mass spectrometer (MS).  All gases were flown at the same rate of 25 

cm3/min. 

3.2.2 TPR Procedure 

Samples were cooled to below 50°C at 30°C/min. under the same gas flow as the 

pretreatment.  The sample was kept under helium flow while reactant gases were mixed 

for 30 min. in a separate line.  An automatic switch was initiated and the reacting gases 

were flowed over the sample.  Once a steady state MS signal was reached, the sample 

was heated at 30°C/min. to 725°C while the gas effluent was monitored by the mass 

spectrometer.  In the case of LFO, the samples continued to adsorb NO2 for some time 

at room temperature.  To prevent excessive adsorption, heating was initiated 12 min. 

after the switch.  The reactant gas used was 1000 ppm NO2 balanced by helium. 

3.2.3 DRIFT Procedure 

A 95% potassium bromide (KBr) and 5% metal-oxide mixture was mulled for 30 

seconds.  KBr was used as a medium for reflected IR signals since it absorbs little 

signal.  The mulled samples were pretreated in the same manner as in TPD/TPR 

experiments.  Once the sample was cooled to below 50°C, it was transferred to a 

sealed container and stored in a dry box until tested.  DRIFT spectra were recorded 

using a Nicolet Magna 760 IR under dry nitrogen at room temperature.  Dried KBr was 

used as a background to further accentuate the adsorbate species on the metal-oxide.  

Spectra were processed by subtracting H2O and CO2 characteristic peaks as both 
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molecules could easily adsorb from atmosphere during transfer.  OMNIC software was 

used to assign peak values for species identification. 

3.3 Results 

3.3.1 LFO TPD and TPR 

TPD spectra of LFO NO and NO+O2 adsorptions are shown in Fig. 3-1.  From the 

NO TPD, multiple corresponding NO and NO2 non-Gaussian desorption peaks were 

observed, with the addition of O2 peaks at higher temperatures, indicating 

decomposition of complex surface species.  Since the formation of complex surface 

species depends on the concentration of two reactants (NO and O2 or NO2 and O2) it is 

likely that the kinetic rate of desorption is second-order, though the order of the rate of 

desorption was not determined from these results.  Assuming the reaction rate is 

second-order, the desorption peaks would be symmetric.  A simplified approach to 

separate the individual species using a manual Gaussian peak fitting program in Excel 

was applied.  Though Gaussian peaks are symmetric, second-order desorption does 

not stipulate Gaussian shaped peaks exist.  However, this approach can be used to 

gain a general idea of the types of species that are decomposing and desorbing.  As an 

example, the deconvolution of the NO desorption peaks from the NO TPD is shown in 

Fig. 3-2.  Since the powders being tested are polycrystalline materials, a variety of 

surface site terminations could exist, each with different energetics for bonding.  

Because of this, the peak widths may vary.  This is seen in the 300°C peak in the NO 

deconvolution.  The larger width of the peak could mean it has very different energetics 

for binding of surface species than the other sites, or it could be an aberration of the 

simplified Gaussian fitting approach.  The process was repeated for all desorption 
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curves to determine peak temperatures and total species desorbed.  All curve fits had 

greater than 99% goodness of fits.   

Each desorption peak corresponds to a different surface species, each with a 

unique activation energy for desorption.  The presence of NO2 desorption after NO 

adsorption is a result of surface reactions taking place between NO and solid-state 

surface oxygen since no oxygen was added to the system in the gas phase.  When 

oxygen is added to the system, there is an increase in total species desorbed, 

particularly in the case of NO2.  The low temperature peaks that were seen in the NO 

TPD are no longer observed.  It is clear that adsorbed oxygen plays a significant role in 

the formation of surface species that decompose into and desorb NO2.  Peaks and 

desorption amounts for NO and NO+O2 TPDs are shown in Table 3-2.  In the table, it is 

seen that NO, NO2, and O2 peaks correspond to each other.  This means that it is likely 

simultaneous desorption of decomposition products is occurring. 

Similar to the NO TPDs, mixed desorption products of NO and NO2 are seen when 

NO2 is adsorbed both alone and in the presence of oxygen (Fig. 3-3).  Similar peak 

temperatures are observed for both TPDs (Table 3-3).  Increases in total desorption of 

both NO and NO2 were observed when NO2 was adsorbed in the presence of oxygen.  

In comparison to NO desorption, a larger increase in NO2 was seen.  O2 peaks 

correspond to NOx desorption peaks, indicating decomposition of complex surface 

species (i.e. nitrite and nitrate species can decompose into NO and O2 and nitrate 

species can also decompose into NO2 and O2).  Unlike the NO TPD, there are no 

desorption peaks below 200°C. 
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TPR results are compared with thermodynamic calculations in Fig. 3-4. 

Thermodynamic calculations for NO2 decomposition to NO and O2 according to Eq. 3-1 

were calculated using the Gibbs free energies of formation to determine the equilibrium 

constant as a function of temperature. TPR results show that LFO adsorbs NO2 up to 

~200°C and then begins to desorb NO2, as evidenced by the large peak at ~290°C.  At 

300°C, LFO begins to decompose NO2 to NO, but the reaction is not complete within 

the temperature range as evidenced by the nonzero NO2 concentration levels.  Using 

the equilibrium constant and initial concentrations of NO2 and O2, the concentration of 

NO over the temperature range was calculated.  From the stoichiometric relationship 

between NO and NO2, the concentration of NO2 was subsequently calculated.  The 

calculated curves are seen in Fig. 3-4. 

22 O
2
1NONO +↔   (3-1) 

3.3.2 LMO TPD and TPR 

Fig. 3-5 shows NO and NO+O2 LMO TPDs.  From the NO TPD, multiple NO and 

NO2 desorption peaks are observed, with O2 desorption peaks only corresponding to 

peaks above ~200°C.  In the presence of oxygen, NOx desorption increases, as well as 

the ratio of NO2/NO desorption.  As with LFO, NO+O2 significantly affects the surface 

reactions taking place.  In both NO and NO+O2 TPDs, the loss of oxygen is observed, 

beginning at ~480°C.  The evolution of oxygen at this temperature is referred to as β 

oxygen and is attributed to lattice oxygen release compensated by manganese 

reduction from 4+ to 3+ valence state [62].  Peaks and desorption amounts for NO 

TPDs are shown in Table 3-4. 
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Total NOx desorption from NO2 and NO2+O2 adsorption is similar for LMO (Fig. 3-

6), with the NO2 TPD showing slightly more desorption.  Oxygen does not change the 

NO2 adsorption behavior much for LMO.  The only differences are seen in some of the 

O2 to NO desorption ratios, which indicates different quantities of nitrite and nitrate 

species desorbed for each experiment (Table 3-5). Surprisingly the NO to NO2 

desorption ratio is greater for the NO2 TPD (Fig. 3-6) than the NO TPD (Fig. 3-5), 

confirming that some surface intermediate species form. 

The NO2 TPR over LMO (Fig. 3-7) shows two small desorption peaks at ~80°C 

and ~300°C, close to the 105°C and 308°C peaks seen in the NO2 TPD.  NO2 

decomposition begins at ~300°C, and is not complete within the temperature range of 

the experiment.  Thermodynamic equilibrium curves for NO2 and NO are seen in Fig. 3-

7 as well.  The LMO TPR more closely matches thermodynamic expectations than what 

was observed with LFO. 

3.3.3 LFO and LMO DRIFT 

LFO DRIFT results are seen in Fig. 3-8.  When NO and NO2 were adsorbed on 

LFO with and without O2, it was noted that DRIFT peaks were very similar.  Total 

adsorption increased in order of NO, NO+O2, NO2, and NO2+O2, consistent with TPDs.  

Peak frequencies were identified as seen in the figure. 

LMO DRIFT spectra for NO, NO+O2, NO2 and NO2+O2 are seen in Fig. 3-9.  Like 

LFO, peaks were very similar. LMO showed a greater number of peaks for NO 

adsorption in the presence of oxygen than without.  In addition, NO2 gas adsorptions 

show greater total quantities of surface vibrational frequencies than NO.  Fewer peaks 

were identified from LMO Drifts than LFO and in much lower quantities.  Identified 

peaks are labeled in Fig. 3-9. 
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From TPD it is possible to gain a general understanding of the number of species 

desorbed and identify the general species type (ionic, covalent, nitrite, or nitrate) from 

N:O atom ratios by integrating the areas under the peaks identified from the simplified 

Gaussian model, but it is not possible to identify the specific form of the species.  DRIFT 

results were used to identify possible species decomposing and desorbing from the 

surfaces of LFO and LMO.  However, experiments were conducted at room 

temperature, so the species identified are representative of the initial species upon 

heating, but it is possible that the species rearrange to form different species prior to 

decomposition and desorption. 

Interpretation of NOx complex formation using DRIFT can be very subjective due 

to the sensitive nature of NO and multi-valent cation interactions.  NO contains an 

electron in the π*
2px antibonding molecular orbital, and depending on the condition of 

that orbital (whether an electron is donated or accepted), the vibrational frequencies can 

change significantly.  Nonetheless, there has been enough data reported for NO and 

NO2 adsorption and surface formation on different metal-oxide cations that reasonable 

interpretations can be made, especially when combined with other techniques such as 

TPD/TPR.  A NOx correlation chart from Hadjiivanov et al.’s review was used for 

species identification in this study [67]. 

Identified surface species at room temperature are seen in Table 3-1.  Species 

with a ratio of N:O of 1.00 are ionic NO+ and NO-, and covalent NO.  Species with a 

ratio of N:O of 0.50 are ionic NO2
+, covalent NO2, and nitrite species with nitro or 

monodentate nitrito configurations.  Finally, the only species with an N:O ratio of 0.33 is 

transitional nitrate NO3
-. 
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3.4 Discussion 

3.4.1 TPD 

To determine the type of species desorbed from TPDs, nitrogen and oxygen 

atoms were counted.  When NO or NO2 desorb without corresponding O2 peaks, the 

ratio of N moles to O moles is 1 and 0.5 respectively.  In the case where O2 peaks 

correspond to NO and NO2 desorption peaks, nitrite or nitrate species decomposed 

upon desorption, and the same procedure was used to identify which species desorbed.  

A nitrite decomposition results in a ratio of N:O of 0.5 and for a nitrate decomposition, 

the ratio is 0.33.  In the cases where the ratio is not equal to these values, it is possible 

that multiple species decomposed and desorbed or part of the decomposition was 

retained by the surface.  These ratios can be found in Tables 3-2-3-5 and possible 

corresponding species can be found in Table 3-1. 

It is possible that the ratios can be driven down by oxygen desorption from LFO 

that takes place at 150-370°C and 390-480°C and on LMO at 300-450°C (α oxygen) 

and above 450°C, where β lattice oxygen desorbs [67, 68]  These temperature ranges 

were determined by O2 TPDs.  O2 desorption from O2 TPDs was less than 20% of O2 

desorption in the case of NO and NO2 TPDs.  It is unlikely that as much O2 adsorbed on 

the surface during NO and NO2 TPDs as would have in O2 TPDs, so it is assumed that 

most of the oxygen desorption is from decomposed species. 

3.4.2 LFO TPD 

From the NO TPD of LFO, the first three temperatures (140, 195, and 300°C) have 

small amounts of desorbed NO and NO2 relative to the two high temperature peaks, 

and no corresponding O2 desorption, therefore they are considered to be from 

ionic/covalent surface species.  From the 140°C peak, a 0.7 N:O ratio is seen and is 
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thus a combination of NO and NO2 species.  The 195°C and 300°C peaks also exhibit 

mixed ratios of 0.68 and 0.84 with the latter being comprised of more NO than the 

former. 

At 420 and 480°C, O2 desorption peaks correspond with NO and NO2 desorption 

peaks indicating decomposition of complex adsorbed species.  From the 420°C peak, a 

ratio of 0.39 suggests primarily nitrate species desorb with some accompanying nitrite.  

From the 480°C peak, the opposite is true with a ratio of 0.44 suggesting primarily nitrite 

species are desorbed.  Therefore when NO is adsorbed on LFO, nitrite species are 

more stable than nitrate. 

When oxygen was added, the ionic/covalent species disappear and the first 

desorption peak at 312°C has a ratio of 0.49.  This peak is thus decomposition of a 

nitrite species.  The three peaks that follow at 338, 412, and 479°C all have N:O ratios 

of 0.33, 0.24, and 0.32, consistent with nitrate species.  Since it is impossible to have a 

species decompose into a ratio lower than 0.33, the 0.24 ratio is an example where the 

ratio could have been driven down by oxygen desorption.  Given the low ratio, it is still 

conclusive that nitrate species decomposed and desorbed.  It is seen that the addition 

of oxygen encourages the formation of nitrate species in the case of NO adsorption on 

LFO. 

The first desorption peak in the NO2 TPD is at 305°C where a ratio consistent with 

nitrite species exists.  As temperature increases, there is a transition to nitrate species 

that desorb for the pure NO2 adsorption case at 330°C, followed by another nitrite peak 

at 424°C, and yet another nitrate peak at 474°C.  In addition, ionic/covalent species 
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desorb at 365°C since no corresponding O2 desorption is seen.  The ratio of 0.61 

suggests more NO2 than NO desorption. 

When oxygen is added, unlike the NO TPDs, the species do not change.  All 

peaks exhibit the same type of ratios.  For NO+O2, NO2, and NO2+O2, nitrate species 

are most stable. 

3.4.3 LMO TPD 

LMO TPDs all exhibit low temperature peaks with no corresponding O2 desorption 

peaks indicating ionic/covalent species desorption.  In addition, hardly any nitrite 

species are desorbed with nitrate species having the highest stability on the surfaces.  

When oxygen was added to the NO TPD, an additional nitrate peak was seen at 426°C, 

making it more stable. 

The addition of oxygen has little effect on the species formed in the case of NO2 

adsorption.  All peaks are the same except the 235 and 270°C peaks from the NO2 TPD 

combine to form one peak at 250°C when oxygen was added.  In all experiments, 

nitrate species were the most stable on LMO. 

3.4.4 Identification of NOx Surface Species on LFO 

DRIFT was used to correlate the desorption peaks from TPD with specific species, 

however, since DRIFT results were from room temperature measurements, it is possible 

surface species rearranged prior to decomposition and desorption.  From the NO TPD, 

it is seen that the largest amount of species desorbed occurred at 420°C.  At this 

desorption temperature, the N:O ratio is 0.39.  This ratio means the decomposing and 

desorbing species is a mixture of nitrate and nitrite species with nitrate being the 

majority.  The only nitrate species detected from DRIFT was free-like transitional nitrate 

at a frequency of 1391 cm-1.  Two nitrite species were detected, but were unable to be 



 

52 

distinguished due to overlap of peak frequencies.  Therefore, the remaining nitrite 

portion is either nitro, monodentate nitrito, or a mixture of the two.  The next largest 

peak from the NO TPD is at 480°C and has a N:O ratio of 0.44.  This ratio still indicates 

a mixture of nitrate and nitrite, but in this case, the nitrite species is the majority.  Since 

no other nitrate or nitrite species were detected, it is assumed that the same type of 

species are desorbing as in the case of the previous peak, just in different quantities.  

The peaks at lower temperatures were composed of mixtures of NO (NO-, NO+, NO) 

and NO2 (NO2
+ and NO2) species. 

In the NO+O2 case, there were two more peaks below 420°C in which a nitrite or 

nitrate decomposed.  In this case, free-like transitional nitrate species were identified 

desorbing at 338, 412, and 479°C in order of most to least species desorbed.  The peak 

at 312°C is purely a nitrite decomposition comprised of either nitro, monodentate nitrito, 

or a combination of those species.  All ionic/covalent species formed more stable nitrite 

and nitrate species with added oxygen, as none were detected by DRIFT. 

NO2 adsorption on LFO resulted in larger quantities of nitrite and nitrate formation 

than NO adsorption.  No ionic species were formed at low temperature, but mixed ionic 

desorption was seen at 365°C.  With a N:O ratio of 0.61, desorption is primarily NO2 by 

nature and is likely to be ionic (NO2
+) since the peak at 2400 cm-1 is much greater for 

NO2 than NO adsorption. 

With the addition of oxygen, nitrite and nitrate formation once again increases.  

