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 The electrochemical performance of intermediate temperature solid oxide fuel cells is 

limited by high polarization losses incurred from the oxygen reduction reaction at the cathode. 

The mechanism of oxygen reduction as well as the key characteristics responsible for high 

oxygen reactivity are currently not well understood and represent a hurdle in the targeted 

development of electro-catalytically active cathode materials. These properties were studied 

using heterogeneous catalysis techniques coupled with labeled oxygen. The primary materials 

studied were (La0.8Sr0.2)0.98MnO3±δ (LSM) and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF). 

Temperature programmed isotopic exchange indicated that LSM was less active for 

surface exchange than LSCF, in agreement with previous results from the literature. This 

confirms the validity of isotopic exchange as a means to gauge the activity for oxygen reduction. 

Samples of LSM and LSCF were infiltrated with metal oxides to modify the surface properties 

and tested with this technique to identify trends in catalytic activity. Of the samples examined, 

LSCF was the most active. Addition of cobalt to LSM improved the activity while iron 

infiltration was detrimental. According to XPS, the iron on the surface of LSCF and LSM were 

of different oxidation states, which could explain why it caused a negative effect in LSM. These 
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results indicate that optimization of catalytic activity is possible through surface modification; 

however, it is not only the surface composition, but also the electronic properties of the surface 

which determine activity.  

A two-step mechanism consisting of dissociative adsorption of molecular oxygen followed 

by incorporation into the lattice was proposed and used to model the behavior obtained from 

isothermal isotopic switching. Effective rate constants for each step were obtained by fitting the 

model to the gas phase isotopologue distribution. These parameter values indicate which step is 

rate-limiting. LSCF was shown to be limited by dissociative adsorption. The reaction for LSM 

was slower than predicted by the model, suggesting that the diffusion of oxygen from the particle 

core to the surface is the actual rate limiting step. Based off these results, LSCF would be a good 

candidate for surface modification to improve dissociative adsorption and LSM could be 

improved by increasing the oxygen diffusivity. 

 



 

CHAPTER 1 
INTRODUCTION  

The relatively high standard of living enjoyed in industrialized countries today is afforded 

by the immense consumption of energy and resources [1]. With developing countries eager to 

catch up and benefit from the amenities of a first world lifestyle, their energy needs will increase 

and put an additional strain on the limited supply of fossil fuels. The growing demand for energy 

must continue to be met or else depressed economic growth and societal instability will ensue 

[1]. This presents a great technological challenge as fossil fuels such as coal, petroleum and 

natural gas provided over 80% of the world’s energy in 2004 [2]. This heavy dependence on 

non-renewable energy sources cannot be sustained indefinitely. Therefore, a comprehensive 

portfolio of renewable energy solutions must be developed to meet present and future energy 

needs. 

Some of the energy technologies in development today are solar cells, wind turbines, and 

biofuels. These sources are great for electricity production but are not convenient for energy 

storage, with the exception of biofuels. One issue concerning biofuels is that they are subject to 

many of the same problems facing other carbon based fuels. Harnessing energy through 

combustion, while economical, is inefficient and a major contributor to environmental pollution. 

Incomplete hydrocarbon combustion produces harmful compounds such as soot, carbon 

monoxide, and nitrogen oxides. A cleaner and more efficient method of releasing the energy 

stored in chemical fuel is through electrochemical conversion by fuel cells. As long as a 

continuous supply of air and fuel are introduced into the fuel cell, electricity is produced. 

In particular, the solid oxide fuel cell (SOFC) is especially attractive due to its high energy 

efficiency and fuel flexibility. The worldwide average efficiency for electricity produced from 

combustion of fossil fuels is a mere 36% [3] whereas SOFCs can reach 60% stand-alone 
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efficiency and up to 85% in a combined heat and power system [4]. All fuel cells are able to run 

off of hydrogen, but SOFCs operate at high temperature (1000 ºC), which allows various 

hydrocarbon fuels to be reformed internally. Given the remarkable benefits of this technology, 

developers are excited about commercializing SOFCs for widespread use. However, there are 

currently several significant barriers to bringing SOFCs to market.   

  One consequence of operating at such high temperatures is that it requires the use of 

expensive and specialized materials in the cell and in the balance of plant [5]. Decreasing the 

operating temperature to the intermediate range of 600-800 ºC would allow more economic 

materials, such as stainless steel, to be used for interconnects and would decrease insulation 

requirements. It would also reduce the start-up time as well as degradation rates. All these 

benefits, however, come at the cost of performance [6,7]. It is shown in Figure 1-1 that as the  

 
 

Figure 1-1. Cell voltage and polarization losses (ΔU) at constant current density of 100mA/cm2 
as a function of operating temperature [6]. Reprinted from Journal of the European 
Ceramic Society 21, E. Ivers-Tiffée, A. Weber, D. Herbstritt, Materials and 
technologies for SOFC-components, 1805-1811, Copyright (2001), with permission 
from Elsevier 
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temperature decreases, losses from the cathode become the largest component. In order to 

preserve adequate performance while extending the operating temperature into the intermediate 

range, the kinetics of the heterogeneous electrode reaction must be improved by designing better 

catalysts. Before targeted development can occur, however, a fundamental understanding of the 

oxygen reduction processes occurring on the cathode surface must be obtained.   

 Currently, the mechanism and rate laws governing surface reactions on cathode materials 

are not well established [8-11]. Advancements in the state of knowledge of oxygen surface 

exchange have been made using methods such as conductivity-relaxation [12-16], temperature 

programmed reaction [17-20], isotopic exchange depth profiling [21,22], and impedance 

spectroscopy [8,23,24]. However, it is difficult to get mechanistic information from these 

approaches. Heterogeneous catalysis techniques such as temperature programmed and steady 

state isothermal isotopic exchange hold much promise in shedding light on the cathode reaction 

kinetics, and are explored in depth in this dissertation. The use of isotopically labeled oxygen gas 

is critical due to the large normal oxygen background in the oxide materials examined. 

Interpretation of results throughout this dissertation is through the framework introduced in 

Chapter 2, where a two-step mechanism of dissociative adsorption followed by incorporation is 

proposed. The gas phase molecular oxygen isotopologue distribution is determined statistically 

by the isotopic composition of surface oxygen adatoms. This key concept is used in Chapters 4 

and 5 to demonstrate the validity of the model.  

The organization of the dissertation is as follows. Chapter 2 is a literature overview of the 

cathode reaction, material properties and theory of oxygen transport and surface exchange. The 

purpose of Chapter 3 is to introduce the experimental system and show that the results obtained 

from our experimental system are comparable with those from the literature. Additionally, the 
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temperature programmed isotopic exchange behavior of the two main cathode materials is 

discussed in detail and serves as a reference point for analysis in later chapters. The use of 

isothermal isotopic exchange, where the feed stream oxygen isotopic labeling is switched 

abruptly, and the ensuing analysis is presented in Chapter 4. This method is used to identify 

trends in the time dependent behavior of the different cathode materials. An extensive section on 

extracting the effective rate constants from parameter fitting is included at the end. These rate 

constants, coupled with the observed behavior, are used to determine the rate limiting step of 

oxygen exchange. Chapter 5 covers trends in catalytic activity from isotopic exchange of cathode 

materials infiltrated with various metal oxides. 

Before this work, the surface exchange reaction was characterized mainly through mass 

transport coefficients [25] which were not mechanistic in nature. The application of isotopic 

exchange to determine oxide reactivity was interpreted, as recently as 2005 [26], using the same 

one-step “mechanisms” used in the 1960’s [27] which took into account the exchange of zero, 

one or two atoms between the gas and solid phases. These reactions do not constitute a 

mechanism and therefore cannot be used to determine the rate limiting process. Instead of merely 

applying the technique of isotopic exchange to cathode materials, and then using the deeply 

rooted and stale analysis from the literature, the better approach was to start from scratch and 

develop my own framework for interpreting results from isothermal isotopic exchange. As a 

result, the following contributions have been made: 

• Developed a comprehensive framework for oxygen isotopic exchange analysis 

based off of a two-step mechanism of dissociative adsorption followed by 

incorporation 
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• Modeled the gas phase and sample surface/bulk oxygen compositions as a function 

of time for two SOFC cathode materials 

• Created a custom program to extract mechanistic rate constants from parameter 

fitting isothermal isotopic exchange profiles. 

• Determined that the catalytic activity of an oxide material can be affected through 

surface modification without altering the apparent mechanism of oxygen exchange 

  



 

CHAPTER 2 
BACKGROUND 

2.1 Solid Oxide Fuel Cell Overview 

A fuel cell is an electrochemical device which transforms chemical energy stored in 

gasified fuel into electricity through a redox reaction. Like batteries, fuel cells have three main 

components: the anode, electrolyte and cathode. Interconnects are used to join the devices in 

series to produce the required electrical output. The electrolyte, which is the component used to 

classify the various types of fuel cells, ideally has zero electronic conductivity, which forces the 

electrons liberated by the electrode reactions into the external circuit to perform useful work. For 

solid oxide fuel cells (SOFCs), a thin dense layer of oxygen ion conducting ceramic, such as 

doped ZrO2 or CeO2, functions as the electrolyte. Sandwiching the electrolyte on either side are 

the electrodes where the half cell reactions occur. On the cathode, oxygen is reduced to O2- and 

incorporated into the electrolyte (Eqn. 2-1). After passing through the electrolyte, the oxygen ion 

combines with hydrogen on the anode side to form water and electrons (Eqn. 2-2).  

Cathode   ½ O2 (g) + 2e’ → O2-            2-1 

Anode   H2 (g) + O2- → H2O (g) + 2e’           2-2 

Overall   H2 + ½ O2 → H2O            2-3 

As long as fuel and oxidant are supplied, the reaction will continue to produce power. 

 Characteristics of a good electrode are (1) high electrical conductivity (2) long term 

stability (3) fast gas transport and (4) high catalytic activity for redox reactions. The state-of-the-

art anode material is currently accepted to be nickel/yttria-stabilized zirconia (YSZ) cermet for 

its affordability, good electro-mechanical properties and catalytic activity [28]. In the case of the 

cathode, however, there is no material which adequately satisfies all the above criteria in the 

intermediate temperature range. 
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2.2 The Cathode Reaction 

The cathode half cell reaction, written in Kröger-Vink notation, appears to be quite simple:  

½ O2 (g) + 2e’ + Vo
•• → Oo

x           2-4 

However, this reaction actually encompasses a series of several elementary processes 

ranging from diffusion to dissociative adsorption and charge transfer, finally resulting in 

incorporation into the solid [11,25,29-32]. For multi-step chemical reactions, it is common for 

one elementary reaction to be significantly slower than the others. It is this step which 

determines the overall rate of the reaction and is known as the rate determining step [30,33]. 

Once it is understood what step is limiting the overall reaction, catalysts can then be engineered 

with the proper functionality.  

The reduction reaction pathway is expected to vary depending on the cathode material. For 

a purely electronically conducting cathode, such as platinum, the oxygen reduction reaction is 

thought to be restricted to the triple phase boundary (TPB) where the electronically conducting, 

oxygen ion conducting and gas phases converge (Figure 2-1). This is because the reactants  

 
 
Figure 2-1. Schematic of the triple phase boundary showing the electronically conducting phase 

(α), gas phase (β), and ionically conducting phase (γ) and their roles in oxygen 
reduction  
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(electrons, vacancies and oxygen) are unique to a particular component, and can only participate 

in oxygen reduction when all three are available. To increase the reaction area from a 2D line to 

a 3D surface, researchers turned to mixed ionic/electronic conductors (MIECs) so that oxygen 

could be exchanged throughout the entire cathode/electrolyte interface (Figure 2-2). Because of 

this difference in pathway between the electronic and mixed conductors, it is expected that the 

mechanism of oxygen exchange will also be different. Thus, one material of each type has been 

chosen for examination using isotopic exchange. 

 
Figure 2-2. Oxygen reduction pathways for pure electronic, composite (electronic + ionic 

conducting phases) and mixed ionic electronic conducting cathodes [34] Reprinted 
from Journal of Power Sources 127, A. Weber, E. Ivers-Tiffée, Materials and 
concepts for solid oxide fuel cells (SOFCs) in stationary and mobile applications, 
273–283, Copyright (2004), with permission from Elsevier 

2.3 Perovskite structured cathode materials 

As mentioned previously, cathode materials must fulfill numerous requirements [35], not the 

least of which is affordability. Inexpensive replacements for porous platinum cathodes used in 

the past are oxides which crystallize in the ABO3 perovskite structure (Figure 2-3). This material 

system, commonly with a rare earth metal in the A site and a transition metal in the B site, is 
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very accommodating and allows for the introduction of various defects through doping on the A 

or B site. Through controlled defect engineering, various properties, such as electronic 

conductivity or thermal expansion, can be optimized. The specific materials chosen for study in 

this work are perovskites which have shown good performance and are well studied [10,14,36-

39]. Both are available commercially. 

 
 
Figure 2-3. Unit cell of cubic perovskite structure  

2.3.1 Lanthanum Strontium Manganite 

Strontium doped lanthanum manganite (LSM) is the most studied and prevalent SOFC 

cathode material [22,29,30,32,37,40] due to its long term stability and the fact that its thermal 

expansion coefficient is very similar to that of the electrolyte material YSZ. Although LSM 

performs well at high temperatures, cathodic polarization becomes significant at intermediate 

temperatures, limiting its usefulness as an intermediate temperature SOFC cathode material. 
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Therefore, it is of great interest to understand the oxygen reduction process on LSM so that the 

catalytic activity may be improved. 

The undoped base material, lanthanum manganite, is p-type with a conductivity of 

approximately 75 S/cm at 1000 ºC [41]. Strontium substitution of the A site lanthanum enhances 

the electrical conductivity and reaches a maximum at around 15-20% (150 S/cm [41,42]). The 

addition of a divalent ion results in the Sr2+ on a La3+ site being charge compensated through the 

formation of Mn4+ (Eqn. 2-5). This enhances the small polaron conduction mechanism where 

charges hop between Mn3+ and a dja t  [4 3]n a cen Mn4+ 2,4 .  

        2-5 

In addition to the electrical conductivity, the oxygen non-stoichiometry is also of interest. 

Defects, such as oxygen vacancies, in ionic solids are in equilibrium with the external 

environment at sufficiently high temperatures and doped lanthanum manganite is no exception. 

This work focuses on the specific composition (La0.8Sr0.2)0.98MnO3±δ (LSM), and as the ±δ 

indicates, the material can be super- and sub-stoichiometric [38,42]. At 1000 ºC, the material 

does not begin to become sub-stoichiometric through loss of oxygen until the oxygen partial 

pressure (pO2) drops below 10-10 atm. The lack of oxygen vacancies translates to a low ionic 

conductivity for LSM, with values between 10-7
 and 10-6

 S/cm being calculated from diffusivity 

data at 900-1000 ºC [37,44]. Given that the difference between the electronic and ionic 

conductivity is over 8 orders of magnitude, it is appropriate to classify LSM as a purely 

electronic conductor.  