The same species are formed, but are formed more readily when more oxygen is 

present either with the adsorption of NO2 instead of NO, or if O2 is present in the gas 

stream. 
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3.4.5 Identification of NOx Surface Species on LMO 

NO adsorption on LMO resulted in more straight forward N:O ratios for 

ionic/covalent species desorbing at low temperatures.  The N:O ratio for the 140°C peak 

shows a mixed desorption, but the peaks at 250 and 323°C show pure NO2 and NO 

desorption respectively.  However, the DRIFT spectra showed no measurable amounts 

of ionic/covalent species at room temperature, so they are unable to be identified. 

The peaks at 323 and 374°C also are straight forward.  The 323°C peak desorbs 

as a nitrite species that is identified as nitro species since that was the only nitrite 

detected from DRIFT.  The 374°C peak desorbs as a nitrate with some O2 desorption.  

The only identified nitrate species is the same as LFO: free-like transitional NO3
-. 

When oxygen was added, more ionic species desorbed, and in this case DRIFT 

spectra revealed ionic species on the surface of LMO at room temperature.  Most of the 

species were in the form of NO2 and the only NO2 species identified were of the form 

NO2
+.  The three highest temperature peaks have ratios exhibiting nitrate decomposition 

and desorption with the highest at 426°C desorbing some nitro species in addition. 

Unlike LFO, adsorption of NO2 resulted in an increase in ionic species formation 

and desorption at lower temperatures.  The NO2 desorptions at 308 and 175°C are all or 

almost all NO2 and can be identified from peak heights with the 308°C peak being 

covalent NO2 and the 185°C peak being ionic NO2
+.  The peak at 270°C is also easily 

identified since it is all NO.  The largest NO desorption is covalent NO.  At high 

temperatures, nitrate desorption increases relative to NO adsorption and no nitrite 

desorption is seen. 

The addition of oxygen to NO2 increased nitrate formation and caused the 

formation of some nitrite species at higher temperatures.  In the case of the nitrite 
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formation, it is possible from the DRIFT spectra that these species could be 

monodentate nitrito instead of nitro, but they cannot be distinguished due to overlap of 

peak frequencies.  Covalent NO2 and ionic NO2
+ still form, but slightly less than with 

only NO2 adsorption. 

Overall, LMO is less active for nitrite and nitrate formation and NOx species 

adsorption than LFO.  Where NO2 and O2 streams facilitated the conversion of ionic and 

covalent species to more stable higher temperature species on LFO, there was not a 

significant impact on LMO. 

3.4.6 TPR 

Though the TPD desorption ratios and DRIFT spectra match reasonably well for 

desorbing nitrite and nitrate species, it is likely that surface species are rearranging and 

forming intermediates before decomposing and desorbing at varying temperatures as 

the sample is heated.  Evidence for such behavior can be seen in the TPRs in Figs. 3-4 

and 3-7 where NO2 is converted to NO as the sample is heated in a constant gas 

stream according to Eq. 3-1. 

The reverse reaction of Eq. 3-1 is thermodynamically favorable at low temperature 

and the forward reaction is favorable at high temperature.  In the case of LFO and LMO, 

conversion begins at ~300°C, ~100°C higher than thermodynamic calculations suggest.   

It was previously shown from TPD and DRIFT that nitrite and nitrate species form on the 

surface of LMO and LFO when NO or NO2 is adsorbed from 300°C to room 

temperature.  Formed nitrite and nitrate species will decompose below the 

decomposition temperature of NO2 with nitrite species having less stability than nitrate 

[69].  In fact this is what is seen in the TPR where both LFO and LMO start to 

decompose nitrite species at ~100°C.  Further decomposition of nitrate species occur at 
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different temperatures for the two materials.  According to Yuvaraj et. al. [70], the stable 

anhydrous nitrates for iron and manganese, Fe(NO3)3 and Mn(NO3)2, have 

decomposition temperatures of ~160°C on LFO  and ~200°C on LMO.  Therefore nitrate 

species are more stable on LMO than LFO.  This is seen from TPR results since LMO 

begins decomposing nitrate species at ~200°C and LFO below ~200°C, overlapping 

with nitrite decomposition. 

Furthermore, LFO was observed to exceed the NO2 to NO conversion predicted 

by thermodynamics, while LMO lags conversion.  This is due to nitrite/nitrate formation 

and stability differences on LFO and LMO rather than the metal-oxides being more or 

less active toward decomposition of NO2. 

TPR results also show LFO to have higher adsorption capacity than LMO, 

consistent with TPD results seen from the amounts of decomposed surface species 

following low temperature adsorption.  LFO has large quantities of overlapping nitrite 

and nitrate desorption, but LMO only desorbs small quantities of nitrite and nitrate 

species with onset separated by ~100°C. 

3.4.7 NOx Sensor Mechanism 

According to Mixed Potential Theory [8, 9], the potential difference between a 

sensing electrode and a reference electrode in a potentiometric sensor is attributed to 

the redox reactions taking place on both electrodes according to Eqs. 3-2 and 3-3. 

−− +⇔+ 2
2 ONOe2NO    (3-2) 

−− +⇔ e4OO2 2
2    (3-3) 

When the sensing electrode is exposed to the reacting gas (NO or NO2) and the 

reference electrode is exposed to air, both reactions (either forward reactions of Eqs. 3-
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2 and 3-3 for NO2 exposure or reverse reactions for NO exposure) occur at the sensing 

electrode.  When NO2, an oxidizing gas, is exposed to the sensing electrode, oxygen is 

produced at the electrode and increases the potential relative to the air reference.  

Likewise, when NO, a reducing gas, is exposed to the sensing electrode, oxygen is 

consumed and the potential at the sensing electrode decreases relative to the reference 

electrode.  Therefore a positive response will be observed for NO2 exposure and a 

negative response for NO exposure.  This was demonstrated by Miura et. al. [8] for a 

CdMn2O4 spinel metal-oxide sensing electrode with a platinum air reference.  

Additionally, Brosha et. al. [56] showed this same behavior when LMO was exposed to 

CO, a reducing gas like NO, relative to a platinum air reference, though their lead 

configuration was opposite which generated a positive response. 

However, the mechanism is very complicated and involves many contributions.  

For example, it was shown that for the configuration where the sensing (LaFeO3 or 

WO3) and platinum reference electrodes were placed on opposite sides of the 

electrolyte and both electrodes were exposed to the same gas environment, LaFeO3, a 

p-type semiconductor, and WO3, an n-type semiconductor, both exhibited positive 

responses when exposed to NO2 and negative responses when exposed to NO [52, 

71].  Since both electrodes were exposed to the same gases, both reactions (Eq. 3-2 

and 3-3 for NO2 exposure or NO exposure) occurred on both electrodes, but the rates of 

reactions were different.   

In another configuration where LaFeO3, the sensing electrode, and platinum, the 

reference electrode, were placed on the same side of the electrolyte as close fingers 

and both electrodes were exposed to the same gas environment, LFO exhibited 
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opposite behavior to that of the configuration where electrodes were on opposite sides 

of the electrolyte giving a negative potential response to NO2 and a positive potential 

response when exposed to CO [50-52].  In the same configuration, WO3 produced 

opposite potential responses to LaFeO3 exhibiting positive response when exposed to 

NO2 and a negative response to CO.  It was shown that in the close finger configuration, 

the different semiconductor types, behaved differently in the same gas environment.  

This behavior is not consistent with, and cannot be explained by Mixed Potential Theory 

redox reactions alone, but must include other contributions to sensor response, such as 

geometrical configuration [72], electrode microstructure [44], heterogeneous catalysis 

[12, 41-43, 57], adsorption of charged surface species [12, 43, 45, 46], and shifts in 

Fermi energy [15]. 

In evaluating the sensing mechanism for LFO and LMO, possible paths for 

formation of nitrite and nitrate species must be considered.  Eqs. 3-4-3-9 comprise 

possible formation pathways [45, 46].  When NO is adsorbed without any oxygen 

present, nitrite and nitrate species are formed with lattice oxygen according to Eqs. 3-4 

and 3-6.  When oxygen is present, additional paths may exist according to Eqs. 3-5 and 

3-7. 

eVONONO O)ad(2
x
O)g( ′++′→+ ••    (3-4) 

•+′→+ hONONO )ad(2ad)g(    (3-5) 

e2VONOON O)ad(3
x
O)ad(2 ′++′→+′ ••    (3-6) 

)ad(3ad)ad(2 ONOON ′→+′    (3-7) 
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Likewise for NO2 gas adsorption, Eq. 3-8 is the likely formation pathway of nitrate 

species without gas phase oxygen present and Eq. 3-9 is another possibility when gas 

phase oxygen is present. 

eVONONO O)ad(3
x
O)g(2 ′++′→+ ••    (3-8) 

•+′→+ hONONO )ad(3ad)g(2    (3-9) 

When NO was adsorbed on LFO and LMO in TPD and DRIFT experiments, 

transitional nitrate species predominately formed, probably according to Eq. 3-4 and 3-

6, using lattice oxygen to form complex species since adsorbed oxygen was 

unavailable.  When this happens, electrons are injected into the electrode as the 

charged nitrates are formed.  This results in a change in the Fermi energy at the 

electrode where the nitrates are formed. 

Since nitrate formation increased when NO was adsorbed in the presence of 

oxygen, it is likely that formation of complex species proceed according to Eqs. 3-5 and 

3-7, in which adsorbed oxygen from the gas phase is used to form nitrate species, as 

well as Eqs. 3-4 and 3-6, in which lattice oxygen alone is used to form nitrate species.  

This would cause the injection of holes in the case of nitrate formation with adsorbed 

oxygen in concert with injection of electrons in the case of nitrate formation with lattice 

oxygen resulting in a change in the Fermi level. 

In the NO2 case, nitrite species were predominately formed and the adsorption 

levels and types of species did not change with or without oxygen.  Eqs. 3-4-3-9 cannot 

explain this type of species formation from NO2 adsorption unless NO2 decomposes to 

NO and O2 prior to formation of nitrite species.  This is likely to happen at higher 

temperatures (~600°C or higher), but different reactions are likely to occur at lower 
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temperatures. Another scenario is adsorbed NO2 directly draws electrons from the 

lattice according to Eq. 3-10. 

•+′→ hONNO )ad(2)g(2   (3-10) 

This would cause the injection of holes in the sensing electrode and a different 

response than the NO case where electrons are injected.  This behavior can partially 

explain the opposite responses seen from NO and NO2 gas exposure on LaFeO3.  It is 

also possible that more complicated surface reactions are occurring simultaneously that 

are unable to be identified from these results.  It is not possible to explain the overall 

changes of sign of sensor response seen in the different geometrical configurations, but 

it is conclusive that the formation of these charged species, which when formed change 

the Fermi energy of the electrode, are contributing to the changes in sensor response. 

With the previous discussion in mind, it is obvious the overall response 

mechanism varies depending on the operating temperature.  At temperatures below 

~600°C, the sensor response occurs by the formation and decomposition of complex 

nitrite and nitrate surface species, but above ~600°C, the response is due to NO2 

decomposition according to Eq. 3-1.  The lower the temperature, the more species exist 

on the surface, which causes the increase in response observed by Di Bartolomeo [13, 

51, 52].  However lower operating temperatures also causes more stable surface 

species, which causes the decrease in response time, also observed by Di Bartolomeo 

[13, 51, 52].  It is evident from these results that Mixed Potential Theory cannot 

adequately explain this behavior, but rather this behavior can be explained by 

Differential Electrode Equilibria. 
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When comparing the expected sensor responses of NO and NO2 for LFO and 

LMO, since LFO is more active for the formation of surface species than LMO and 

nitrate species are less stable on the surface of LFO compared to LMO, LFO is 

expected to be more sensitive (exhibit higher response signal) and exhibit faster 

response time for NO and NO2 gas sensing than LMO. 

3.5 Conclusions 

From TPD, TPR, and DRIFT results, LFO and LMO show complex nitrite and 

nitrate surface formation when NO or NO2 are adsorbed.  TPDs were conducted to 

identify the general number of, and general type (ionic, covalent, nitrite, or nitrate) of 

desorbing species using a simplified Gaussian model.  DRIFT results were used to 

identify NOx adsorbates at room temperature, and were correlated to TPD peaks.  TPR 

was used to probe catalytic and kinetic activities for the reduction of NO2.  LFO formed 

surface nitrite and nitrate species in greater quantities and surface species were less 

stable than those on LMO.  LFO was also shown to be more active for NOx surface 

conversion.  NOx sensor mechanisms on LFO and LMO were proposed to be similar in 

response sign, but differing in sensitivity and response time.  Finally, it is clear that any 

NOx sensor mechanism for these types of semiconducting oxides must include the 

formation of complex surface species, such as nitrites and nitrates, as intermediates 

and Mixed Potential Theory does not. 
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Table 3-1.  Identified NOx surface species from DRIFT spectra of NO, NO+O2, NO2, and 
NO2+O2 adsorbed on LFO and LMO (italicized). 

 

Table 3-2.  (a) NO and (b) NO+O2 deconvoluted desorption peaks and amounts of gas 
desorbed from LFO. 

 (a) 
NO NO2 O2  

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

140 0.39 135 0.22   0.79 
195 0.15 190 0.20   0.68 
300 0.23 310 0.12   0.84 
420 1.40 390 0.42 415 1.16 0.39 
480 0.62 460 0.17 478 0.42 0.44 

 
(b) 

NO NO2 O2  
Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

312 0.52 291 1.31 308 0.31 0.49 
  338 2.78 345 0.94 0.33 

412 1.21   410 1.94 0.24 
479 1.17   470 1.28 0.32 
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Table 3-3.  (a) NO2 and (b) NO2+O2 deconvoluted desorption peaks and amounts of gas 
desorbed from LFO. 

 (a) 
NO NO2 O2  

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

305 0.31 309 1.76 316 0.22 0.48 
330 0.09 335 2.31 340 0.58 0.38 
365 0.37 379 1.39   0.61 
424 2.16   415 1.13 0.49 
474 0.68   460 0.65 0.34 

 
(b) 

NO NO2 O2  
Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

305 0.31 317 2.78 321 0.31 0.47 
330 0.11 335 2.01 342 0.62 0.36 
365 0.51 355 1.70   0.59 
425 2.27   417 1.19 0.49 
480 0.69   462 0.68 0.34 

 
 
Table 3-4.  (a) NO and (b) NO+O2 deconvoluted desorption peaks and amounts 

of gas desorbed from LMO. 
(a) 

NO NO2 O2  
Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

140 0.32 140 0.23   0.77 
250 0.08     1.00 

  323 0.69   0.50 
374 0.53   366 0.83 0.25 

 
(b) 

NO NO2 O2  
Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

102 0.01     1.00 
115 0.08 120 0.05   0.86 
170 0.08 170 0.80   0.54 

  250 0.79   0.50 
  316 0.94 315 0.39 0.30 

370 0.65 345 0.05 372 1.17 0.22 
426 0.86   458 0.66 0.40 
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Table 3-5.  (a) NO2 and (b) NO2+O2 deconvoluted desorption peaks and amounts of gas 
desorbed from LMO. 

(a) 
NO NO2 O2  

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

105 0.07 110 0.13   0.67 
175 0.35 185 1.16   0.59 

  235 0.12   0.50 
270 0.59     0.51 

  308 1.53   0.50 
372 1.28   375 1.71 0.27 
440 0.62   460 0.77 0.29 

 
(b) 

NO NO2 O2  
Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

Peak 
(°C) 

Desorbed 
(μmole/m2) 

N:O 
Ratio 

110 0.08 110 0.20   0.65 
180 0.05 195 0.93   0.53 

  255 0.13   0.50 
290 0.09 310 1.39   0.53 
373 1.46   370 1.33 0.35 
442 0.85   445 0.62 0.41 
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Figure 3-1.  LFO (a) NO TPD and (b) NO+O2 TPD. 
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Figure 3-2.  Deconvoluted NO signal from the NO TPD over LFO. 
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Figure 3-3.  LFO (a) NO2 TPD and (b) NO2+O2 TPD. 
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Figure 3-4.  LFO NO2 TPR with thermodynamic equilibrium calculations. 
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Figure 3-5.  LMO (a) NO TPD and (b) NO+O2 TPD. 
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Figure 3-6.  LMO (a) NO2 TPD and (b) NO2+O2 TPD. 
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Figure 3-7.  LMO NO2 TPR with thermodynamic equilibrium calculations. 