2.3.2 Lanthanum Strontium Cobalt Ferrite 

More recently, interest in developing MIEC cathodes has directed research efforts toward 

the La1-xSrxCo1-yFeyO3-δ system [45,46]. These materials are double substituted perovskites with 

elements of similar ionic radii occupying the same site (La and Sr on A site, Co and Fe on B site) 
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[30]. The substitution of Sr2+ on the La3+ sublattice requires that electroneutrality (Eqn. 2-6) be 

maintained by either oxidizing the B site element from +3 to +4 or through formation of oxygen 

vacancies [47]. 

 · 2 ··        2-6 

At low temperatures, significant electronic compensation occurs, thought to be from 

preferential formation of Fe4+ [39]. At high temperature, unlike its effect in LSM, strontium 

substitution on the lanthanum site results in ionic compensation via formation of oxygen 

vacancies [47]. This lead uc  t ncentration of BB
•. s to a red tion in he co

2 ·  2 ··      2-7 

This explains the material’s decrease in electronic conductivity and increase in ionic 

conductivity at high temperatures corresponding to reaction 2-7. In addition, the electrical 

conductivity is also affected by the B site element. For a given A site composition, the electrical 

conductivity can be increased by simply increasing the B site cobalt content [47,48]. However, 

the addition of cobalt also has the unintended effect of increasing the thermal expansion 

coefficient (TEC); therefore a careful balance between conductivity and TEC matching with the 

electrolyte must be achieved. The addition of iron to the B site decreases electronic conductivity 

but also restricts thermal expansion. Due to insulating zirconate phase formation at the interface 

[49], cobalt containing cathodes are not compatible with YSZ, and must be interfaced with ceria 

based electrolytes for which there are no known reactions [46,48]. 

It is generally accepted that the composition La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) is well 

optimized and mechanically compatible (17.5 x 10-6 K-1 TEC [50,51]) with gadolinium doped 

ceria (GDC), which has a TEC around 12.5 x 10-6 K-1 [51]. At 900 ºC, LSCF has an ionic 

conductivity of 0.23 S/cm and an electronic conductivity of 252 S/cm [47]; the corresponding 
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ionic transport number is 9 x 10-4, which indicates the majority of the conductivity is electronic. 

Compared to the ionic conductivity of a material like LSM, however, LSCF is orders of 

magnitude more conductive, and it is even more ionically conductive than GDC electrolyte 

material at the same temperature [52]. 

According to the Nernst-Einstein relationship, the ionic conductivity is proportional to the 

concentration [37,47] and diffusivity of oxygen vacancies. At room temperature, LSCF is 

stoichiometric with respect to oxygen in air [47] and becomes non-stoichiometric at temperatures 

above 600ºC and at a pO2 below 1.3 x 10-3 atm [53,54].  

2.4 Oxygen transport parameters D and k 

Oxygen transport through MIECs via defects is generally well understood [9], but surface 

processes remain unclear due to experimental limitations and variations. In the literature, 

transport between the gas/solid interface is commonly described by two parameters, the bulk 

diffusivity (D) and surface exchange coefficient [14,16,55] (kse). D and kse values are usually 

found experimentally by applying one of the following driving forces to the material under 

study: electrical potential gradient, isotopic tracer concentration gradient [40,56] or chemical 

potential gradient [14,57]. However, kse values found from different techniques are usually not 

comparable for reasons given by Maier [58]. Attempts have been made to correlate the kse values 

to the mechanism of oxygen reduction using chemical kinetics [25,58-60], but a consistent 

expression for a given mechanism has yet to emerge.  

One technique used to get D and kse is called conductivity relaxation, which utilizes an 

abrupt change in the pO2 to generate a change in the conductivity of the sample. Additionally, 

another difficulty of studying oxygen reduction on oxides is that the large oxygen background 

from the lattice makes it difficult to study the reacting oxygen on the surface, therefore the use of 

isotopically labeled oxygen, 18O2, is necessary. More recently, D and kse values have been 
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obtained from isotope exchange depth profiles (IEDP), which are generated from secondary ion 

mass spectrometry on samples that have been annealed in isotopically enriched oxygen 

[21,22,55]. kse and D values obtained using an isotopic tracer are designated k* and D*. At 800 

ºC in 1 atm of O2, k* for LSM and LSCF is 6.3 x 10-9 and 1.0 x 10-5 cm/s, respectively [36,40]. 

D* is 4.0 x 10-15 cm2/s for LSM [40] and 2 x 10-8 cm2/s for LSCF [36].  These values show that 

oxygen transport through LSCF is clearly more facile than in LSM. 

There is evidence that, in general, IEDP is much more sensitive to D than kse. A couple of 

studies [56,61] show excellent agreement between the fitted and measured depth profile for the 

bulk of the material, but not within the first 10-20 nm, which is where kse is most significant. The 

work by De Souza [25] shows large error bars for kse but not for D. Lane [36] finds good 

agreement between D values from IEDP and conductivity relaxation but finds no apparent 

relationship between the measured kse values.  

An important sample property is the characteristic length, Lc, which is defined by the 

quantity D/kse [62]. For sample geometries much larger than Lc, oxygen transport is limited by 

diffusion through the bulk while samples much smaller than Lc are kinetically limited by 

reactions occurring on the surface. This concept was explored in Lane’s conductivity relaxation 

study [14] on bars (1.5 x 103 μm thick) of LSCF, which were found to have a characteristic 

length of 103 μm at 800 °C; the characteristic length for LSM is much smaller and, from IEDP 

studies, appears to be 8 x 10-3 μm at 900 °C (2 x 103 μm thick disk) [22]. Sample dimensions in 

these experiments are typically similar to or much larger than Lc, which means that the 

measurements are significantly affected by bulk transport kinetics.  

2.5 Gas phase isotopic oxygen exchange 

One way to ensure that surface kinetics is the dominating process is to use powder 

samples. Isotopic exchange techniques have been used since the 1940’s to study the surface 
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oxygen exchange rate of various oxides [27,63-67]. In these experiments, the powder sample was 

confined in a closed system, sometimes with a gas recirculating design, and allowed to 

equilibrate with normal oxygen at a chosen temperature and oxygen partial pressure. Then, 

isotopically labeled oxygen gas was introduced and the gas phase composition was monitored for 

the three oxygen isotopologues (molecules that differ only in isotopic composition) using a mass 

spectrometer. The analysis in these early studies was overly simplistic and often neglected key 

steps such as adsorption, which may in fact dominate these surface processes. It was found [68] 

that these earlier models were quite limited and a more rigorous approach to find the mechanism 

and rate limiting step of surface exchange is preferred.  

The main focus of this body of work is using the more modern technique of steady state 

isotopic transient kinetic analysis (SSITKA) [69] to determine kinetic information for cathode 

materials and using temperature programmed isotopic exchange to measure catalytic activity. 

With SSITKA, a plug flow reactor is used in place of the recirculating system, resulting in more 

sensitive and rapid gas composition detection, and a constant feed stream composition that 

makes data analysis more straightforward. A mass spectrometer located immediately 

downstream from the reactor continuously monitors the gas phase composition. The experiment 

is based on the rapid switching of the reactor feed line between streams containing different 

isotopes of oxygen. Ideally the only change induced by the switch is a step in oxygen labeling. 