 
 

Figure 3-8.  DRIFT spectra for NO, NO+O2, NO2, and NO2+O2 adsorption on LFO. 
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Figure 3-9.  DRIFT spectra for NO, NO+O2, NO2, and NO2+O2 adsorption on LMO. 



 

72 

CHAPTER 4 
NOx ADSORPTION ON LaFeO3 SUPPORTED STRUCTURES: DISTINGUISHING 

SURFACE CONTRIBUTIONS OF COMPOSITE MATERIALS 

4.1 Introduction 

Based on the results of NOx adsorption behavior on LaFeO3 (LFO) and LaMnO3+δ 

(LMO) in chapter 3, LFO was chosen to study the NOx adsorption behavior of composite 

structures, particularly the ability to distinguish between surface contributions of the 

different components of the composites.  Composite sensing electrodes were formed by 

combing LFO with a compatible electrolyte (Y2O3)0.08(ZrO2)0.92 (YSZ) to increase the 

surface area of the catalyst and maintain structural integrity.  As part of the 

characterization, a new metric using mass spectrometry was designed to quantify the 

catalyst surface exposure of two and three surface composites. 

4.2 Experimental 

LFO was processed by the methods described in section 3.1.  The powder was 

dispersed in a solvent and painted onto a thin (~500 μm) YSZ substrate.  Samples were 

fired and broken up into pieces to fit in the quartz reactor described in section 3.2.1.  In 

the same way, LFO and YSZ powders were mixed in a 50:50 composition and painted 

onto a YSZ substrate.  Finally, YSZ powder was dispersed and painted on a YSZ 

substrate.  The specific surface areas of the samples were measured by BET and are 

shown in Table 4-1.  All samples were normalized by surface area to ~0.6 m2 for direct 

comparison.   

In addition to a 50:50 composite, a separate sample with infiltrated LFO was 

made.  In this case, the powder, processed according to section 3.1, was characterized 

as the LFO parent component.  A painted YSZ scaffold on a YSZ substrate was 

infiltrated with LFO powder dispersed in a solvent and then the whole structure was 
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fired.  Table 4-2 shows BET results and masses of samples with normalized surface 

areas (~0.6 m2).  Finally, a third sample was made with a 50/50 LFO/YSZ painted 

electrode with additional LFO infiltrated.  Temperature programmed desorption (TPD) 

procedures were conducted as described in section 3.2.1 for NO+O2 and NO2+O2 gas 

compositions. 

4.3 Results and Discussion 

4.3.1 TPD 

Figs. 4-1-4-3 show the NO, NO2 and O2 desorption after NO+O2 adsorption on the 

painted LFO on YSZ, painted 50:50 LFO/YSZ composite painted on YSZ, and painted 

YSZ on YSZ samples.  Total NOx desorption increases with LFO content from 1.7 

μmoles/m2 from YSZ to 4.2 μmoles/m2 from LFO/YSZ, to 10.7 μmoles/m2 from LFO.  

Additionally species that decompose and desorb have higher binding energies with 

increasing YSZ content seen by the increase in temperatures for NO and NO2 

desorption peaks.  As was discussed in section 3.3.1, O2 desorption accompanying NO 

and NO2 desorption indicates decomposition of NOx surface species. 

Figs. 4-4-4-6 show the desorption peaks after NO2+O2 adsorption on the same 

samples.  Once again, total NOx desorption increases with LFO content, but with more 

desorption than from NO+O2.  Total NO and NO2 desorbed for the three samples were 

1.9 μmoles/m2 for YSZ, 5.1 μmoles/m2 for LFO/YSZ, and 16.3 μmoles/m2 for LFO.  

Similar to NO adsorption, higher binding energies of surface species decomposing and 

desorbing are observed with increasing YSZ content. 

When LFO is infiltrated into a YSZ scaffold, an decrease in desorption is observed 

from both NO+O2 and NO2+O2 TPDs (Figs. 4-7 and 4-8).  The LFO infiltrated sample 

desorbed 3.7 μmoles/m2 of NO and NO2 compared to 4.2 μmoles/m2 for the 50:50 
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composite from the NO+O2 TPD and 4.8 μmoles/m2 compared to 5.1 μmoles/m2 from 

the NO2+O2 TPD.  This indicates that the infiltrated sample has less surface exposure of 

LFO than the 50:50 composite sample.  Figs. 4-9 and 4-10 show the LFO powder 

NO+O2 and NO2+O2 TPDs respectively.  Both are seen to desorb much higher 

quantities of NO and NO2 as expected since the powder has only LFO surfaces for 

adsorption. 

When the LFO/YSZ composite was infiltrated with LFO, the catalyst surface 

coverage increased. This is evident by increased desorption of NO and NO2 from both 

NO+O2 and NO2+O2 TPDs as compared to the 50:50 and the infiltrated composites.  

Total desorption was 5.3 μmoles/m2 from the NO+O2 TPD (Fig. 4-11) and 7.6 

μmoles/m2 from the NO2+O2 TPD (Fig. 4-12). 

4.3.2 Characterization Metric for Two Surface Catalyst 

To separate the contributions of the LFO and YSZ in the 50:50 composite and the 

infiltrated composite, a characterization metric was developed.  For the 50:50 composite 

sample, the painted LFO sample was used as the standard for maximum LFO surface 

coverage while the YSZ painted sample was used as the minimum.  Therefore, the % 

surface exposure (%SE) can be calculated from the measured desorption of total NO 

and NO2 species according to Eq. 4-1.   

SE%100x
MinimumMaximum
MinimumMeasured

=
−
−   (4-1) 

From this calculation, it was shown that the %SE for LFO is 28% from NO+O2 TPDs 

and 22% from NO2 TPDs.  Values can be found in Table 4-3.  This shows a variance in 

surface exposure of LFO calculated from the two different experiments, but nonetheless 

the values are close enough to conclude that calculated values are reasonable. 
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The same procedure was applied to the infiltrated sample to calculate surface 

exposures of 20 and 13% for NO+O2 and NO2+O2 respectively.  Results are shown in 

table 4-4.  For reasons unknown, when the metric is applied for the NO2 case, the 

surface exposure is shown to be less for both samples. 

4.3.3 Characterization Metric for Three Surface Catalyst 

A more complicated metric was developed to determine the surface exposure for 

the LFO/YSZ composite that was infiltrated with LFO.  In this case, the areas of the 

samples as well as the desorbed NO and NO2 per unit area are required.  The following 

relationships (Eqs. 4-2-4-4) were solved simultaneously to determine the surface area 

exposures for infiltrated LFO, composite LFO, and YSZ. 

3A2A1AA total ++=    (4-2) 

3x*3A2x*2A1x*1ADx ++=   (4-3) 

3x*3A2x*2A1x*1ADy ++=    (4-4) 

Where Atotal is the toal surface area, A1 is the surface area of infiltrated LFO, A2 is the 

surface area of LFO in the 50:50 composite structure, A3 is the surface area of YSZ, Dx 

is the total desorbed NO and NO2 from the NO+O2 TPD for the measured sample, Dy is 

the total desorbed NO and NO2 from the NO2+O2 TPD for the measured sample, x is 

the total desorbed NO and NO2 per unit area from the NO+O2 TPD of the standard 

samples, and y is the total desorbed NO and NO2 per unit area from the NO2+O2 TPD of 

the standard samples.  From the equations it was determined that the surface exposure 

of the infiltrated LFO was 0.7%, that of the composite LFO was 38.8% and that of YSZ 

was 60.5%.  The infiltrated surface exposure was lower than expected, but the overall 

surface exposure of LFO increased compared to the other two composites.  This 
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demonstrates that mass spectrometry can be used to determine surface exposures of 

two and three surface composite catalysts. 

4.4 Conclusions 

Different composite sensor structures were tested for NOx catalytic behavior.    

Surface species increased with LFO surface exposure for all samples, but species were 

less stable as they desorbed at lower temperatures.  The infiltrated sample had less 

surface exposure than the 50:50 composite because of lower quantities of NO and NO2 

desorption in both TPDs.  Using mass spectrometry, two and three surface 

characterization metrics were developed to determine surface exposure of the different 

phases. 
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Table 4-1.  LFO composite and component sample measurements. 

Catalyst Specific Surface 
Area (m2/g) 

MS Sample Mass 
(mg) 

MS Sample 
Surface Area 

Painted LFO 0.45 1320 0.6 
Painted 50/50 

LFO/YSZ Composite 0.99 590 0.6 

Painted YSZ 1.59 370 0.6 
 

Table 4-2.  LFO infiltrated composite and component sample measurements. 

Catalyst Specific Surface 
Area (m2/g) 

MS Sample Mass 
(mg) 

MS Sample 
Surface Area 

LFO Powder 5.49 108 0.6 
Painted 50/50 

LFO/YSZ Composite 1.71 350 0.6 

Painted YSZ 1.59 370 0.6 
 
Table 4-3.  Values used to calculate % surface exposure of the 50:50 LFO/YSZ 

composite. 

TPD 
Maximum 

(Painted LFO 
μmoles/m2) 

Minimum 
(Painted YSZ 
μmoles/m2) 

Measured 
(Painted LFO/YSZ 

μmoles/m2) 

% Surface 
Exposure 

NO+O2 10.7 4.2 1.7 28 
NO2+O2 16.3 5.1 1.9 22 

 
Table 4-4.  Values used to calculate % surface exposure of the LFO infiltrated YSZ 

scaffold composite. 

TPD 
Maximum 

(Painted LFO 
μmoles/m2) 

Minimum 
(Painted YSZ 
μmoles/m2) 

Measured 
(Painted LFO/YSZ 

μmoles/m2) 

% Surface 
Exposure 

NO+O2 11.9 3.7 1.7 20 
NO2+O2 24.9 4.8 1.9 13 
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Figure 4-1.  NO+O2 TPD for the painted LFO sample. 

 

Figure 4-2.  NO+O2 TPD for the painted LFO/YSZ composite sample. 
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Figure 4-3.  NO+O2 TPD for the painted YSZ composite sample. 

 

Figure 4-4.  NO2+O2 TPD for the painted LFO sample. 
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Figure 4-5.  NO2+O2 TPD for the painted LFO/YSZ composite sample. 

 

Figure 4-6.  NO2+O2 TPD for the painted YSZ sample. 
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Figure 4-7.  NO+O2 TPD for the LFO infiltrated YSZ scaffold composite sample. 

 

Figure 4-8.  NO2+O2 TPD for the LFO infiltrated YSZ scaffold composite sample. 
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Figure 4-9.  NO+O2 TPD for the LFO powder sample. 

 

Figure 4-10.  NO2+O2 TPD for the LFO powder sample. 
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Figure 4-11.  NO+O2 TPD for the LFO infiltrated LSM/YSZ composite sample. 

 

Figure 4-12.  NO2 +O2 TPD for the LFO infiltrated LSM/YSZ composite sample. 
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CHAPTER 5 
DETERMINATION OF SURFACE EXCHANGE COEFFICIENTS USING IN-SITU 

ISOTHERMAL ISOTOPE EXCHANGE 

5.1 Introduction 

There is a driving force to reduce operating temperatures in solid oxide fuel cells 

(SOFC) from high temperatures (800-1000°C) to intermediate and low temperatures 

(400-800°C) for the purpose of reducing degradation rates, improving thermal 

compatibility of materials, and reducing materials costs [73, 74].  Lowering the operating 

temperature results in challenges of maintaining high power densities since the 

electrochemical processes rely on thermally activated catalytic processes.  One of the 

greatest challenges is improving the performance of the cathode where oxygen 

reduction occurs and is the process which is considered to contribute most to 

polarization losses at low temperatures.  To improve the catalytic behavior of cathode 

materials, a better understanding of the oxygen reduction reaction (ORR) is needed. 

Much effort has been made to understand the mechanism of the ORR that takes 

place on the cathode of a SOFC, but understanding is still lacking.  The two kinetic 

parameters commonly used to characterize oxygen exchange in cathode materials are 

the diffusion coefficient, D (cm2/s), which is a bulk property, and the surface exchange 

coefficient, k (cm/s), which is a surface property.  Much progress has been made 

determining meaningful D values, however k is difficult to measure from the 

experimental techniques currently being used.  The two techniques most used to 

determine these parameters are isotopic exchange depth profiling with secondary ion 

mass spectrometry (SIMS) [37, 38, 75-80] and electrical conductivity relaxation (ECR) 

[81-84].  However, the D and k values differ in meaning for each experiment [82, 83, 

85]. 
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In a SIMS experiment, dense samples are annealed in 18O2, followed by 

quenching, and depth profiling of diffused 18O ions.  The depth profile is modeled using 

Crank’s [39] mathematical solution to the diffusion equation given the specific 

experimental conditions and D and k are extracted.  In this case, D is a tracer diffusion 

coefficient, D*, and k is a tracer surface exchange coefficient, k*. 

In an ECR experiment, a dense sample is subjected to an oxygen partial pressure 

change and concurrent changes in the electrical conductivity of the material are 

measured as the sample equilibrates.  The resulting profile is modeled using Crank’s 

solution to the diffusion equation, but D and k are chemical diffusion (Dchem) and surface 

exchange coefficients (kchem).  These values are related to the tracer values by a 

thermodynamic factor [82, 83, 85]. 

SIMS is limited to ex-situ analysis since samples must be quenched and removed.  

ECR is limited to non-equilibrium exchange during changes in pO2.  Both experiments 

require dense samples that are difficult to fabricate thin, which is the reason extracted k 

values may not be accurate.  To overcome these limitations, a novel approach using 

isotope exchange called in-situ isothermal isotope exchange (IIE) was used to 

characterize common cathode materials (La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF) and 

(La0.8Sr0.2)MnO3 (LSM) and common electrolyte materials (Ce0.9Gd0.1)O2-δ (GDC)  and 

(Y2O3)0.08(ZrO2)0.92 (YSZ).  Tracer D* and k* values were extracted and compared to 

values from SIMS experiments, since the D and k values have the same meaning. 

5.2 Theoretical Background 

Though from different experimental approaches, SIMS and ECR samples are 

processed, and experimental profiles are modeled, in the same manner.  For these 

experiments samples must be dense to prevent rapid diffusion to different parts of the 
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sample, which would distort the diffusion profile.  If the sample is thick, bulk diffusivity 

dominates and limits the oxygen flux through the sample.  If the sample is very thin, 

surface exchange dominates over the bulk.  Thus a characteristic thickness (Lc) has 

been defined [86] which provides a reference for whether bulk diffusion or surface 

exchange limits the ORR [83, 84].  The value is the ratio of D to k as seen in Eq. 5-1. 

k
DLc =    (5-1) 

For SIMS and ECR experiments, samples are made to have thicknesses as close 

to Lc as possible to extract a measurable k.  Making a sample with thickness L>>Lc 

allows for an accurate measure of D.  Likewise, a sample with thickness L<<Lc allows 

for an accurate measure of k.  However, it is very difficult to make dense samples with 

thicknesses on the order of, or less than Lc, which inherently causes error when 

extracting k values from SIMS and ECR profiles.  This becomes increasingly significant 

as temperature is lowered since Lc decreases with decreasing temperature.  

Furthermore, reported Lc values are calculated based on current D and k values, but if k 

is inaccurate, Lc values may also be inaccurate. 

For SIMS experiments, Crank’s solution for diffusion into a semi-infinite body 

under surface evaporation conditions (Eq. 5-2) is used to model the depth profile [39]. 

)Dth
Dt2

x(erfc)Dthhxexp()
Dt2

x(erfc
CC
CC

)0(C 2

bgg

bgx ++−=
−

−
=    (5-2) 

C(0) is the normalized fraction of 18O, Cx is the concentration of 18O at depth x, Cg is the 

concentration of 18O in the gas stream, Cbg is the background 18O concentration in the 

sample, t is the anneal time, and h=k/D=1/Lc.  Using least squares linear regression 

fitting, D* and k* can be extracted. 
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In the case of ECR experiments, Crank’s solution for diffusion in a plane sheet 

under surface evaporation conditions (Eq. 5-3) is used to model the accumulation of 18O 

from the conductivity profile [39]. 

∑
∞

=∞ ++
−

−=
1n

22
n

2
n

22
n

2
t

)LLβ(β
)l/Dtβexp(L21

M
M    (5-3) 

Mt is the amount of oxygen entering or leaving the sheet at time t, M∞ is the total amount 

accumulated when diffusion occurs over an infinite amount of time, l is the thickness of 

the sheet, and βn is a root of Eq. 5-4, where L is a dimensionless variable defined in Eq. 

5-5. 

Lβtanβ nn =    (5-4) 

cL
l

D
klL =⋅=    (5-5) 

When l>>Lc, βtanβ∞.  When this happens, β becomes independent of L, the L’s 

cancel, which eliminates k’s influence, leaving D to control the behavior of the solution.  

For IIE, the same approach can be taken to model diffusion in powder particles 

assumed to be spheres.  Using Crank’s solution to the diffusion equation for diffusion in 

a sphere with surface evaporation (Eq. 5-6) [39], it is possible to extract D* and k* 

values from accumulation isotope exchange profiles according to the following 

relationships. 
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01Lβcotβ nn =−+  (5-7) 

cL
a

D
kaL =⋅=  (5-8) 
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All variables have the same meaning as previously defined.  The only additional 

variable is a, the radius of the sphere, instead of l in the case of a plane sheet.  Since 

diffusion occurs in powder particles, a is expected to be on the order of, or lower than 

Lc, meaning the oxygen exchange rate is surface exchange dominated and meaningful 

k* values can be extracted. 

5.3 Experimental 

LSCF (Praxair) and LSM (Fuel Cell Materials) cathode powders were used in this 

study.  YSZ (Tosoh) and GDC (Anan) were the electrolyte powders chosen for this 

study.  Cathode samples were normalized by surface area to ~0.1 m2.  Specific surface 

areas measured by BET for LSCF and LSM were 6.7 and 5.7 m2/g respectively, 

providing for sample sizes of ~15 and ~18 mg.  Due to higher specific surface areas of 

YSZ and GDC (12.59 and 20.80 m2/g measured by BET), normalizing to ~0.1 m2 would 

mean sample sizes were much too small for testing.  Therefore, electrolyte samples 

were normalized to ~0.3 m2 providing for GDC and YSZ sample sizes of ~14 and ~24 

mg respectively.  However, since D* and k* describe intrinsic kinetic behavior, values 

are directly comparable for all samples regardless of mass.  Average particle sizes of 

LSCF, LSM, GDC, and YSZ were measured by laser light scattering using a Coulter 

LS13320 to be 282, 158, 96, and 86 nm respectively. 

Details and schematics of the experimental setup were given previously [40].  

Each powder was placed in a continuous flow quartz reactor tube on a quartz frit in the 

middle of the tube.  The portion upstream of the sample had a 4 mm inner diameter, 

while that downstream of the sample had a 2 mm inner diameter to reduce gas 

residence time.  Reynolds number calculations for flow through the packed bed yielded 

values between 0.1-0.3, depending on the sample, which means gas flow through the 
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reactor is laminar.  Furthermore, the flow rate is fixed at 20 sccm by MKS mass flow 

controllers, which means the time taken for the gas to traverse the entire sample (~2-4 

mm in height) is ~0.1-0.15 s, which is sufficiently fast compared to the kinetic reaction 

rates to assume surface reactions on particles do not interfere with one another.  The 

ideal pO2 chosen for this technique was 0.05 atm since it was high enough that it was 

close to realistic operating conditions, but not too high as pO2=0.20 atm saturated the 

portion of the mass spectrometer signal attributed to the kinetic behavior of the material.   

A flow rate of 20 sccm of 0.05 atm O2 was flown over the sample as the sample was 

heated to the desired temperature.  Once the target temperature was reached, the 

sample was allowed to equilibrate with the oxygen gas phase, while in a separate line 

an equal pO2 was established containing 99.8% 18O2 (Cambridge Isotope).  Once 

equilibrated, the lines were changed using a two-way automatic switch and the rise and 

fall of m/z ratios of 32 (16O2), 34 (16O18O), and 36 (18O2) using an Extrel quadrupole 

mass spectrometer were monitored.  1000 ppm argon tracer was also included in the 

isotope gas stream to show the switch was complete. The temperature range tested 

was from 500-850°C.  Fig. 5-1 shows a blank IIE profile, while Fig. 5-2 shows raw IIE 

profiles of LSCF, LSM, GDC, and YSZ at 800°C.   

Since accumulation of 18O in the sample was the desired profile to model, the 

signals were processed in the following way. 

2
1818 O
in

O
in N2N =    (5-9) 

OO
out

O
out

O
out

1816
2

1818

rr2N +=    (5-10) 

O
out

O
in

O
net

181818

NNr −=    (5-11) 



 

90 

∫
∞=

=

=
t

0t

O
nett dtrM
18

   (5-12) 

Where N is the flow rate into and out of the reactor, rout is the rate of evolution of the 

different species after interacting with the sample, rnet is the rate of incorporation of 18O 

into the sample, and Mt is the amount of 18O accumulated at time t.   Since a 34 signal 

is detected, this indicates a scrambled product of 16O18O is being formed on the surface 

and released.  In this case, an 18O atom that had been taken from the gas stream is 

given back and therefore must be subtracted from the total accumulation.  This process 

is demonstrated in Fig. 5-3 for LSCF at 800°C.  Once the accumulation profiles were 

processed, using a custom made program for linear regression optimization in Matlab 

and the relationships in Eq.’s 5-6-5-8, the data was modeled to extract D* and k* values. 

5.4 Results 

IIE profiles for LSCF, LSM, GDC, and YSZ (Fig. 5-2) show the incorporation 

behavior of the different materials.  A brief drop in pressure is seen by the initial drop in 

the 32 and total O2 signals upon engagement of the switch.  However, the argon tracer 

rapidly reaches its 1000 ppm threshold without being affected by the pressure drop, 

which demonstrates that the 18O2 gas remains unaffected as well, and the initial 34 and 

36 signals are from gas/sample interactions.  Furthermore, the 34 and 36 signals are 

used to process an accumulation profile, which means the drop in both 32 and total O2 

signals does not interfere with the kinetic behavior of the materials.  LSCF (Fig. 5-2a) 

rapidly incorporates 18O into its lattice evidenced by the increase and subsequent 

decrease to ~0 ppm of the scrambled product 16O18O.  The fact that a scrambled 

product exists is evidence of surface activity and since the 18O2 signal reaches the 

baseline concentration while the 16O18O reaches ~0 ppm, this means that LSCF has 



 

91 

fully exchanged its lattice oxygen.  LSM (Fig. 5-2b) shows surface activity as well, but in 

contrast to LSCF the scrambled product 16O18O species continues to evolve at high 

ppm levels (~1000 ppm) despite the longer anneal time.  Furthermore, 18O2 does not 

reach the baseline concentration within the time tested indicating that the lattice oxygen 

in LSM is not completely exchanged.  The electrolyte materials have high ionic 

conductivities and will rapidly exchange as seen in Fig. 5-2.  GDC (Fig. 5-2c) fully 

exchanges rapidly like LSCF.  YSZ (Fig. 5-2d) almost completely exchanges at 850°C, 

but takes longer with a more prolonged 16O18O signal, similar to LSM.  From these plots, 

GDC shows more rapid oxygen exchange than YSZ. 

Accumulation profiles with model fits to Eqs. 5-6-5-8 for LSCF, LSM, GDC, and 

YSZ are seen in Fig. 5-4.  The accumulation profiles for LSCF (Fig. 5-4a) are almost 

identical over the temperature range tested (500-800°C) and have goodness of fits 

greater than 99%.  Complete conversion of 18O with lattice 16O was observed at all 

temperatures. On the other hand, LSM (Fig. 5-4b) in a much more limited temperature 

range (775-850°C), showed significant differences in its ability to exchange the 18O with 

lattice 16O.  Furthermore LSM never reaches complete conversion despite the higher 

temperatures and longer anneal times.  Even though LSM was annealed in a lower pO2, 

this does not play a factor in the lack of exchange.  This was confirmed by the fact that 

saturation of the kinetic behavior occurred at higher pO2s, so it is not a matter of gas 

concentration limitations.  Goodness of fits greater than 99% were achieved, but only at 

temperatures greater than 775°C. 

Likewise, when comparing the fluorite electrolyte materials, a similar comparison 

to the perovskites is made.  GDC accumulation profiles (Fig. 5-4c) are almost identical.  
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All have greater than 99% goodness of fit and show full exchange within the 

temperatures tested (600-850°C).  YSZ accumulation profiles (Fig. 5-4d), in a more 

limited temperature range (700-850°C), show differences in 18O conversion fraction for 

the different temperatures.  All curves have a goodness of fit of greater than 97%.  

Close to complete conversion is only observed for the sample at 850°C.  Each sample 

going down in temperature exhibits less conversion and slower incorporation as 

evidenced by the change in slope of the initial part of the curve.  Overall, even at 850°C, 

the incorporation is slower than GDC as the slope of GDC is much steeper. 

5.5 Discussion 

5.5.1 Accumulation Profiles 

When analyzing surface exchange behavior, it is important to consider two 

species: oxygen vacancies and electrons.  The ORR takes places according to Eq. 5-

13. 

x
OO2 O2e4V2O →′++ ••    (5-13) 

Therefore, in order for the complete ORR (adsorption, dissociation, charge-transfer, 

incorporation) to take place, oxygen vacancies and electrons must be present.  In an 

operating fuel cell, electrons are provided from oxidation of a fuel at the anode by an 

external circuit.  However, the surface reaction at the cathode is accelerated when 

electrons are present in the material as well.  This concept is observed in the 

accumulation profiles of the different types of conductors: MIEC conductors LSCF and 

GDC, electronic conductor LSM, and ionic conductor YSZ. 

From the accumulation profiles, it is seen that those for LSCF and GDC are 

independent of temperature.  They both rapidly and completely exchange oxygen.  As 
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MIEC’s, both these materials have electrons and oxygen vacancies present, which 

facilitate the exchange. 

The other two materials, LSM and YSZ, are considered pure electronic and pure 

ionic conductors respectively.  Both of these materials do not exchange rapidly, nor 

completely.  In the case of LSM, the material lacks oxygen vacancies needed for 

exchange, while in the case of YSZ, the material lacks electrons to facilitate exchange.  

This confirms that both species are needed to facilitate rapid exchange kinetics. 

5.5.2 Model 

It was found that the model was insensitive to D* for all samples except LSM, but 

very sensitive to k* for all samples, confirming that experimental conditions were such 

that the sample length (particle size) was below Lc, and oxygen exchange was 

dominated by the surface reaction.  In the case of LSM, the model was sensitive to D* 

and lower values were determined than previously reported.  For the other three 

samples, a wide range of D* values spanning over several orders of magnitude 

difference provided equally good fits while k* changed less than 5%.  Since these 

experiments were not sensitive to D*, values reported from SIMS studies, which are 

sensitive to D*, were used as initial guesses for optimization.  Therefore, extracted D* 

values are consistent with past results. 

5.5.3 Diffusion Coefficients 

The D* values for the perovskite and fluorite materials extracted from the model 

and literature [75, 79, 87] are shown in Figs. 5-5 and 5-6.  Since the literature values 

were used as initial guesses in the model, it is no surprise that they agree, having 

similar activation energies.  LSCF has higher ionic conductivity than LSM, which is why 

D* is much higher as well.  Since the model was sensitive to D* for LSM, these values 
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are unique which is why they are slightly different than those reported by De Souza and 

Kilner [75]. 

GDC and YSZ in comparison to LSCF and LSM have higher D* values and lower 

activation energies than LSCF and LSM.  This is due to the fact that diffusivity of oxygen 

in the bulk of the fluorite structure is much easier than in the perovskite structure.  

Between the fluorites, YSZ has higher D* values at temperatures above ~650°C, but 

below ~650°C, GDC maintains higher D* values due to its lower activation energy (75 

kJ/mol compared to 113 kJ/mol).  Therefore, GDC is a more suitable electrolyte for 

lower and intermediate temperature operation. 

5.5.4 Surface Exchange Coefficients 

k* values were extracted and are shown verses temperature in Figs. 5-7 and 5-9.  

When in a surface exchanged controlled regime for LSCF, the activation energy (3 

kJ/mol) is much lower than the previously reported value by Benson (180 kJ/mol) [87].  

If it is assumed that LSCF behaves like its parent material, LaFeO3 (LFO), Chan Woo et. 

al. [88] showed from ab initio calculations that within the pO2 and temperature ranges of 

this study, the surface of LFO maintains a constant structure.  If the surface remains 

unchanged over the temperature range, it is reasonable that the surface activity would 

also remain the same.  This explains the low activation energy behavior and has 

positive implications for low and intermediate temperature operation. 

In the case of LSM, what was previously seen from De Souza et. al [75]. was an 

activation energy of 101 kJ/mol.  However, from IIE, a positive slope with an apparent 

negative activation energy is observed.  This is not the first time such behavior has 

been observed.  Using ECR, Ganeshananthan et. al. [84] tested both dense and porous 

La0.6Sr0.4CoO3-δ samples.  They found that the porous sample had an apparent negative 
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activation energy, while the dense sample exhibited thermally activated behavior.  One 

possible explanation that was given was an existing relationship between k* and surface 

coverage.  Meaning, as temperature is decreased, more coverage was expected with 

oxygen ions being formed on the surface and not incorporating into the bulk. 

A different interpretation that better describes the kinetic behavior with 

temperature is a precursor-mediated mechanism that involves a reversible first step of 

molecular oxygen adsorption followed by a dissociation step according to Eq. 5-14 [89].   

)ads(O2)ads(O)g(O 22 →⇔    (5-14) 

By this mechanism, the kinetic rate of molecular oxygen in the gas phase (O2(g)) is 

equal to the flux of molecules at the surface (Φ) times the probability for trapping of the 

oxygen molecule into an adsorbed state (α).  Once trapped in the adsorbed state, the 

molecule can desorb back into the gas phase or dissociate on the surface.  The rates of 

desorption (rd) and dissociation (rr) are considered elementary first order reactions 

governed by the rate coefficients for desorption (kd) and dissociation (kr) shown in Eqs. 

5-15 and 5-16, where [O2(ads)] is the concentration of adsorbed species on the surface. 

[ ])ads(Okr 2dd =    (5-15) 

[ ])ads(Okr 2rr =    (5-16) 

Applying the steady state approximation, which is valid in the limit of zero coverage of 

O2(ads) (zero coverage is a reasonable assumption given the high temperatures of the 

experiments), the overall rate of the reaction is described according to Eq. 5-17, where 

S0 is the probability of molecular dissociative adsorption. 

)
kk

k(αΦSΦr
dr

r
0 +
==    (5-17) 
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Therefore, the reaction rate is the probability of gas phase oxygen adsorbing on the 

surface multiplied by the branching probability for dissociation of the adsorbed 

molecule.  The branching probability is the effective k for the dissociative adsorption 

reaction, which is k* from the experimental data.  If the activation energy for dissociation 

of the adsorbed molecule (Er) is less than the activation energy for desorption (Ed), the 

general rate equation (5-17) shows the effective k will decrease with increasing 

temperature, which is consistent with k* observed for LSM.  When kd/kr>>1, a simple 

Arrhenius relationship exists according to Eq. 5-18. 

RT
)EE(exp

υ
υ

k
k*k dr

d

r

d

r −−
=≅    (5-18) 

In this equation, υr and υd are pre-exponential factors, R is the universal gas constant, 

and T is the temperature.  From this expression, it is clear that if Er<Ed, the apparent 

activation energy is negative and k* decreases with increasing temperature.  Since LSM 

exhibits Arrhenius behavior with an apparent negative activation energy, the precursor-

mediated mechanism adequately explains its behavior.  In the case of LSCF, the 

apparent activation energy is positive, which is consistent with Er>Ed where an energy 

barrier for dissociation exists (EA).  This explains the increase in k* with increasing 

temperature.  A diagram showing the energy barriers for both cases is seen in Fig. 5-8. 