Temperature, pressure, flow rate and oxygen partial pressure should remain undisturbed. The 

following analysis is then honed for reversible reactions such as gas phase oxygen exchange with 

the solid. In contrast to previously mentioned techniques (IEDP, conductivity relaxation) which 

yield overall mass transport information (such as surface exchange coefficient and diffusion 

26 



 

constants), this method has the potential to reveal not only the mechanism of oxygen exchange, 

but also the kinetic rate constants which determine the overall reaction rate. 

Another technique used in this dissertation is called temperature programmed reaction, 

which quickly surveys a material’s behavior at different temperatures. These experiments 

involve flowing gas of a known composition into the reactor while increasing the temperature at 

a constant rate and monitoring the reactor effluent in real time. The relative catalytic activity of 

two different materials can be compared by determining the onset temperature for reaction, 

desorption or isotopic exchange. 

Because of the apparent similarity between the IEDP technique [22,37,44,55,56] and this 

work, it is important to first establish the conceptual similarities and differences between these 

two methods. Both techniques assume that the interaction of 18O2 with the sample material is 

identical to that of 16O2, and that the flux of oxygen entering the material is equal to that leaving. 

It is not possible to study any charge transfer step(s) from either technique. The main difference 

is the SSITKA based method is a more catalysis based approach and aims to determine the 

mechanism of oxygen incorporation into the solid using chemical kinetics and the concept of rate 

coefficients whereas the IEDP method extracts the D and kse values ex situ by fitting the isotopic 

penetration depth profile in the solid to the Crank solution to the diffusion equation. As 

mentioned before, it is difficult to conclude what the kinetic mechanism is from kse.  

Using oxygen isotope 18O2 as a tracer to differentiate from the 16O found in the solid, it is 

possible to follow the oxygen exchange process in real time and elucidate the kinetic dependence 

on temperature and pO2 for these materials through temperature programmed and isothermal 

exchange methods. By tracking the rise and fall of different oxygen species (seen as masses 32, 

34 and 36 from the mass spectrometer), the uptake and release of oxygen can be better 
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understood (Figure 2-4). Mass 32 represents 16O2 coming from the bulk of the material while 

mass 36 is the labeled oxygen 18O2 from the gas stream. Mass 34 represents the scrambled 

product 16O18O that results from heteroexchange [70] between the gas and solid phases.  

Because oxygen is a relatively stable molecule, exchange between oxygen molecules in the 

gas phase (homoexchange) without interaction with those from the solid is not significant at 

temperatures below 1000˚C and will not be considered in the analysis [70]. Furthermore, 

verification that homoexchange did not occur in a blank reactor was done by flowing a mixture 

of 18O2 and 16O2 and monitoring for any changes while increasing the temperature from 50-

800˚C.  

 

 
Figure 2-4. Oxygen exchange showing possible species formed [71] 

Each material’s active temperature range is first identified from temperature programmed 

experiments, and then isothermal isotopic exchange is used to obtain kinetic parameters that can 

be compared to a theoretical model, discussed in the next section. From a simple two step 

mechanism of dissociative adsorption followed by incorporation, oxygen partial pressure 

dependencies, which are determined by the rate limiting step, are extracted. The extracted 

28 



 

parameter values are used to reconstruct the time dependent gas behavior and the extent of 

exchange.  

2.6  Proposed Mechanism of Oxygen Exchange 

The actual mechanism for oxygen exchange may be quite complex, involving a multitude 

of possible steps [72]. However, as a starting point, a simple 2-step model (equation 2-8) is 

proposed [71]. Charge transfer is not considered a separate step in this analysis because no 

electrical measurements were made. The first step is the dissociative adsorption of a molecule of 

oxygen on the surface. This is followed by the incorporation of the adsorbed oxygen atom into 

the solid. The (g) indicates the gas phase, S indicates a surface site and Vo is a vacancy at the 

surface of the material. The d r a dsorbed or bulk species.  “a s” o  “bulk” subscripts indicate n a

  2 2        ,

       ,        2-8 

The k’s are the forward and backward reaction rate constants for each step. In this work, 

the measured quantity is the concentration of O2 (g) from the first step. Introducing an isotopic 

tracer into the system allows for the formation of three different oxygen species 16O2, 18O16O, 

and 18O2, which are produced on the surface according to the equations in 2-9. These equations 

represent the backward reacti  the f on 2-8).  on of irst step in the model (equati

         
 

 
   

               2-9 

From the assumptions that the surface and gas are in equilibrium with each other, the 

composition of the gas phase oxygen species can be used to back derive the statistical 

distribution of oxygen isotope 16O or 18O adsorbed at the surface. This serves as the starting point 
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for much of the isotopic exchange (both temperature programmed and isothermal) analysis to 

follow. Overall, the gas interacts with the oxygen adsorbed at the surface, which then interacts 

with the oxygen in the sample lattice. All three phases (gas, surface and bulk) can be modeled 

using this relatively simple two step process. 

All that remains is to link the measured quantities to the rates of production. Illustrated 

next is a schematic of the reactor (figure 2-5) with the flow of feed and reaction products. The 

reaction is assumed to occur at feed conditions as the reactants are quickly swept away. There is 

also no accumulation within the reactor since the residence time of the gas is fairly small. A 

constant flux, F, of 18O2 enters the reactor and reacts with the oxide sample to form 18O2,16O2 and 

16O18O. The fluxes of the products, F”, are monitored by the mass spectrometer. 

 

Figure 2-5. Schematic showing reactor feed and products [71] 

From mass balance (equation 2-10), the following expressions for the production of the 

various oxygen species are derived. SA is the sample surface area. For the last two equations  

Accumulation = 0 = Fin-Fout + rate produced – rate consumed       2-10 
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(2-12 and 2-13), it is apparent that the quantity measured by the mass spectrometer is directly 

proportional to the rate of production. Using this link between the measured and theoretical rate 

of production, a simulation of the exchange reaction is possible and used to deduce the most 

likely mechanism of isotopic exchange. 

 



 

CHAPTER 3 
TEMPERATURE PROGRAMMED EVALUATION OF CATALYTIC PROPERTIES 

3.1 Introduction 

Temperature programmed reaction (TPR) is a characterization technique used in the field 

of heterogeneous catalysis. The process involves flowing reactant gases through a bed of catalyst 

and measuring the composition of the effluent as the temperature is increased. Using TPR, the 

oxygen non-stoichiometry of (La0.8Sr0.2)0.98MnO3±δ (LSM) and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) 

can be measured under different temperature and pO2 conditions, and compared to that in the 

literature as a means to validate this technique.  

A variation of TPR, temperature programmed desorption (TPD), is used for investigating 

the desorption of oxygen from the surface. First, adsorbates are adsorbed onto the catalyst by 

flowing the gas of interest through a cooling catalyst bed. Once the starting temperature is 

reached, an inert gas such as nitrogen or helium is used for the feed stream to carry off any 

excess reactant gas [73]. Then the temperature is linearly ramped and the desorbing species is 

detected with a mass spectrometer. TPD can yield information on the surface coverage and 

differentiate between different binding sites.    