The idea that LSM could have a more active surface for oxygen reduction than 

LSCF at low temperature is unexpected, but not unreasonable.  Since experiments 

used to extract D* and k* were in diffusion controlled regimes, and LSM has slower 

diffusion behavior than LSCF, the surface behavior was masked by bulk diffusion.  It is 

important to note that even if LSM shows a higher rate of surface exchange at low 

temperature that does not necessarily make it a better SOFC cathode for low and 
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intermediate temperature operation.  The overall ORR involves incorporation and bulk 

transport as well.  When comparing LSCF and LSM, LSCF has much higher D* values, 

which in conjunction with its k* values, make it more suitable for intermediate 

temperature use.  However, if the surface exchange behavior of LSM could be 

incorporated into the electrode structure, a superior composite could be fabricated. 

When in the surface exchanged controlled regime, GDC and YSZ both have lower 

k* activation energies compared to literature (Fig. 5-9).  Whereas previous results from 

Manning et. al. [79] showed large discrepancies in activation energies between the two 

fluorite materials, IIE shows closer activation energies of 3 and 38 kJ/mol for GDC and 

YSZ respectively.  Since they are of the same type of material, this is expected.  The 

lower activation energy of GDC and higher k* values compared to that of YSZ can be 

explained by the higher electron concentration in GDC [90-92]. 

Once again comparing the different types of conductors, the MIECs LSCF and 

GDC both have low activation energy for surface exchange and higher k* values than 

the other two pure conductors.  Now it is seen that the combination of electrons and 

oxygen vacancies is important for the surface exchange aspect of the ORR.  In contrast, 

the two pure conductors have opposite behaviors with temperature.  While k* of YSZ, 

the ionic conductor, increases with temperature, that of the electronic conductor (LSM) 

decreases with temperature.  Based on the kinetic model described previously, Er>Ed 

for YSZ and an energy barrier exists for dissociation, while Ed>Er for LSM and there is 

no energy barrier for dissociative adsorption. 

5.5.5 Characteristic Thicknesses 

Lc values were calculated from measured D* and k* values and compared to those 

calculated from literature values (Figs. 5-10 and 5-11).  LSCF has slightly higher Lc 
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values than those computed from Benson’s D* and k* values [87] and LSM has lower 

values than computed from De Souza’s reported D* and k* values [75].  SIMS samples 

typically have thicknesses of ~0.5-3 mm.  As seen in Fig. 5-9, SIMS samples would only 

be above or around Lc for LSCF at high temperatures.  LSCF and LSM samples tested 

with IIE are ~150-280 nm, well below the thicknesses of SIMS samples.  Comparing the 

IIE sample thicknesses to Lc, LSCF samples have thicknesses below Lc for all 

temperatures tested.  IIE samples may have thicknesses above Lc for LSM, but it would 

still be more sensitive to surface exchange behavior than SIMS.  From the Lc values, in 

order to have a sample below Lc at 850°C for LSM, the thickness would have to be on 

the order of or less than 5 nm.  Because of this, isotope exchange by SIMS or IIE may 

not be the best method to determine k values.  However, it is possible that LSM could 

be more active for surface exchange than LSCF at low to intermediate temperatures, 

but was unable to be confirmed below 775°C for the reasons mentioned earlier. 

Lc values for GDC and YSZ are similar (Fig. 5-11).  YSZ has a larger Lc than GDC 

between 700-850°C due in large part to the higher D* of YSZ in the same temperature 

range.  SIMS samples are below Lc for YSZ and below Lc for GDC at temperatures 

600°C and higher. Even so, IIE thicknesses are much lower, falling well below Lc, 

ensuring the technique is more sensitive to k*.  Therefore IIE is a more suitable 

technique to extract k* and the values reported here can be considered closer to 

accurate values. 

5.6 Conclusions 

IIE was shown to be more sensitive than SIMS or ECR to measure the kinetic 

surface behavior of catalytic materials, particularly fast ion conductors.  k* values of 

cathode materials LSCF and LSM and electrolyte materials GDC and YSZ were 
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extracted due to the ability to test in-situ porous powder samples.  D*, k* and Lc values 

from IIE were used to compare cathode and electrolyte materials.  Results show that 

the activation energy for surface exchange on LSCF is very low and k* varies little over 

the temperatures tested, while LSM exhibits an apparent negative activation energy, 

though it was only able to be tested above 775°C due to slow oxygen incorporation 

behavior.  Likewise, k* values of GDC vary little over temperature and are greater than 

YSZ, which has a higher activation energy.  This variance is attributed to the higher 

electron concentration in GDC compared to YSZ.  The MIEC materials LSCF and GDC 

exhibit similar accumulation behavior and surface exchange behavior because of the 

presence of both electrons and oxygen vacancies.  In contrast, the pure electronic 

(LSM) and ionic (YSZ) materials had similar accumulation behavior, but opposite 

surface exchange behavior.  A precursor-mediated mechanism was proposed to explain 

the opposite temperature dependence of LSM.  Furthermore IIE was shown to be 

sensitive to k* with sample thicknesses below Lc for LSCF, GDC, and YSZ, and close to 

LSM. 
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Figure 5-1.  Blank IIE profile showing 32 (16O2), 34 (16O18O), 36 (18O2), 40 (Ar) and total 

O2 MS signals. 

 

Figure 5-2.  IIE of (a) LSCF, (b) LSM, (c) GDC, and (d) YSZ at 800°C.  LSCF, YSZ and 
GDC were exchanged in 0.05 atm O2 and LSM was exchanged in 0.01 atm 
O2. 
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Figure 5-2.  Continued. 
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Figure 5-2.  Continued. 

 
Figure 5-3.  Accumulation profile processing method demonstrated for LSCF at 800°C 

in 0.05 atm O2. 



 

103 

 

 
Figure 5-4.  Fraction of 18O exchanged with lattice 16O (open symbols) with model fits 

(lines) for (a) LSCF, (b) LSM, (c) GDC, and (d) YSZ. 
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Figure 5-4.  Continued. 
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Figure 5-5.  Measured diffusion coefficients (solid symbols) of LSCF and LSM 

compared to literature values (open symbols) [75, 87]. 

 
Figure 5-6.  Measured diffusion coefficients (solid symbols) of GDC and YSZ compared 

to literature values (open symbols) [79]. 



 

106 

 
Figure 5-7.  Measured surface exchange coefficients (solid symbols) of LSCF and LSM 

compared to literature values (open symbols) [75, 87]. 

 

Figure 5-8.  Energy diagram for a precursor-mediated dissociative adsorption reaction. 
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Figure 5-9.  Measured surface exchange coefficients (solid symbols) of GDC and YSZ 

compared to literature values (open symbols) [79]. 

 
Figure 5-10.  Calculated characteristic lengths (solid symbols) of LSCF and LSM 

compared to literature values (open symbols) [75, 87] with typical SIMS and 
IIE sample thicknesses. 



 

108 

 
Figure 5-11.  Calculated characteristic lengths (solid symbols) of GDC and YSZ 

compared to literature values (open symbols) [79] with typical SIMS and IIE 
sample thicknesses. 
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CHAPTER 6 
DETERMINATION OF SURFACE EXCHANGE COEFFICIENTS OF COMPOSITE 

CATHODES USING IN-SITU ISOTHERMAL ISOTOPE EXCHANGE 

6.1 Introduction  

Solid Oxide Fuel Cells (SOFC) are solid state ionic devices that efficiently convert 

chemical energy into electrical energy.  Catalytic and ionic electrochemical process are 

activated, which require high operating temperatures, between 800-1000°C with 

common cathode and electrolyte materials (La0.8Sr0.2)MnO3 (LSM) and  

(Y2O3)0.08(ZrO2)0.92 (YSZ) for efficient operation.  When cells operate at these 

temperatures, there are issues of material compatibility (thermal expansion 

mismatches) and instability, requiring expensive and complicated interconnect and 

sealing materials.  Therefore, there is a need to lower operating temperatures to 

overcome these issues. 

Mixed ionic and electronic conductors (MIEC), such as (La0.6Sr0.4)(Co0.2Fe0.8)O3 

(LSCF), have been used instead of LSM as the cathode to operate at lower 

temperatures.  However, LSCF is not compatible with YSZ as an electrolyte due to the 

formation of an insulating La2Zr2O7 phase [93].  In addition, to take advantage of LSCF’s 

MIEC properties, a fast ion conductor (10-2 S/cm) is desirable to operate at lower 

temperatures so that once oxygen reduction and incorporation is complete, oxygen ions 

will quickly diffuse to the anode [94].  The compatible electrolyte used with LSCF is 

(Ce0.9Gd0.1)O2-δ (GDC), which has higher conductivity than YSZ at low to intermediate 

temperatures.  The LSCF/GDC cathode/electrolyte combination allows for lower 

operating temperatures, but not low enough for economically feasible operation since 

ionic conductivity in LSCF decreases as temperature decreases [95].  One solution is to 

combine cathode and electrolyte materials to form composites of interspersed ionic and 
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electronic conductive phases in a way that will improve the oxygen reduction reaction 

(ORR), where the complete ORR involves adsorption and dissociation of oxygen 

molecules, charge transfer and incorporation of oxygen ions into the bulk lattice.  Many 

electrochemical impedance spectroscopy (EIS) studies have been conducted on 

LSCF/GDC [18, 96, 97], LSM/YSZ [98, 99], and LSM/GDC [18, 22, 100, 101] composite 

cathodes to compare ORR rates.  All of these composites exhibited lower polarization 

resistances than the pure cathode materials, demonstrating that these composite 

combinations provide improvement for the ORR.  Though improvements have been 

made, the surface reaction is still not well understood and further understanding would 

aide in optimization.  Therefore these three composites were selected for this study to 

characterize their surface activity contribution to the ORR. 

The kinetic parameter that is used to quantify the surface reactivity is commonly 

referred to as the surface exchange coefficient (k), while the kinetic parameter used to 

characterize bulk diffusion is the diffusion coefficient (D).  It is common to measure 

these quantities from diffusion profiles using isotope exchange depth profiling with 

secondary ion mass spectrometry (SIMS) [12-19] or electrical conductivity relaxation 

(ECR) [81-84].  In a SIMS experiment, a dense sample is equilibrated in a p16O2 

atmosphere.  The atmosphere is then replaced by the same p18O2 composed of 

isotopically labeled oxygen.  The diffusion profile is then fit to Crank’s solution to the 

diffusion equation for a semi-infinite medium [39].  The diffusion equation contains D 

and k, which can be extracted.  These coefficients are considered to be tracer values 

which are labeled D* and k*.  ECR is similar except the pO2 of the sample atmosphere 

is changed and the resulting conductivity profile is monitored.  This profile is fit to 
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Crank’s solution to the diffusion equation for a plane sheet [39], and D and k can be 

extracted.  In this case, the kinetic coefficients are chemical coefficients labeled Dchem 

and kchem and are related to D* and k* by a thermodynamic factor [82, 83, 85].   

Both of these experiments require dense samples, usually ~0.5-3 mm thick, which 

makes it difficult to isolate the surface behavior.  Each material has a characteristic 

thickness (Lc) [86] in which samples with thicknesses greater than Lc are diffusion (bulk) 

controlled and samples with thicknesses less than Lc are surface exchange controlled, 

where Lc is the ratio of D/k.  In most cases, samples used in SIMS and ECR 

experiments have thicknesses that are equal to or greater than these values and the 

results are accurate for D, but not k. 

More recently, a novel approach utilizing isotope exchange called isothermal 

isotope exchange (IIE) [102] was developed to isolate the surface behavior.  IIE utilizes 

powder materials, which allow the use of materials with relative thicknesses (particle 

sizes) on the order of nanometers.  Therefore it is possible to characterize materials 

with thicknesses equal to or less than Lc, ensuring surface exchange behavior is 

isolated. 

6.2 Theoretical Background 

A two step mechanism consisting of dissociative adsorption followed by 

incorporation into the solid was used to model isotope exchange behavior of LSCF and 

LSM [40, 103].  It was determined that in the temperature range from 600-800°C, LSCF 

was limited by dissociative adsorption.  In the same temperature range, LSM was 

shown to be limited by incorporation due to slow bulk diffusion.  The two step 

mechanism demonstrates the differences in the pure electronic conductor (LSM) and 
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the MIEC (LSCF) for the overall ORR, but does not specifically compare the differences 

in surface activities of these materials. 

It was shown in chapter 5 that unlike LSCF, k* for LSM increased with decreasing 

temperature, exhibiting an apparent negative activation energy consistent with a 

precursor-mediated mechanism.  The results were unexpected and inconclusive since 

the sample thickness was shown to be above Lc for LSM.  Nonetheless, if this behavior 

was valid, it would be significant for composite cathode optimization.  One of the ways 

to confirm this behavior is to test composites that have LSM and a fast ion conductor 

(YSZ or GDC) as the two phases.  This would increase Lc and ensure surface exchange 

controlled behavior for experiments.  If LSM does in fact have increased surface 

exchange behavior with decreasing temperature, the composite would show a 

compromise between the LSM and the YSZ or GDC phases as the electrolyte materials 

exhibit activated behavior. 

6.3 Experimental 

LSCF/GDC, LSM/YSZ, and LSM/GDC composites were provided by Fuel Cell 

Materials.  50 weight % (La0.6Sr0.4)(Co0.2Fe0.8)O3-δ and 50 weight % (Ce0.9Gd0.1)O0.95 

were calcined and ball milled to form powder particles with a specific surface area of 5.7 

m2/g.  The same procedure was also done for (La0.8Sr0.2)MnO3-δ and (Y2O3)0.08(ZrO2)0.92 

and (La0.8Sr0.2)MnO3-δ and (Ce0.9Gd0.1)O0.95 that resulted in specific surface areas of 6.1 

and 5.0 m2/g respectively.  All specific surface areas were measured by BET.  Samples 

were normalized by surface area to ~0.1 m2, resulting in samples masses of ~15, ~16, 

and ~20 mg for LSCF/GDC, LSM/YSZ, and LSM/GDC respectively.  Particle sizes were 

measured to be 300, 280, and 325 nm, respectively, by laser light scattering using a 

Coulter LS13320. 
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Details of the experimental setup have been given previously [40].  Powder 

samples were loaded into a quartz continuous flow reactor with a 4 mm inner diameter 

upstream of the sample and a 2 mm inner diameter downstream of the sample to 

reduce gas residence time.  In the center, the sample was placed on a porous quartz frit 

to allow for rapid gas permeation.  The quartz reactor was placed into a custom made 

tube furnace that allowed for controlled heating up to 850°C.  Samples were heated to 

the temperature to be tested and allowed to equilibrate in 20 sccm of an oxygen 

balanced by helium mixture consisting of a p16O2 of 0.05 atm.  While the sample 

equilibrated, an equal flow rate and p18O2 of isotopically labeled oxygen (99.8% purity 

by Cambridge Isotopes) was mixed in a separate line.  Once equilibrated, an automatic 

switch was triggered and the rise and fall of m/z signals for 32 (16O2), 34 (16O18O), and 

36 (18O2) were monitored using an Extrel quadrupole mass spectrometer.  A 1000 ppm 

argon tracer was included in the isotopically labeled oxygen mixture to show the switch 

was complete. 

Diffusion profiles were processed according to previously reported procedures 

[102] and were fit to Crank’s solution to the diffusion equation for a sphere in surface 

evaporation conditions [39] according to Eqs. 6-1-6-3. 
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Mt is the total amount of 18O accumulated in the sample, M∞ is the total amount of 

accumulation as time goes to ∞, L is a dimensionless parameter composed of the 
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diameter of the sphere (a), and k and D, which were previously defined, βn is the root to 

Eq. 2, and t is time.  From these equations, using a custom made Matlab program for 

linear regression analysis, k* and D* were extracted. 