Another variation is temperature programmed isotopic exchange (TPX), which sheds light 

on the interaction between the oxygen in the gas and solid phase. First the oxide catalyst is 

annealed in a stream containing normal 16O2 and cooled back down to room temperature to 

ensure that the oxygen in the solid is of normal isotopic labeling. Then the oxygen in the feed 

stream is replaced with labeled oxygen (18O2). The different oxygen species (18O2, 18O16O, and 

16O2) in the gas are then monitored as the reactor is heated [18]. The temperature of exchange 

onset is then an indicator of the catalytic activity. Depending on the evolution of the oxygen 

species relative to each other, differences in mechanism can be detected. 
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3.2 Experimental 

3.2.1 Powder Materials 

(La0.8Sr0.2)0.98MnO3-δ powder from Nextech (5.73 m2/g) and La0.6Sr0.4Co0.2Fe0.8O3-δ 

powder from Praxair (6.53 m2/g) were used without additional modification. By testing each 

cathode material individually, interaction between dissimilar materials (such as secondary phase 

formation between electrolyte and cathode) can be avoided. 

3.2.2 Catalysis System 

The continuous flow system (Figure 3-1) consists of two separate gas lines connected to a 

switching valve with one line exiting to vent and the other leading to a small quartz micro-

reactor. Inside the reactor, gas flows through a bed containing a small quantity of powder sample 

supported by quartz frit (Figure 3-2). The reactor effluents flow to a quadrupole mass 

spectrometer (Extrel QMS), where the composition is analyzed and recorded. A temperature 

controller (Eurotherm) connected to a type-K thermocouple in the reactor controls furnace 

temperature. 

Switching 
Valve

Stream 2: 
Oxygen 18

Vent

Microreactor 
and Furnace

Temperature 
Controller

Stream 1: 
Oxygen 16

Vent

Mass 
Spectrometer

Data 
Acquisition

 
Figure 3-1. Catalytic testing system comprised of two separate feed streams, a microreactor 

within a furnace and quadrupole mass spectrometer [71] 
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Figure 3-2. Quartz micro-reactor schematic [74] 

Each gas line contains multiple mass flow controllers connected to oxygen gas and 

research grade helium tanks (Airgas). All gas mixtures were balanced in helium. Stream 1 

contained oxygen isotope 16O2 while stream 2 contained oxygen isotope 18O2 (Cambridge 

Isotope, 95% pure) and a small amount of argon (Airgas, 0.1%) used as an inert tracer. Mass 

flow controllers (MKS & Alicat) and exhaust valves were adjusted so that the two lines were 

flow and pressure matched. After each experiment, the mass spectrometer was calibrated by 

flowing gases of a known composition through a room temperature reactor. Flow rates were 

verified using a bubble-meter connected to one of the exhausts. Masses 16, 18, 28, 32, 34, 36 and 

40 were monitored during every run. Mass 28 corresponds to either N2 or CO and mass 40 

represents the inert argon tracer. Because the uptake and release of oxygen is repeatable in LSCF 

[19], this fact was used to calculate relative sensitivity factors (RSF) for mass 32, 34 and 36 from 

a series of TPR experiments.  
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3.2.3 Temperature Programmed Reaction, Desorption and Exchange 

The sample was loaded into the quartz reactor and pretreated for 10 minutes at 650˚C. 

After pretreatment, the reactor was cooled to room temperature in the pretreatment gases and 

then the reacting gases were flowed through the reactor (Table 3-1). Once steady state conditions 

were reached (approximately 30 minutes), the temperature was ramped up to between 650˚C and 

800˚C at a rate of 30˚C/minute while the composition of the reactor effluent was recorded. For 

TPD, the sample was cooled in an oxygen atmosphere and heated in an inert helium stream. The 

TPR involved heating the sample in an oxygen containing feed stream, while the TPX is nearly 

identical to the TPR except the oxygen in the feed stream was isotopically labeled.  

Table 3-1. Temperature programmed conditions [71] 
Temperature 
Programmed 
Experiment 

Sample 
Size (mg) 

Flow 
Rate 
(ml/min)

Pretreatment 
Gas  

Reaction 
Gas 

Feed Stream 
O2 Content 
(ppm) 

Reaction (TPR) 15-LSCF 
17-LSM 

20 1% 16O2 
 

16O2, He 2,500; 5,000; 
10,000 

Exchange (TPX) 40 25 1% 16O2 18O2, He 2,500 
Desorption 
(TPD) 

40 25 1% 16O2, 
2,500ppm 18O2 

He <10 

 

3.3 Results and Discussion 

3.3.1 Oxygen Non-Stoichiometry from TPR 

 In order to determine the validity of this technique, the oxygen non-stoichiometry of 

LSM and LSCF was found using our quantitative mass spectrometry method and compared to 

published results. 

LSM was heated in 2,500 and 5,000 ppm oxygen. At no time did the oxygen signal 

increase noticeably beyond the baseline, indicating that the LSM oxygen stoichiometry is 

constant throughout the temperature range 50-700˚C. This is in agreement with results obtained 

by Kuo [38], which indicate that LSM has few vacancies under these conditions. 
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The oxygen vacancy concentration of La0.6Sr0.4Co0.2Fe0.8O3-δ calculated from a series of 

TPRs under various oxygen partial pressures is shown in Figure 3-3. As expected, the oxide 

deviates from stoichiometry (δ=0) as the temperature was increased or the oxygen partial 

pressure was decreased. (3-δ) values at 800˚C are similar to those interpolated from Hartley’s 

study on oxygen non-stoichiometry [54], although the data from this study indicates that LSCF is 

more sensitive to the oxygen partial pressure. Interpolated data from Hartley appear as dots. Due 

to the smaller sample size in our study (15 mg), calibration errors and differences in detection 

method could have contributed to the discrepancy. The sample size was weighed out to yield a 

total surface area of approximately 0.1m2 for each material: 17 mg of LSM powder and15 mg of 

LSCF powder.  
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Figure 3-3. La0.6Sr0.4Co0.2Fe0.8O3-δ Oxygen non-stoichiometry (3-δ) vs. temperature for various 

oxygen partial pressures. The circles at 800˚C represent points interpolated from 
Hartly’s work [54,71]. 

36 



 

3.3.2 Temperature Programmed Isotopic Exchange 

Heating the sample at a constant rate in isotopically enriched oxygen gas revealed the 

formation of 16O18O, as well as the exchange of gas phase oxygen (18O2) with that in the bulk 

(16Oo). Figure 3-4 shows the exchange behavior of LSM and LSCF. Onset of oxygen exchange in 

LSCF began around 200˚C, while it did not begin until 350˚C for LSM, indicating LSCF is more 

catalytically active. The isotopic exchange sample size is larger than the TPR sample size to 

maximize detection of isotopic exchange. 
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Figure 3-4. Temperature programmed exchange profile for   A) LSM and   B) LSCF [71] 

LSM shows extensive 16O18O formation and little bulk oxygen desorption up to 600 ºC, 

which suggests a more rapid dissociative adsorption step relative to the incorporation step. Much 

of the 18O from the gas phase 18O2 dissociates on the LSM surface and, rather than becoming 

incorporated into the lattice, desorbs back into the gas phase as 16O18O. This is consistent with 

LSM’s behavior as an electronic conductor with few vacancies and low oxygen diffusivity. The 

decrease in 16O18O starting at 620˚C suggests either a change in the reduction mechanism or the 

exhaustion of 16Oads species at that point. The total oxygen does increase slightly around 500˚C, 

which was not observed in earlier TPR experiments performed with regular 16O2. This may be 
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due to calibration error or it could also indicate that the material is slightly sub-stoichiometric 

under testing conditions at higher temperature. 

Although some surface scrambling (formation of 16O18O) takes place on LSCF (Figure 2-

4b), the majority of the gas phase oxygen (18O2) exchanges by switching places with the original 

bulk oxygen. Overall, more oxygen was released than absorbed by the oxide, and the oxygen 

ejected was primarily from the bulk. Because there was relatively little surface mixing, this 

indicates that step 2 is overall very fast compared to step 1. These results are consistent with 

those obtained from Boukamp’s study [75] on La1-xSrxCoO3 based perovskites. Boukamp and co-

workers also observed relatively little cross product formation in their sample while observing 

that the labeled oxygen exchanged with the solid by replacing the bulk oxygen 16O. 