6.4 Results 

IIE profiles for all samples at 800°C in 0.05 atm O2 are shown in Fig. 6-1.  A brief 

drop in pressure is seen by the initial drop in the 32 and total O2 signals upon 

engagement of the switch.  However, the argon tracer rapidly reaches its 1000 ppm 

threshold without being affected by the pressure drop, which demonstrates that the 18O2 

gas remains unaffected as well, and the initial 34 and 36 signals are from gas/sample 

interactions.  Furthermore, the 34 and 36 signals are used to process accumulation 

profiles, which means the drop in both 32 and total O2 signals does not interfere with the 

kinetic behavior of the materials.  LSCF/GDC (Fig. 6-1a) shows complete conversion 

within 15 minutes of exchange as the 18O2 signal reaches the baseline concentration 

while the scrambled product 16O18O falls to ~0 ppm.  LSM/YSZ (Fig. 6-1b) and 

LSM/GDC (Fig. 6-1c) have exchange profiles very similar to LSCF/GDC.  The main 

difference is neither completely exchanges within the 15 minutes of testing. 

Curves showing the accumulation of 18O into the lattice with time were processed 

from the raw IIE data according to the method described in section 5.3.  The 

accumulation curves with model fits for LSCF/GDC, LSM/YSZ, and LSM/GDC 

composites are seen in Fig. 6-2.  All modeled curves fit the data with 97% or greater 

goodness of fit.  The accumulation profiles for LSCF/GDC composites are identical with 

the exception of 500°C.  Accumulation profiles of runs above 500°C all show complete 

conversion.  This is consistent with the single phase LSCF and GDC profiles previously 

shown to be independent of temperature within the same range [102].  Due to slow 
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incorporation kinetics of LSM, both LSM/YSZ and LSM/GDC composites could only be 

fit to the model in the temperature range between 700-850°C.  Both samples have 

similar profiles at 700 and 750°C but show increases in accumulation at 800 and 850°C.  

At 850°C, the sample almost completely exchanges which is similar to the YSZ samples 

at 850°C [102].  Accumulation profiles were processed and the model was fit in the 

same way for all samples and temperatures tested to extract D* and k*. 

6.5 Discussion 

Composite samples in this study are considered to behave macroscopically with 

one D* and one k* value for each at a given temperature and pO2.  Since the samples 

are nanopowders, it is expected that all would be below Lc due to their small particle 

sizes.  The model confirms this behavior since it is sensitive to selecting k*, which 

changes less than 5% with equally good fits spanning several orders of magnitude of D* 

values.  The model fit all samples well, but samples containing LSM were unable to be 

tested below 700°C due to slow incorporation effects.  LSM behavior was described in 

chapter 5. 

6.5.1 Diffusion Coefficients 

Since the powders are small, the samples are not sensitive to D*.  Therefore 

values from experiments that are sensitive to D*, such as SIMS experiments, were used 

as initial guesses for the model.  Fig. 6-3 shows D* values of LSCF and GDC from 

results in chapter 5 and D* values for the LSCF/GDC composite compared with Esquirol 

et. al.’s [76] experimental values for LSCF/GDC (70 wt% LSCF and 30 wt% GDC in the 

form of a dense bar) from SIMS experiments are shown to be consistent.  Likewise, 

LSCF and GDC are consistent with SIMS results from Benson [87] and Manning et. al. 

[79] respectively.  GDC has higher D* values than LSCF and the composite’s D*s and 
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activation energy are a compromise between the two.  The LSCF/GDC composite was 

shown to have higher overall conductivity than pure LSCF from oxygen permeation 

experiments [18].  The high ionic conductivity of GDC interspersed with LSCF results in 

increases in D* values and a decrease in activation energy (EA) relative to LSCF. 

Within the temperatures tested, only one literature value for D* was found for 

LSM/YSZ (40wt% LSM and 60 wt% YSZ in the form of a dense bar tested with SIMS) 

from Ji et. al. [77].  Therefore, the other initial guesses had to be interpolated.  It is 

assumed that the relative difference in the literature data point between the D* values of 

its component materials will remain the same for the other data points, as the 

LSCF/GDC D* values did.  The other D* values were determined using this method.  

Once again, the composite D* values for LSM/YSZ lie between the pure materials of 

YSZ [79] and LSM [75], seen in Fig. 6-4.  EIS has been used to show the polarization 

resistance of LSM/YSZ is less than LSM [99].  Part of the reason for that is the increase 

in oxygen conductivity as demonstrated by the increase in D*. 

There were no reported D* values at the time of writing for LSM/GDC, so all values 

were interpolated in the same manner as the LSM/YSZ.  These values however did not 

have a data point to reference, so following the trends of LSCF/GDC and LSM/YSZ it 

was assumed that the D* values lay between the component materials LSM and GDC 

with similar magnitudes to LSM/YSZ.  The results are shown in Fig. 6-5.  In fact this 

behavior is also confirmed in literature from both oxygen permeation experiments and 

EIS experiments.  Kharton et. al. [18] showed LSM/GDC (50 wt% (La0.7Sr0.3)MnO3-δ and 

50 wt% GDC in the form of a dense disk) has a higher ionic conductivity than LSM, 

which was expected since ionic conductivity in LSM is negligible.  Murray et. al. [100] 
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showed that LSM/GDC (50 wt% LSM and 50 wt% GDC in the form of a porous 

electrode) not only had lower polarization resistance than LSM, but that it also had half 

the polarization resistance of LSM/YSZ.  This behavior cannot be interpreted from the 

D* data alone, but should be considered along with the surface behavior. 

6.5.2 Surface Exchange Coefficients 

The k* results for LSCF/GDC, seen in Fig. 6-6, are lower values than previously 

reported.  These values are also close to GDC k* values, showing a slight improvement 

when combining LSCF and GDC at high temperatures.  Following the trend of 

activation, the biggest advantage comes at high temperatures above 700°C, where ionic 

conduction is fast for LSCF.  Activation energies for these components are very low, 

indicating the surface behavior does not change much over the temperature range from 

500-850°C. 

It was reported in chapter 5 that k* for LSM might increase with decreasing 

temperature according to a precursor-mediated mechanism.  However, there was 

uncertainty in these findings since the LSM particle size was above Lc.  However, 

combining LSM and YSZ causes an increase in Lc for the composite material, which 

means composite samples can be used to confirm and validate the LSM behavior.  It is 

seen in Fig. 6-7 that k* for LSM/YSZ also has an apparent negative activation energy, 

since k* increases with decreasing temperature.  k* for the LSM/YSZ composite, like D*, 

is a compromise between activation behaviors of both components LSM and YSZ as 

seen in the slopes of the linear fits.  However, unlike D*, k* of the composite is shown to 

be higher in magnitude than either of the pure components.  The combination of the 

high ionically conductive YSZ and high electronically conductive LSM phases create a 

more conducive environment for oxygen surface exchange than either material 
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separately, and furthermore the composite maintains the apparent negative activation 

energy of LSM. 

LSM/GDC also exhibits an apparent negative activation energy (Fig. 6-8), 

combining the activation behaviors of LSM and GDC.  In this case, LSM/GDC exceeds 

surface exchange of GDC as temperature decreases.  Since GDC is also a high 

ionically conductive material, like YSZ, the combination with the high electronically 

conductive LSM also creates favorable surface exchange behavior.  Both composite 

behaviors make sense because of the need for oxygen vacancies, primarily provided by 

the electrolyte material, and surface O2 dissociation sites, primarily provided by LSM, for 

the ORR to occur. 

6.5.3 Characteristic Thicknesses 

The major benefit of IIE is the ability to use powder samples, which means the 

effective thickness of the sample is the particle size.  SIMS and ECR experiments 

require dense samples, which are difficult to fabricate thin.  As a result, sample 

thicknesses are typically between ~0.5-3 mm.  In contrast, particle sizes of powders 

used in these experiments are between 280-325 nm, three orders of magnitude lower in 

thickness. 

D* values computed from initial guesses using SIMS and interpolated values and 

extracted k* values were used to determine Lc, where Lc=D*/k*, for the composite 

samples along with previously reported pure cathode and electrolyte samples.  Fig. 6-9 

shows larger Lc values for LSCF/GDC than from values calculated from Esquirol et. al. 

[76].  In Fig. 6-9, the thicknesses of SIMS and IIE samples are compared to Lc.  Where 

SIMS may be sensitive to k* at high temperature, when sample thicknesses are below 

Lc, IIE is sensitive to k* for all temperatures tested.  Therefore more accurate 
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determination of k* is ensured.  Likewise, the same difference can be seen for LSM/YSZ 

in Fig. 6-10 and LSM/GDC in Fig. 6-11, however, in the case of these composites, SIMS 

sample sizes would be above Lc in every case except 850°C for LSM/YSZ.  Additionally 

it is shown that the IIE sample thicknesses are below Lc for LSM/YSZ.  This is 

significant to confirm the previously observed LSM behavior, despite LSM having 

thicknesses above Lc.  Since the composite still exhibits an apparent negative activation 

energy, this validates the LSM behavior previously observed.  The difference in sample 

thicknesses between SIMS and IIE samples and the fact that IIE sample thicknesses 

are below Lc for all composite samples proves the reliability of k* values from IIE. 

LSCF/GDC had the highest Lc values, which is expected since it is composed of 

two MIEC materials.  Among the LSM composites, LSM/YSZ and LSM/GDC have very 

similar Lc values.  This is due to the two materials have similar D* and k* values. 

6.5.4 Intermediate Temperature Cathode Analysis 

When comparing k* for the three composites, LSCF/GDC has the highest values 

above ~825°C and LSM/YSZ has the highest values below ~825°C.  Just considering 

the LSM composites, LSM/YSZ has the higher k* values at all tested, but trends indicate 

a shift to LSM/GDC at lower temperatures. Previous results from Murray et. al. [100] 

reported LSM/GDC exhibited lower polarization resistances than LSM/YSZ (50 vol% 

LSM and 50 vol% YSZ) in the temperature range 600-750°C.  This indicates that in the 

temperatures where D* for LSM/YSZ is greater than LSM/GDC, the higher k* of 

LSM/GDC is more significant in reducing polarization losses associated with the ORR.  

Murray et. al. [97] in another study showed LSCF/GDC (50 wt% LSCF and 50 wt% 

GDC) to have even lower polarization resistance compared to LSM/GDC in the 

temperature range 500-750°C.  In this case, Even though both LSM/GDC and LSM/YSZ 
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have higher k* values than LSCF/GDC below 825°C, the difference is much less than 

the difference in D* values, in which those of LSCF/GDC are much greater.  Therefore it 

is clear that D* and k* are both important in reducing polarization losses and one is not 

necessarily more important than the other, but rather a balance of the two is required.   

Not only are high D* and k* materials required, but the way in which the materials 

are combined is important as well.  To illustrate this concept, Jiang et. al. [101] reported 

on GDC impregnated LSM composite cathodes and found that impregnated composites 

had even lower polarization resistances than Murray et. al.’s LSM/GDC composite.  In 

this case, it was shown that by adding nanosized (100-200 nm) interdispersed high D* 

GDC particles into a porous LSM scaffold, performance was improved from the 50:50 

weight% LSM/GDC composite.  The GDC particles were determined not to be in a 

continuous network, but still filled the pores of the LSM scaffold.  The decrease in 

polarization resistance was attributed to the loading of GDC particles, known for their 

oxygen storage, conduction, and surface exchange abilities, at the TPB sites which 

facilitated the ORR. 

One result from this work that may not be explained from EIS polarization 

resistance results is the apparent negative activation energy of k* for the LSM materials.  

This implies that there is no energy barrier for dissociative adsorption of oxygen 

molecules on the surface.  If this is true, a structure similar to Jiang et. al.’s except 

opposite (i.e. nanosized impregnated LSM into a GDC scaffold), could combine the high 

k* LSM behavior with the high D* GDC behavior to provide further improvement at low 

and intermediate temperatures.  If LSM particles are small enough, the surface 

properties will be isolated such that the lack of ionic conductivity in LSM would be 
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irrelevant as the high ionic conductivity of GDC would contribute wholly to the 

incorporation and transport of oxygen. 

6.6 Conclusion 

IIE has been demonstrated as a useful technique to determine accurate k* values, 

which is difficult to do with SIMS and ECR experiments.  LSCF/GDC, LSM/YSZ, and 

LSM/GDC were tested and compared to EIS polarization results from literature.  It is 

clear that a balance between high D* and k* behavior is required to improve the ORR 

on the cathode.  The much higher D* values of LSCF/GDC compared to LSM/YSZ and 

LSM/GDC overshadow the lower k* values it exhibits below 825°C.  This means that 

simply combing the highest D* and k* materials will not always produce the highest 

performance, but rather intelligent microstuctural design of the materials must be 

employed.  The apparent negative activation energy of k* for LSM, compared to the 

activated behavior for LSCF, at low and intermediate temperatures could be taken 

advantage of if particles were small enough such that ionic conductivity in that phase 

would be irrelevant, but the surface reactivity was solely utilized.  The small particles 

would also increase the triple phase boundary sites where the cathode, electrolyte, and 

oxygen molecules meet, and as a result, the high D* of GDC could be effectively utilized 

for incorporation and conduction.  It is expected that combining these materials in this 

manner would improve the ORR at low and intermediate temperatures and reduce 

polarization resistances associated with the cathode. 
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Figure 6-1.  IIE of (a) LSCF/GDC, (b) LSM/YSZ, and (c) LSM/GDC, at 800°C in 0.05 

atm O2. 
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Figure 6-1.  Continued 

 

 
Figure 6-2.  Fraction of 18O exchanged with lattice 16O (open symbols) with model fits 

(lines) for (a) LSCF/GDC, (b) LSM/YSZ, and (c) LSM/GDC. 
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Figure 6-2.  Continued. 
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Figure 6-3.  Measured diffusion coefficients (solid symbols) of LSCF/GDC, LSCF, and 

GDC compared to literature values (open symbols) [76, 79, 87]. 

 
Figure 6-4.  Measured diffusion coefficients (solid Symbols) of LSM/YSZ, LSM, and YSZ 

compared to literature values (open symbols) [75, 77, 79]. 
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Figure 6-5.  Measured diffusion coefficients (solid symbols) of LSM/GDC, LSM, and 

GDC compared to literature values for LSM and GDC (open symbols) [75, 77, 
79]. 

 
Figure 6-6.  Measured surface exchange coefficients (solid symbols) of LSCF/GDC, 

LSCF and GDC compared to literature values for LSCF/GDC (open symbols) 
[76]. 
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Figure 6-7.  Measured surface exchange coefficients (solid symbols) of LSM/YSZ, LSM 

and YSZ compared to literature values for LSM/YSZ (open symbol) [77]. 

 
Figure 6-8.  Measured surface exchange coefficients of LSM/GDC, LSM, and GDC. 
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Figure 6-9.  Calculated characteristic lengths (solid symbols) of LSCF/GDC, LSCF, and 

GDC compared to literature values (open symbols) [76] with typical SIMS and 
IIE sample thicknesses. 

 
Figure 6-10.  Calculated characteristic lengths (solid symbols) of LSM/YSZ, LSM, and 

YSZ compared to literature values (open symbol) [77] with typical SIMS and 
IIE sample thicknesses. 
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Figure 6-11.  Calculated characteristic lengths of LSM/GDC, LSM, and GDC with typical 

SIMS and IIE sample thicknesses. 
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CHAPTER 7 
EFFECT OF A- AND B-SITE CATIONS ON THE SURFACE EXCHANGE 

COEFFICIENT FOR ABO3 PEROVSKITE MATERIALS 

7.1 Introduction 

The ABO3 perovskite family of materials with A=La, Sr and B=Co, Fe, Mn, have 

been show to give the best combination of electronic and ionic conductivity, stability, 

and compatibility as cathode materials for Solid Oxide Fuel Cells (SOFC).  An SOFC 

converts chemical energy into electrical energy by the separation of redox reactions at 

the anode and cathode, which is made possible by oxygen ion conducting electrolytes 

yttria stabilized zirconia (YSZ) or gadolinia doped ceria (GDC).  (La0.8Sr0.2)MnO3 (LSM), 

which is considered a pure electronic conductor, has been proven to be a compatible 

cathode material with YSZ, a pure ionic conductor, but the combination of these two 

materials requires operating temperatures in excess of 800°C for a rapid oxygen 

reduction reaction (ORR).  (La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF) has been shown to be a 

compatible cathode with GDC.  Since LSCF is a mixed ionic and electronic conductor 

(MIEC), and GDC exhibits fast ionic conduction below 800°C, this combination has 

shown promise for intermediate temperature operation. 

Even with the combination of LSCF and GDC for intermediate temperature 

operation, there still exists significant polarization losses associated with the ORR at the 

cathode.  The complete ORR consists of oxygen adsorption, dissociation, charge-

transfer, and incorporation.  To understand the cause of the loss, ideally the mechanism 

for ORR should be understood, but such complicated materials systems have proven 

this to be a challenging task.  Another way to understand ORR behavior is to determine 

the kinetic parameters associated with the overall reaction.  In particular, the diffusion 

coefficient (D) and surface exchange coefficient (k) are parameters that quantify the rate 
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of bulk and surface reactions respectively.  These parameters are commonly extracted 

from isotope diffusion profiles using isotope exchange depth profiling with secondary ion 

mass spectrometry (SIMS) [37, 38, 78] or from conductivity profiles from electrical 

conductivity relaxation (ECR) [81-84] experiments.  D values are well characterized 

from these experiments, but k values are less understood.  Since these experiments 

require dense samples that are difficult to fabricate thin, inherent errors are associated 

with calculating an accurate k from diffusion profiles. 

The characteristic thickness (Lc) [86] of a sample, which is the ratio of D/k, is used 

to determine whether the sample is in a diffusion limited (bulk) regime, or a surface 

exchange controlled regime.  Samples with thicknesses greater than Lc are diffusion 

limited, while samples with thicknesses less than Lc are surface exchange limited.  

Since SIMS and ECR require dense samples, typically thicknesses are on the order of, 

or greater than Lc.  Therefore, the surface behavior is masked by the diffusion behavior.  

Recently, a novel approach using isotope exchange was developed called isothermal 

isotope exchange (IIE) [102] to extract accurate k values.  This technique relies on the 

exchange of isotopically labeled oxygen for lattice oxygen in a similar way to SIMS 

experiments, but can be conducted on powder materials.  Using powder materials 

allows for the relative thickness to be the particle size of the material, which means the 

thickness of the sample is below Lc. 

IIE is used to extract k* (tracer surface exchange coefficients) from perovskite 

materials with varying A- and B-site cations to better understand their roles in oxygen 

surface exchange behavior, which will aide in the optimization of intermediate 
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temperature cathode materials.  Samples tested include LSM, LSCF, LaMnO3+δ (LMO), 

LaFeO3 (LFO), LaCoO3 (LCO), (La0.6Sr0.4)FeO3-δ (LSF), and (La0.8Sr0.2)0.99CoO3-δ (LSC). 

7.2 Experimental 

LFO and LMO were prepared by aqueous combustion synthesis, which was 

previously described [102].  LSM (Praxair), LCO, LSF, LSC, and LSCF (Fuel Cell 

Materials) were obtained from manufacturers as commercial powders.  The specific 

surface areas of all materials were measured by BET.  The particle sizes were 

measured by laser light scattering using a Coulter LS 13320.  All samples were 

normalized by surface area to ~0.1 m2 and specific surface areas, sample masses, and 

particle sizes can be found in Table 1. 

Details and schematics of the experimental setup were given previously [40].  

Powder samples were placed on a quartz frit in the center of a quartz continuous flow 

reactor with a 4 mm inner diameter upstream of the sample and a 2 mm inner diameter 

downstream of the sample to reduce gas residence time.  The quartz reactor was 

placed in the center of a custom made tube furnace capable of testing samples at 

temperatures up to 850°C.  Samples were tested between 500-850°C, with lower 

temperatures only being used for high ionic conducting materials.  Samples were 

heated to the testing temperature and allowed to equilibrate in 20 sccm of a p16O2.  In a 

separated line, an equal flow rate of p18O2 was mixed.  Once equilibrated, an automatic 

switch was triggered to rapidly change the oxygen atmospheres.  A quadrupole mass 

spectrometer was used to measure downstream effluents of m/z ratios of 32 (16O2), 34 

(16O18O), and 36 (18O2).  1000 ppm argon was also included in the isotope gas stream 

to show the switch was complete. 
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Diffusion profiles were processed using the method described in section 5.3.  The 

solution to the diffusion equation for a sphere with surface evaporation derived by Crank 

[39] (Eq. 7-1-7-3) was fit to the data using linear regression optimization by a custom 

made Matlab program. 

∑
∞

=∞ −+
−

−=
1n

2
n

2
n

22
n

2
t

))LL(Lβ(β
)a/Dtβexp(L61

M
M    (7-1) 

01Lβcotβ nn =−+    (7-2) 

cL
a

D
kaL =⋅=    (7-3) 

Mt is the total amount of 18O accumulated in the sample, M∞ is the total amount of 

accumulation as time goes to ∞, L is a dimensionless parameter composed of the 

radius of the sphere (a), and k and D, which were previously defined, βn is the root to 

Eq. 7-2, and t is time.  Since all samples were in a surface exchange limited regime, the 

model was sensitive to k*, but not to D* as the model gave variations of D* over several 

orders of magnitude with equally good fits, while k* varied less than 5%.  Therefore, k* 

can be considered to be accurate and was extracted here for analysis. 

7.3 Results 

IIE profiles for all samples at 800°C are seen in Fig. 7-1.  Due to slow 

incorporation, LMO, LFO, and LSM were all tested in a pO2 of 0.01 atm instead of 0.05 

atm like the other samples.  By testing these samples in a lower pO2, their kinetic signal 

is not saturated by the baseline concentration of gas discussed in chapter 5.  LMO (Fig. 

7-1a), LFO (Fig. 7-1b), and LSM (Fig. 7-1d) all show incomplete exchange of the lattice 

within 40-50 minutes of exchange.  The rise and fall of m/z 34 (16O18O) shows the 

surface is active to adsorb and dissociate 18O2 into 18O, where it combines with a lattice 
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16O and desorbs.  For all three samples the 34 signal continues to evolve surface 

species throughout the entire run. 

In contrast, the high electrically conductive material LCO (Fig. 7-1c) and the MIEC 

materials, LSF (Fig. 7-1e), LSC (Fig. 7-1f), and LSCF (Fig. 7-1g) also show a rise and 

fall of m/z 34 (16O18O), but eventually falls to ~0 ppm as the m/z 36 (18O2) signal 

reaches the baseline concentration within 12-25 minutes of exchange.  This indicates 

that there is no lattice 16O left to exchange and the lattice is saturated with 18O. 

Fig. 7-2 shows the 18O conversion fraction of the lattice along with model fits to the 

accumulation curves from the IIE experiments at 800°C.  Once again, the differences 

between the pure electronic conductors and the MIECs can be clearly seen.  LMO (Fig. 

7-2a), LFO (Fig. 7-2b), and LSM (Fig. 7-2d) all show incomplete conversion and 

evidence of an unwillingness to completely convert if the experiment was run for an 

extended period of time.  Additionally, the rate of conversion and amount converted is a 

function of temperature for LFO and LSM, while LMO has already reached its plateau 

for all temperatures tested.  In contrast, the MIECs all show complete conversion and 

are furthermore independent of temperature. 

7.4 Discussion 

From isotope exchange results of LSCF and LSM, a two step mechanism 

consisting of dissociative adsorption and incorporation of oxygen, was applied to 

demonstrate LSCF is dissociative adsorption limited and LSM is incorporation limited in 

the temperature range 600-800°C [40, 103].  This behavior can be observed by the 

temperature dependence, or lack of complete conversion for oxygen exchange, of the 

pure electronic conductors LMO, LFO, and LSM and temperature independent 

exchange of the MIEC materials LSF, LSC, and LSCF in Fig. 7-2.  The one exception to 
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this behavior is LCO, which is a pure electronic conductor, but has very high 

conductivity (up to 1000 S/cm) [29, 30].  While the two step kinetic model can separate 

dissociative adsorption and incorporation to determine which step is rate limiting, a 

comparison of the differences in surface exchange alone among the materials is not 

possible.  However, using IIE to extract the k* values for comparison, it is possible to 

combine the results of the two step mechanism and the differences in k* values to have 

a more comprehensive understanding of the ORR mechanism for these perovskite 

materials.  Fig. 7-3 shows the k* values for the different A- and B-site perovskites.  

When comparing the differences in magnitude of k*, the pure electronic conductors 

(LMO, LFO, and LSM) are seen to have lower surface exchange abilities, while the 

MIEC materials (LSF, LSC, and LSCF) have higher surface exchange abilities.  Again, 

the one exception is LCO, which has similar magnitude k* values as the MIEC materials 

because of its high electronic conductivity.  Since ionic conductivity makes incorporation 

fast, from the two step model it was not obvious that surface exchange would be higher 

in these materials than the pure electronic conductors, which were shown to be limited 

by incorporation due to lack of ionic conductivity.  Here it is shown that in fact, the MIEC 

materials do exhibit faster surface exchange than the pure electronic conductors within 

the temperatures tested.  Oxygen vacancies are shown to be important for surface 

exchange and possibly more important than electron concentration.  This is evident by 

the higher k* for LSF, a material with high ionic conductivity and relatively low electronic 

conductivity, and the lower k* for LCO, a material with high electronic conductivity and 

no ionic conductivity.  Additionally, LMO, a pure electronic conductor with low 

conductivity has even lower k*s than LCO.  Nonetheless, both oxygen vacancies and 
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electrons are important as seen by the material with the highest concentration of both, 

LSC, has the highest k* values.  However, the differences in magnitude do not tell the 

complete story for surface exchange, but rather differences in behavior with 

temperature are evident also. 

When interpreting the slope behavior, possibilities for obvious trends including 

electronic conductivity, ionic conductivity, valence state of the B-site transition metal 

cation, and adsorption/desorption behavior were ruled out due to lack of correlation.  

One way of comparing the behavior is to first observe the slopes of LMO and LCO, 

which exhibit similar activated behavior.  Upon strontium substitution on the lanthanum 

sites, the behaviors similarly change to an apparent negative activation energy, which 

can be explained by a precursor-mediated mechanism described in section 5.5.4.  

Since manganese is primarily in the 3+ and 4+ valence state and cobalt is primarily in 

the 2+ and 3+ state, the same behavior for the lanthanum manganites and cobaltites is 

surprising.  Now consider the lanthanum ferrites.  They behave opposite to that of the 

lanthanum manganites and cobaltites.  Since iron is primarily in the 2+ and 3+ valence 

states, a correlation with LCO was considered more likely.  Therefore, less obvious 

surface behavior exists for oxygen reduction on these materials and more 

understanding is needed. 

7.5 Conclusions 

IIE was conducted on varying A- and B-site perovskite materials in the ABO3 

configuration.  Pure electronic conductors LMO, LFO, and LSM, exhibited temperature 

dependent exchange and an unwillingness for complete exchange.  MIEC materials 

LSF, LSC, and LSCF exhibited temperature independent, complete exchange.  Even 

though LCO is not an ionic conductor, it does have high electronic conductivity and was 
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shown to behave as the MIEC materials did for oxygen exchange.  Since IIE 

experiments are demonstrated to be in a surface exchange regime, reliable k* values 

were extracted.  The pure electronic conductors were shown to have the lowest k* 

values while the MIEC materials had the highest.  Different temperature dependencies 

were observed for the materials.  The lanthanum manganites and cobaltites were 

observed to behave the same with opposite slopes upon strontium substitution on the 

lanthanum site, while lanthanum ferrites behaved opposite to the lanthanum manganites 

and cobaltites.  No obvious trend based on electronic conductivity, ionic conductivity, 

valence state, or adsorption/desorption behavior was observed to explain the slope 

differences and more understanding is needed.  The materials exhibiting positive slopes 

(LFO, LSM, and LSC) have apparent negative activation energies consistent with a 

precursor-mediated mechanism. 
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Table 7-1.  Specific surface areas, samples masses and particle sizes of tested 
samples. 
 LMO LFO LCO LSM LSF LSC LSCF 

Specific Surface Area 
(m2/g) 4.6 12.8 6.6 5.7 10.4 11.5 6.7 

Sample Mass (mg) 22 8 15 18 10 9 15 
Particle Size (nm) 310 177 307 158 259 296 282 
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Figure 7-1.  IIE of (a) LMO, (b) LFO, (c) LCO, (d) LSM, (e) LSF, (f) LSC, and (g) LSCF 
at 800°C.  LCO, LSF, LSC, and LSCF were exchanged in 0.05 atm O2 and 
LMO, LFO, and LSM was exchanged in 0.01 atm O2. 
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Figure 7-1.  Continued. 
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Figure 7-1.  Continued. 
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Figure 7-1.  Continued. 

 

 
Figure 7-2.  Fraction of 18O exchanged with lattice 16O (open symbols) with model fits 

(lines) for (a) LMO, (b) LFO, (c) LCO, (d) LSM, (e) LSF, (f) LSC, and (g) 
LSCF. 
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Figure 7-2.  Continued. 
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Figure 7-2.  Continued. 
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Figure 7-2.  Continued. 
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Figure 7-3.  Measured surface exchange coefficients of LMO, LFO, LCO, LSM, LSF, 

LSC, and LSCF. 



 

147 

CHAPTER 8 
ELECTROCATALYTIC ISOTHERMAL ISOTOPE EXCHANGE OF SUPPORTED 

CATALYSTS 

8.1 Introduction 

Isothermal Isotope Exchange (IIE), described in chapters 5-7, is a powerful tool to 

measure surface exchange rates of catalysts for oxygen reduction.  Though charge 

transfer is inherent in the exchange of 18O for lattice ions, it cannot be directly measured 

by IIE since no current is drawn.  When a solid oxide fuel cell (SOFC) is operating, the 

device is under a load current is conducted through the cell.  SOFC materials can 

behave differently under a load, therefore it is also important to measure the catalytic 

activity of cathode materials in-situ.  An electrocatalytic experimental setup was built for 

this purpose. 

8.2 Experimental 

To use as a supported substrate, (Ce0.9Gd0.1)O2-δ (GDC) powder from Anan was 

pressed into a1.5 in. diameter pellet.  The green body was sintered at 1550°C for 4 h 

until dense.  Following sintering, the pellet was polished on both sides and such that the 

final thickness was ~ 0.5 mm.  (La0.8Sr0.2)O3 (LSM) powder from Praxair was mixed with 

a commercially available vehicle to make an ink for screen-printing.  LSM electrodes 

were screen-printed on both sides of the GDC substrate so that the sample was 

symmetric.  The sample was sintered at 850°C for 1 h.  Final electrode thicknesses 

were ~20 μm.  Platinum leads were adhered to the sample using brushed on platinum 

ink. 

The sample was loaded into a custom made electrocatalytic setup that is capable 

of in-situ current/voltage application with simultaneous current/voltage measurement 

using a Princeton PARSTAT 2247, and gas effluent analysis using an Extrel quadrupole 
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mass spectrometer (MS).  A diagram of the experimental setup is shown in Fig. 8-1.  A 

tape-casted glass seal was used to fuse the sample to the reactor to ensure a gas tight 

measurement chamber.  The sample was heated to 800°C and allowed to equilibrate in 

a pO2 of ~0.05 atm.  A flow rate of 25 sccm of 16O2 balanced by helium was used to 

establish equilibrium.  Once equilibrated, constant voltages between 0.1-1.0 V were 

applied to the sample such that the lead attached to the electrode being monitored by 

the MS was positive and the electrode in air was attached to the negative lead.  In this 

case, a constant flux of 16O2 was pumped from the air side to the MS side.  In a 

separate line, an equal pO2 composed of 18O2 balanced by helium with a 1000 ppm 

argon tracer was mixed.  Once the MS signals were stable, the gas lines were switched 

and the rise and fall of m/z signals 32 (16O2), 34 (16O18O), 36 (18O2), and 40 (Ar) were 

recorded.  A diagram of the experimental conditions is seen in Fig. 8-2. 

8.3 Results and Discussion 

Isothermal isotope exchange plots (IIE) with applied voltages are seen in Fig. 8-3.  

From the existence of a scrambled product (16O18O), it is evident that even though 16O 

ions are being pumped from the air side to the MS side, 18O2 gas molecules are 

adsorbing on the surface, dissociating and combing with 16O from the lattice.  This type 

of experiment isolates the surface reaction because the applied voltage results in a 

current that opposes the incorporation of oxygen ions on the MS side.  However, the IIE 

plots look almost identical for applied voltages of 0.1, 0.3, 0.5, 0.75, and 1.0 V.  This 

indicates that the surface reaction is not changing with respect to the different voltages. 