3.3.3 Temperature Programmed Desorption after Isotopic Exchange 

Running a TPD after the TPX on both materials revealed that the oxygen lattice was of 

mixed isotope. TPD spectra obtained after adsorption in regular 16O2 follow the same shape and 

magnitude of total oxygen desorbed.  

The TPD for LSM (Figure 3-5a) shows two noteworthy characteristics. First, the presence 

of 16O18O indicates that some exchange did occur in LSM, and second, the amount of oxygen 

given off by the sample is very small compared to LSCF. This profile is similar to those 

presented in previous works [20,76], which also show the base of a desorption peak starting 

near500˚C. Although the peaks at 175˚C and 350˚C were not seen in the earlier studies [20,76], 

they are very small and can arise from differences in catalyst pretreatment.  

The profile for LSCF is shown in Figure 3-5b, with one view zoomed in to show 

contributions to the low temperature “peak” near 230˚C. This peak was also seen at the same 

temperature in another study [19]. Overall, the majority of the desorbed oxygen consisted of the 

non-exchanged species 16O from the lattice. Upon closer inspection of the low temperature peak, 
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Figure 3-5. Temperature programmed desorption after TPX for   A) LSM   B) LSCF, broken 

down by isotopic labeling [71] 

called the α-peak [17,73], it is apparent that there may be an oxygen surface state at room 

temperature. It is likely that the labeled species originates as oxygen either in the surface layer or 

as an adsorbate and as the temperature increases, more bulk oxygen is expelled from the lattice 

as the material equilibrates with the environment [73]. Because the 16O18O is twice the value of 

the 18O2, it is evidence that the “low temperature” surface state of oxygen is atomic. During 

pretreatment in the labeled gas, the isotopically labeled oxygen accumulates near the surface due 

to slow diffusion as the sample cools; this explains the corresponding low temperature peak in 

18O2. It should be mentioned that the total oxygen TPD profile is reproducible regardless if it is 

performed with regular or labeled oxygen adsorbate. 

3.4 Conclusion 

The oxygen non-stoichiometry of LSM and LSCF obtained by temperature programmed 

reaction is comparable to values reported in the literature. Using an isotopic tracer, it was shown 

that oxygen surface exchange occurs in LSCF above 200˚C and in the electronic conductor LSM 

above 350˚C. At all temperatures tested, LSCF is more catalytically active than LSM with regard 

to exchange. The amount of scrambled surface species formation is indicative of the nature of the 
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oxygen exchange reaction; LSM shows difficulties with incorporation while LSCF appears to be 

limited by the dissociative adsorption step.  

Desorption studies performed after the isotopic exchange experiment shows that there is a 

low temperature (100-300˚C) peak for both LSM and LSCF. The release of mixed product is 

further proof that the exchange between the gas and solid oxygen species does occur. The 

magnitude of desorption is much smaller for LSM than with LSCF. It is thought that the high 

temperature desorption “peak” originates from the oxide bulk rather than from the desorption of 

oxygen adsorbates. 

 
 



 

CHAPTER 4 
ISOTHERMAL ISOTOPIC SWITCHING 

4.1 Introduction 

Once the active temperature range for (La0.8Sr0.2)0.98MnO3±δ (LSM) and 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) are identified from temperature programmed experiments, 

isothermal isotopic exchange can then be performed to obtain an exchange profile, which is 

compared to the theoretical model. This method is also called the steady state isotopic transient 

kinetic analysis technique, described in detail by Shannon and Goodwin [69].  

This technique involves feeding a gas mixture of 16O2 of a known concentration into a 

reactor containing the cathode powder at constant temperature and abruptly switching the gas 

feed stream to one containing the same concentration of 18O2. The oxygen isotope distribution in 

the reactor effluent versus time is then monitored by mass spectrometry to generate exchange 

profiles. Ideally the only change induced by the switch is a step in oxygen labeling. Temperature, 

pressure, flow rate and oxygen partial pressure should remain undisturbed.  

It is generally believed that the surface reaction process can be broken down into several 

steps: first gas diffuses to the surface, then it adsorbs and reacts on the surface, and finally is 

followed by desorption away from the surface. The mechanism of oxygen reduction on 

(La0.8Sr0.2)0.98MnO3±δ (LSM) and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) are thought to be different. 

Since LSM is an electronic conductor with poor ionic conductivity, it is thought that the oxygen 

reduction reaction is limited to the triple phase boundary where gas, electrode and electrolyte 

meet. With LSCF, which is a mixed ionic electronic conductor, diffusion through the bulk oxide 

is thought to be facile and as a result, the whole surface is active for oxygen reduction.  

From a simple two step mechanism, the oxygen partial pressure dependencies can be 

extracted, which are determined by the rate limiting step. Also, the kinetic parameters are 
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extracted and used to reconstruct the time dependent gas behavior and the extent of exchange. 

Many parallels can be made between this study’s modeling approach and an earlier Monte Carlo 

simulation [77] of the gas phase composition applied to fluorite structured oxides. In addition to 

simulating the evolution of the gas phase oxygen composition with time, this work also models 

the exchange behavior of the bulk from the measured gas phase reaction.   

4.2 Theory 

Starting with the 2 step mechanism mentioned in Chapter 2, equation 2-8, the overall rate 

is defined by the extent of oxygen incorporation into the solid (second step). Although the total 

oxygen concentration is nearly constant during an isotopic switch experiment, there is an isotopic 

driving force and eventually labeled oxygen 18O from the gas phase replaces lattice 16O. 

Therefore it is possible to track the overall reaction rate as d[18Oo]/dt using isotope mass balance. 

Because the relative differences in mass and bonding energy are small amongst diatomic oxygen 

species, isotopic effects are ignored for the sake of simplicity [69]. 

In the limit that one of the two steps is rate determining, two different behaviors can be 

predicted. If one step is assumed to be in quasi-equilibrium with respect to the labeled oxygen 

concentration, a simplified expression can be written using the equilibrium constants K1=k1/k-1 

and K2=k2/k-2 to yield the initial oxygen dependence of the overall rate of 18O incorporation. 

In the case of step 2 being in quasi-equilibrium, at time t ≈ 0, [18Oads]=[18Oo]≈0. 
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The initial reaction order with respect to O2 is then predicted to be either 1 or 0.5 depending on 

whether dissociative adsorption or incorporation, respectively, is rate limiting. 

In this study, the measured quantity is the concentration of O2 (g) from the first step. 