It is assumed that the scrambled product is a measure of the number of 16O ions 

being pumped from the air side to the MS side (each 16O combines with an 18O), which 

is reasonable since upon switching the gas environments, the 32 (16O2) signal drops 
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rapidly and continues to drop as the experiment progresses indicating no new 16O2 is 

being generated.  Then dm/dt of the oxygen ions can be calculated and compared to 

dm/dt calculated from Faraday’s law (Eq. 8-1). 

dt
dmnFi =    (8-1) 

In Eq. 8-1,  i is the measured current, n is the number of electrons associated with each 

ion (2), and F is Faraday’s constant (96,485 C/mol).  Figs. 8-4 and 8-5 show the dm/dt 

of 16O ions calculated using the current and the MS data respectively.  dm/dt 

determined from the generation of the scrambled product is higher than the flow of 

oxygen ions through the cell calculated from the current and shows little variation with 

voltage.  However, the MS signal does mimic the drop in current as the experiment 

progresses, seen clearly in the drop in dm/dt from the current plot for 0.5, 0.75 and 1.0 

V.  Since the scrambled product is larger, it is likely that the surrounding GDC substrate 

exposed to the gas is exchanging with the isotopically labeled oxygen also, since it was 

shown in chapters 5 and 6 that it is highly active for surface exchange.  This would 

account for both the higher signals and the fact that the different voltages cannot be 

separated.  In order to isolate the generation of scrambled product from the cathode, 

the GDC would need to be shielded or the generation of scrambled product from the 

GDC would need to be subtracted.  One way to accomplish this is to make the electrode 

larger, leaving little surface area of GDC exposed.  Nonetheless, this result 

demonstrates the usefulness of this type of experimental setup for testing 

electrocatalytic behavior of cathodes under a load. 
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8.4 Conclusion 

An electrocatalytic setup was designed to measure surface exchange reactions of 

fuel cell cathode materials in-situ.  It has been demonstrated that it is possible to 

combine the IIE technique used to study powders with applied current/voltage to 

simulate working conditions.  More development is needed to extract the kinetic 

parameters as well as completely isolate the cathode interaction with isotopically 

labeled oxygen. 
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Figure 8-1.  Electrocatalytic experimental setup capable for in-situ testing with applied 
current/voltage and measurement of gas effluent. 

 

 

Figure 8-2.  Experimental conditions for isothermal isotope experiments with applied 
voltages. 
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Figure 8-3.  Electrocatalytic IIE of LSM on GDC in 0.05 atm O2 with applied voltages of 
(a) 0.1, (b) 0.3, (c) 0.5, (d) 0.75, and (e) 1.0 V. 



 

153 

 

Figure 8-3.  Continued. 



 

154 

 

Figure 8-3.  Continued. 

 

Figure 8-4.  dm/dt of oxygen ions through the cell calculated from Faraday’s law. 
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Figure 8-5.  dm/dt of oxygen ions measured by mass spectrometry. 
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CHAPTER 9 
CONCLUSIONS 

Understanding the surface behavior of catalysts used for potentiometric sensors 

and solid oxide fuel cells (SOFC) is necessary for informed optimization.  To this end, 

the NOx adsorption/desorption behavior and oxygen exchange behavior were 

characterized for perovskites in the lanthanum ferrite and manganite families.  

Additionally, the oxygen reduction reaction (ORR) on lanthanum ferrites, manganites, 

and cobaltites was characterized.  From this work, a better understanding of NOx 

sensing behavior and the ORR has been achieved. 

To aide in understanding of the potentiometric response of LaFeO3 (LFO) and 

LaMnO3+δ (LMO) to oxidizing (NO2) and reducing (NO) gases, NOx adsorption behavior 

was characterized.  Temperature programmed desorption revealed NOx adsorption to 

be much greater on LFO than LMO.  This is attributed to the different valence states of 

the iron and manganese B-site cations.  In LFO, iron is primarily in the 3+ valence state, 

which results in a stoichiometric lattice.  On the other hand, in LMO, manganese is in 

the 3+ and 4+ valence states.  Charge compensation for the manganese 4+ valence 

state is achieved by the addition of excess oxygen ions, which are site accommodated 

by A- and B-site vacancies.  Though LFO exhibits more adsorption, species are more 

stable on LMO since they decompose and desorb at higher temperatures.  Both 

materials had multiple NO, NO2, and O2 desorption peaks following adsorption of either 

NO or NO2 giving evidence of complex surface species formation with different binding 

energies for each species. 

Using diffuse reflectance infrared spectroscopy, surface species were identified at 

room temperature in nitrite and nitrate formations giving further evidence that adsorbed 
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gas was rearranging on the surface to form different species.  This is significant for 

sensor response as nitrite and nitrate species are charged.  When charged species are 

formed, the Fermi level at the surface changes which results in a potential change of the 

sensing electrode relative to a reference. 

From temperature programmed reaction LFO was observed to exceed the NO2 to 

NO conversion predicted by thermodynamic calculations, while LMO lagged conversion.  

This is due to nitrite/nitrate formation and stability differences on LFO and LMO rather 

than to the metal-oxides being more or less active toward decomposition of NO2.  This 

behavior cannot be explained by Mixed Potential Theory, but is better described by 

Differential Electrode Equilibria. 

Next, the oxygen exchange behavior was studied on a variety of pure and 

composite lanthanum ferrite and manganite materials used as cathodes for SOFCs.  A 

novel approach using isotope exchange, called isothermal isotope exchange (IIE), was 

developed to extract the surface exchange coefficient (k*), a kinetic rate parameter.  

This has been done before using other techniques, but they required dense and thus 

thick samples which limits the kinetic behavior of the material to a diffusion controlled 

regime.  When in a diffusion controlled regime, ORR is controlled by bulk diffusion and 

surface activity is masked.  Therefore, any k* values extracted are unreliable.  IIE is an 

oxygen tracer technique that was shown to be sensitive to k*, primarily due to the ability 

to test powders instead of dense samples.  Using this technique, common cathode 

materials (La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF) and (La0.8Sr0.2)O3+δ (LSM) and common 

electrolyte materials (Ce0.9Gd0.1)O3-δ (GDC) and (Y2O3)0.8(ZrO2)0.92 (YSZ) were 

characterized.  While the mixed ionic and electronic conductors (MIEC) LSCF and GDC 
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had low activation energies showing little variation of catalytic activity over the 

temperature range 500-800°C, the pure conductors LSM (electronic) and YSZ (ionic) 

had opposite temperature dependencies.  LSM had an apparent negative activation 

energy for dissociative adsorption and YSZ was activated.  It was concluded that the 

behavior of LSM can be explained by a precursor-mediated mechanism as described in 

section 5.5.4. 

To further explore the behaviors of the pure materials, composite powders of 

LSCF/GDC, LSM/YSZ, and LSM/GDC were tested as well.  LSM composites 

maintained the apparent negative activation energy seen from pure LSM, which 

validated the initial results, and showed overall improvement of k*, while combining the 

MIEC materials showed little improvement.  It is concluded that the increase in k* with 

decreasing temperature could be taken advantage of at low and intermediate 

temperatures if the particles were small enough such that the surface reactivity was 

solely utilized.  In this configuration, the ionic conductors which have high diffusion 

coefficients (D*) would be responsible for incorporation and transport. 

Pure perovskite materials with different A- and B-site cations were tested to 

determine the effect of the different cations on k*.  Pure electronic conductors LaMnO3+δ 

(LMO), LaFeO3 (LFO), LaCoO3 (LCO) and LSM exhibited lower k* values than MIEC 

materials (La0.6Sr0.4)FeO3-δ (LSF), (La0.8Sr0.2)0.99CoO3-δ (LSC), and LSCF, demonstrating 

the importance of both electrons and oxygen vacancies for surface exchange.  

However, the behavior of k* with temperature varied unexpectedly showing no 

correlation with electronic conductivity, ionic conductivity, B-site transition metal cation 

valence state, or oxygen adsorption/desorption behavior.  Therefore, more 
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understanding is needed to explain the slope variation among these materials.  

However, it is clear that the behaviors of LFO, LSM, and LSC can be described by the 

precursor-mediated mechanism. 

Comparing the NOx adsorption/desorption behavior of LFO and LMO with their 

oxygen exchange behavior, it is clear that two different mechanisms exist for these 

materials.  Where LFO was more active for NOx adsorption, LMO is more active for 

oxygen surface exchange at high temperatures.  Furthermore, LFO and LMO exhibited 

opposite temperature dependencies for surface exchange. 

Finally, an electrocatalytic setup was developed to test the surface exchange 

behavior of supported catalysts with applied current/voltage and simultaneous 

measurement of gas phase effluents.  With this setup, IIE can be used with applied 

currents, simulating a working fuel cell.  This allows for the ability to measure surface 

properties in-situ for more comprehensive mechanistic analysis.  Initial results from an 

LSM/GDC/LSM symmetric cell were shown as a proof of concept. 
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APPENDIX A 
MASS SPECTROMETER CALIBRATION 

To obtain accurate concentration measurements from the mass spectrometer 

(MS), calibration is necessary.  Following each experiment, each component gas was 

calibrated by flowing three different known concentrations of each gas at a constant flow 

rate of 20 sccm and recording the intensity signal from the MS.  From these three 

points, a linear relationship between gas concentration and MS intensities was 

established for each gas.  The linear equation was then used to convert the recorded 

experimental intensities into concentrations of parts per million (ppm).  In the case of 

NO2, the molecule has a NO cracking fraction that was subtracted from the NO signal.  

To do this, the NO intensities were recorded relative to known concentrations of NO2 in 

ppm.  This way, the MS signal of NO generated from the cracking fraction of NO2 could 

be subtracted from the NO MS signal.  Once the concentration in ppm was known, 

since the volumetric flow rate was also known, the flow rate in mole/s was calculated 

from the ideal gas law using a pressure of 1 atm and a temperature of 25 °C.  This 

calibration procedure was used for all temperature programmed desorption and reaction 

experiments. 
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APPENDIX B 
ERROR ANALYSIS OF SURFACE EXCHANGE COEFFICIENTS 

When considering possible error associated with the surface exchange coefficient 

calculations, the first source to consider is the raw isothermal isotope exchange (IIE) 

profile.  The raw IIE profile is converted to an accumulation curve according to the 

procedure outlined in the experimental section in chapter 5.  Therefore, the error in the 

measurements of concentration and time measured by the mass spectrometer must be 

considered since the accumulation curve is processed from the IIE profile.  Since the 

accumulation curve is then made into a fraction of conversion curve, the error is defined 

as follows. 

∞∞
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Where ΔMt/M∞ is the error in the fraction of conversion curve, ΔC34 and ΔC36 are the 

errors in the concentration measurements of the 34 and 36 signals, Δt is the error in the 

measurement of time, C34 and C36 are the instantaneous measurements of the 34 and 

36 signal at an instantaneous time t, and Mt/M∞ is the instantaneous fraction of 

conversion.  The limits of the mass spectrometer for concentration and time 

measurements are listed below. 

ΔC34 = 1 ppm 

ΔC36 = 1 ppm 

Δt = 2.2 s 

From these parameters, ΔMt/M∞ can be determined.  For this analysis, values for C34, 

C36, and t were chosen at Mt/ M∞=0.5 for all samples except LMO, LFO, and LSM, 

which were chosen at Mt/ M∞=0.3 due to lower conversion fractions. 
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Once ΔMt/M∞ is known, the next step is to account for the errors associated with 

the extraction of the surface exchange coefficient from the model according to Eqs. B-2-

B-4. 
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To do this, Eq. B-2 must be differentiated with respect to L and t.  The solutions are 

shown in Eqs. B-5 and B-6 respectively. 
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Using these differential relationships and known values for ΔMt/M∞ and Δt, ΔL can be 

determined from the following relationship. 
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Finally, the error in k, Δk, can be found from the relationship in Eq. (B-4) according to 

Eq. (B-8). 
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k)
L
LΔ(kΔ =    (B-8) 

 
The error in the measurement of a, the radius of the particle, should also be 

considered.  Due to the size of particles, measurements were limited to using the laser 

light scattering technique for analysis.  When using laser light scattering, the model 

applied to interpret the data involves the complex index of refraction at light 

wavelengths of 450, 600, and 900 nm.  Since the perovskite and fluorite materials used 

in this study are complex, these values were unable to be obtained.  Rather, a complex 

index found from a laser light scattering technical application for 

(La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF) was used for all perovskite samples, while a complex 

index of refraction found for (Ce0.9Gd0.1)O2-δ (GDC) was used for the fluorite samples.  It 

was found that when this model was applied to each sample for two to four runs each 

sample, that a single peak was observed for the distribution of particle sizes when 

plotting the results in number%, and the mean particle sizes and standard deviations 

were consistent among all runs for each sample.  However, a large standard deviation 

was observed due to agglomeration of a limited number of particles.  Because of this, if 

the standard deviation was used as the error, the errors would be too large to plot.  

However, if the measured results were extrapolated out to 100 measurements, the 

distribution would become normal and the standard error would be much lower than the 

standard deviation based on t-test calculations according to Eq. B-9. 

n
SD*tSE =    (B-9) 

In this equation, SE is the standard error, t is the t-test value based on the 

degrees of freedom and % confidence in the results, SD is the standard deviation, and n 
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is the number of samples.  Therefore, error associated with the particle size 

measurements were not included in this analysis due to estimation of complex indices 

that could have resulted in larger standard deviations, and too small of a sample size to 

determine an accurate standard error.  Finally, using this previously described error 

analysis, only the (La0.8Sr0.2)MnO3+δ (LSM) sample at 775 and 800°C had errors large 

enough to be viewed on the scales plotted. 
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APPENDIX C 
ISOTHERMAL ISOTOPE EXCHANGE PROFILES 

 

 

Figure C-1.  LSCF IIE profiles exchanged in 0.05 atm O2 at (a) 500°C, (b) 600°C and (c) 
700°C. 
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Figure C-1.  Continued. 

 

Figure C-2.  LSM IIE profiles exchanged in 0.01 atm O2 at (a) 775°C, (b) 825°C and (c) 
850°C. 
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Figure C-2.  Continued. 
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Figure C-3.  GDC IIE profiles exchanged in 0.05 atm O2 at (a) 500°C, (b) 600°C, (c) 
700°C, and (d) 850°C. 
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Figure C-3.  Continued. 
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Figure C-4.  YSZ IIE profiles exchanged in 0.05 atm O2 at (a) 700°C, (b) 750°C, and (c) 
850°C. 
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Figure C-4.  Continued. 

 

Figure C-5.  LSCF/GDC IIE profiles exchanged in 0.05 atm O2 at (a) 500°C, (b) 600°C, 
(c) 700°C and (d) 850°C. 
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Figure C-5.  Continued. 
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Figure C-5.  Continued. 

 

Figure C-6.  LSM/YSZ IIE profiles exchanged in 0.05 atm O2 at (a) 700°C, (b) 750°C, 
and (c) 850°C. 
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Figure C-6.  Continued. 
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Figure C-7.  LSM/GDC IIE profiles exchanged in 0.05 atm O2 at (a) 650°C, (b) 700°C, 
(c) 750°C, and (d) 850°C. 
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Figure C-7.  Continued. 
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Figure C-8.  LMO IIE profiles exchanged in 0.01 atm O2 at (a) 700°C, (b) 750°C and (c) 
850°C. 
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Figure C-8.  Continued. 

 

Figure C-9.  LFO IIE profiles exchanged in 0.01 atm O2 at (a) 700°C, (b) 750°C and (c) 
850°C. 
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Figure C-9.  Continued. 
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Figure C-10.  LCO IIE profiles exchanged in 0.05 atm O2 at (a) 700°C, (b) 750°C, and 
(c) 850°C. 
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Figure C-10.  Continued. 

 

Figure C-11.  LSF IIE profiles exchanged in 0.05 atm O2 at (a) 700°C, (b) 750°C, and (c) 
850°C. 
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Figure C-11.  Continued. 
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Figure C-12.  LSC IIE profiles exchanged in 0.05 atm O2 at (a) 650°C, (b) 700°C, (c) 
750°C, and (d) 850°C. 
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Figure C-12.  Continued. 
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