Introducing an isotopic tracer into the system allows for the formation of three different oxygen 

species 16O2, 18O16O, and 18O2, which are produced on the surface according to equations 4-3 

through 4-5 (the extra “2” in equation 4-4 arises from the reaction multiplicity). These equations 

represent the backward reaction of the first step in the model (equation 2-8). Equation 4-6 shows 

the normalization relationship for oxygen adatoms of a particular isotopic labeling, assuming that 

the total oxygen adsorbate concentration is constant during the switch due to steady state 

conditions.  

k O k O f      4-3 O 
 

O O  2k O O 2k O f 1 f   4-4   

O k O k O 1 f      4-5  

O O  
O

1 f f         4-6 

If the oxygen on the surface and in the bulk is considered to be thoroughly mixed, and 

assuming that the total adsorbed and bulk oxygen concentration remains constant throughout the 

exchange, then the oxygen isotope distribution on the surface and in the solid can be represented 

in terms of fractions of one isotope (either 16 or 18). This simplification is also discussed in 

previous work [71]. The convention used here will focus on the fraction of adsorbed oxygen 

species on the material surface (16fads) and in the lattice (16fbulk) which are of normal isotopic 

labeling (16O) because this is the isotope used for calibrating the mass spectrometer signal. Using 

equation 4-3, the 16fads at a given time is obtained from the instantaneous 16O2 gas phase signal, 
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and serves as the starting point for much of the analysis. This allows us to use the measured gas 

phase composition during the exchange to predict the real time isotope distribution on and in the 

sample. 16fbulk can be obtained by integrating the amount of 16O exchanged (from 16O2 and 

16O18O) versus time and then normalizing to the sample size. 

The time dependence of the system can be modeled with a system of nonlinear differential 

equations describing the isotopic composition of the surface and bulk (Figure 2-4), which depend 

on kinetic parameters and a correction to account for the purity of the isotopically labeled feed 

stream. The gas purity is taken into account by the following: 

α18O2 + β16O2 + γ16O 18O = Total O2             4-7 

Where α is the fraction of 18O2, β is the fraction of 16O2 and γ is the fraction of 16O 18O in 

the gas phase. Inserting these corrections into the derivation (see Appendix A) [71], the 

following te n b ine . sys m of equatio s is o ta d  

 2β γ            4-8  

 
   )                   4-9 

From here, the following parameters are defined: A = k-1[Oads]; B = k2[V0]; C = 

[Oads]/[Obulk]. The parameters A and B are representative of the kinetics that describe the oxygen 

exchange reaction and are the effective rate constants; the smaller of the two rate constant will 

indicate if the reaction is dissociative adsorption limited (smaller A) or incorporation limited 

(smaller B). C is the ratio of adsorbed oxygen to oxygen in the bulk. Note that extracting the 

parameters A, B and C from the experimental data will require solving the system of nonlinear 

equations 4-8 and 4-9 using numerical methods.  
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This method of evaluating the isotopic composition of the surface and bulk, as predicted by 

the measured gas composition, will allow the validity of this model, along with its assumptions, 

to be thoroughly tested.  

4.3 Experimental 

The materials (LSM and LSCF) and experimental setup are the same as described in 

sections 3.2.1 and 3.2.2. Previously, the sample was heated at a constant rate while the feed gas 

was held constant. In this chapter, the temperature is held constant and the gas stream is varied. 

4.3.1 Isothermal Isotopic Switching 

Switching experiments consist of isothermally and isobarically (with respect to total 

oxygen pressure) switching the gas feed stream into the reactor from a line containing a mix of 

normal 16O2 and helium to a secondary line containing 18O2 (Cambridge Isotope, 97% enriched) 

and helium mixed to the same concentration. A small amount of argon (1,000 ppm) is included 

in this second line as an inert tracer. The change in isotope concentration is recorded using mass 

spectrometry (Extrel). The common gases are metered with MKS mass flow controllers while an 

Alicat Scientific mass flow controller is used with the isotopically labeled oxygen. Flow rates 

[20 standard cubic centimeters per minute (sccm) total unless stated otherwise] were calibrated 

using a bubblemeter and mass spectrometer signals were calibrated by flowing known 

concentrations of oxygen balanced in helium through the reactor. A typical room temperature gas 

switch profile, without reaction, is shown in Figure 4-1. Within 20 seconds, switch has reached 

new equilibrium with the 18O2 enriched oxygen feed stream, in terms of both 18O2 and the inert 

Argon tracer. 

After the sample was loaded into the reactor, the temperature and 16O2 partial pressure was 

adjusted to the desired values in feed stream 1. In feed stream 2, the 18O2 partial pressure, flow 

rate (20ml/min) and pressure (15-18 PSIA) were adjusted to match the conditions in the 16O2  
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Figure 4-1. Oxygen isotopic switch profile through a room temperature reactor  

line. Once steady state was reached, a rapid switching of the feed lines quickly changed the 

isotopic labeling of the reacting gases and the reaction was allowed to proceed for up to 5 

minutes or whenever steady state was reached, whichever came first. Different combinations of 

temperature and oxygen concentration were systematically tested for each material. In order to 

extract the pO2 reaction order at 600˚C and 800˚C, the temperature was held constant while the 

oxygen concentration was changed from run to run. To obtain the activation energies, the 18O2 

concentration was held at 20,000 parts per million (ppm) as the temperature changed from run to 

run. Because the reaction was assumed to be limited by surface kinetics, the sample size was 

normalized by surface area, which was approximately 0.1 m2 for each material (17 mg of LSM 

powder and15 mg of LSCF powder). A full exchange spectrum was taken at 650˚C in 

10,000ppm 18O2 because the TPX spectrum shows extensive activity at this temperature for both 

materials. A full exchange spectrum entailed waiting until the mass spectrometer signals for 

masses 32, 34 and 36 have reached steady state and no more reaction was observed. 

Additional isotopic switching experiments involved varying the temperature or oxygen 

concentration conditions of the test for the full duration of the exchange. Before switching tests, 

fresh powder was heated to 800 ºC in approximately 20% 16O2 for an hour to remove 

46 



 

contaminants. After testing, the sample is again heated to 800 ºC in 20% 16O2 for an hour to 

“reset” the lattice with 16O. Tests on both materials were performed at 700 ºC while varying the 

partial pressure of oxygen (pO2) from run to run (0.5%, 1% and 2%). Then the pO2 was kept at 

2% while the temperature was held at 600, 700 and 800 ºC. The oxygen partial pressures were 

chosen to avoid saturating the mass spectrometer detector. Also, the mass flow controller 

metering the isotopic oxygen has a maximum flow rate of 0.5 sccm, allowing for precise control 

but limiting the range of pO2 achievable.  

Upon finishing the set of switching experiments, it was noted that LSCF appeared to be 

gas diffusion limited due to its sample temperature insensitivity. In other words, the surface 

reaction is occurring more rapidly than the gas phase diffusion of reactants to the LSCF surface. 

This effect is not observed with LSM because its surface reaction occurs more slowly than 

diffusion and is thus rate limiting.    

Because it is the surface kinetics which are of interest, it is necessary to either slow down 

the reaction on LSCF or decrease the boundary layer thickness such that gas phase diffusion is 

no longer limiting. The first approach taken was to double the flow rate to 40 sccm and then tests 

on LSCF were conducted at 600, 700 and 800 ºC in 1% O2. Then the temperature was decreased 

to 300, 400 and 500 ºC while holding the flow rate at 40 sccm and 1% O2. Some degradation was 

noticed so a new sample was used for the 40 sccm tests. Also, the sample size of LSCF was 

varied from between 5, 10 and 15 mg and tested under 40 sccm 1%O2 at 500 ºC.  

4.4  Results and Discussion 

4.4.1 (La0.8Sr0.2)0.98MnO3±δ 

Figure 4-2 shows the evolution of various oxygen species with time immediately after the 

switch in feed stream oxygen labeling (16O →18O) for LSM at 650 and 800˚C under 10,000 ppm 
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of labeled oxygen. Time=0 was taken to be the time at which the inert argon signal was first 

detected and any data before that point was disregarded (Figure 4-3).  
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Figure 4-2. (La0.8Sr0.2)0.98MnO3±δ isothermal isotopic exchange under 1% O2 at   A) 650˚C and   

B) 800˚C [71] 

Comparing the time scale of the reaction in the profile from the switch in 1% O2 (shown 

in Figure 4-2 for LSM) to that in Figure 4-1, the decay in the 16O2 signal cannot be due to the 

switch itself and is attributed to the heterogeneous exchange with the 16O containing sample. 
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These profiles show that the total oxygen concentration during the experiment is very stable, 

with the exception of the discontinuity near the switch (due to pressure imbalance between the 

two lines). 

Total oxygen was reasonably constant throughout the experiment; the switch does 

introduce an initial discontinuity because the lines were closely, but not perfectly, flow, pressure 

and concentration balanced. 16O2 falls off monotonically while 18O2 increases with time as 

expected in both Figure 4-2a and b. 16O18O increases and reaches a maximum before gradually  
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Figure 4-3. Argon Tracer Step-Profile [71] 

dropping off. If exchange of any type had not occurred, there would be no formation of 16O18O 

and the time to switch isotopic labeling from 16O2 to 18O2 would be comparable to the argon 

switch time. 

Although the y-axis of the figure is labeled concentration, it can also be considered the 

instantaneous rate of production of the three oxygen isotopologues. It is possible to know if 

exchange with the solid is actually occurring or not by comparing the amount of oxygen 

“exchanged” with the amount of oxygen present in the original sample. If exchange with the bulk 

occurs, the conversion will approach 100% as the experiment proceeds. If only the adsorbed 

oxygen species were exchanged, then this reaction will occur very quickly and the amount of 

oxygen exchanged will fall short of the amount needed to convert the oxygen in the lattice to 
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100% labeled oxygen. Therefore, to get the amount of oxygen exchanged, it is necessary to 

integrate the area under the 16O2 curve plus half of the area under the 16O18O curve. To put into 

perspective the amount of time it takes for a full exchange to occur, under typical experimental 

conditions for our sample mass, it takes at least 20 minutes to flow enough labeled oxygen 

through the system to replace each oxygen in the sample lattice. The probability of replacing a 

16O in the lattice with an 18O from the gas phase decreases with time which leads to long 

exchange times if 100% conversion is desired. Also, close to 100% conversion is not possible 

since our gas is enriched to only 97% 18O (95% 18O2).  

Although the TPX (Figure 3-4a) would suggest that LSM is reactive at 350˚C, that is 

merely the lower temperature limit for this material’s reactivity. The sample size is larger and the 

oxygen partial pressure is lower in the TPX specifically so that the reactivity limit can be 

studied. Significant exchange from isothermal switching was not observed until the temperature 

increased past 600˚C. At first glance at the time scales in Figure 4-2, it may appear that LSM 

reacts much faster at 650˚C than at 800˚C, however this is not really the case. The rapid 

production of the asymmetric molecule is primarily due to mixing with surface species. There is 

much more oxygen in the lattice that has not come out yet and it would take an extremely long 

time for the material to fully exchange. After increasing the temperature to 800˚C, LSM shows 

characteristics of both surface and bulk exchange (Figure 4-2b) and subsequently takes much 

longer to approach steady state.  

If the initial oxygen partial pressure dependence of the overall reaction is assumed to 

follow a power law (rate pO ), it can be written in a linearized form (equation 4-10). Slopes  

2
18lnln)][ln(

18

Oeffective
o Pmk

dt
Od

+=
 

  4-10 
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were calculated from the data at t = 15 seconds. The slope taken any earlier would incorporate 

switching nonidealities and any later would invalidate the assumption that the 18O content in the 

surface and solid is zero. The pO2 dependence for LSM at 600 and 800˚C is shown in Figure 4-4. 

The switching nonideality is expected to cause greater error in the lower temperature LSM runs 

due to the more rapid attainment of steady state. The initial reaction order with respect to oxygen 

partial pressure for LSM is 0.67 at 600˚C and 0.82 at 800˚C, indicating that the rate determining 

step in LSM changes with temperature. 
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Figure 4-4. Initial rates of exchange vs. oxygen partial pressure for LSM at 600 and 800˚C [71] 

The change in pO2 dependence between 600 and 800˚C signifies that a change in the 

mechanism occurs somewhere between those two temperatures. To investigate further, a series 

of isothermal exchange experiments was conducted under 20,000 ppm oxygen at various 

temperatures. The first series of experiments investigated the behavior of LSM over the 

temperature range 600-800˚C. By plotting the overall rate and temperature (Figure 4-5) on an  
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Arrhenius-like plot, the apparent activation energy was extracted from the different slopes. There 

was a transition region between 650˚C and 700˚C and a second series was conducted spaced 

15˚C apart between 650˚C and 710˚C (Figure 4-5 inset). The higher temperature slope 

corresponded to an activation energy of 0.90 eV while the lower temperature slope indicated a 

much lower activation energy of 0.41 eV. This reinforces the hypothesis that only adsorbed 

surface species were exchanging at temperatures lower than 650˚C, since exchanging surface  
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Figure 4-5. Arrhenius-like plot showing activation energy of oxygen exchange on LSM under 
20,000 ppm 18O2 [71] 

species is a lower energy process. In order for surface adsorbate exchange to occur (step 1), 

oxygen only needs to adsorb and dissociate onto the surface; for actual exchange with the 

oxygen in the lattice to occur, additional energy needs to be spent on processes such as vacancy 

diffusion and creation. The cause of this change in mechanism may be a phase transition [78]. 

Previously reported values for the activation energy (from IEDP surface exchange coefficients) 
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in LSM was significantly higher: 1.33 eV at temperatures over 700˚C [79]. This discrepancy may 

arise from differences in pO2 testing conditions if there is a different mechanism (100% O2 vs. 

2% in this study) or sample configuration (as mentioned in the introduction, a compact body ma

be less sensitive to surface reactions compared to a powder). 

4.4.2 La0.6Sr0.4Co0.2Fe0.8O3-δ 

y 

ended isothermal exchange behavior for LSCF at 650˚C and 

10,000 f 

 the sample surface, 

shows 

Figure 4-6 shows the ext

 ppm oxygen concentration. Although Figure 4-6 is data from a specific combination o

temperature and oxygen partial pressure, the trends remain the same for most temperatures and 

oxygen concentrations tested. At 400˚C exchange occurs but not at 200˚C, which is consistent 

with the TPX results (Figure 3-4b). At 200˚C, the TPX shows that the exchange is rather slow 

and would not react fast enough to be seen in the switching experiments.  

The lag in production of 16O18O, which is assumed to occur only on

that the labeled oxygen does not displace the original surface species right away, but must 

gradually accumulate. This is consistent with a slow dissociation step and fast incorporation.  
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Figure 4-6. Isothermal exchange of LSCF at 650˚C and 10,000 ppm O2 [71] 
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Applying equation 4-10 to the series of LSCF isotopic exchange, the curve fit shows that 

the slope (Figure 4-7) is 0.97, indicating a nearly first order dependence on the isotopic oxygen 

partial pressure at 600˚C. This result is consistent with the derived expression (equation 4-1) for 

dissociative adsorption limited kinetics. The slope at 800˚C is 0.91; the small decrease in pO2 
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Figure 4-7. Initial rates of exchange vs. oxygen partial pressure for LSCF at 600˚C [71]  

dependence indicates that the reaction is slightly less limited by dissociative adsorption relative 

to incorporation. The slope is an indication of the mechanism only. The onset temperature of 

oxygen isotope exchange and the amount of time it takes for a material to exchange a certain 

amount of oxygen are better indicators of a material’s catalytic activity. 

Figure 4-8 shows the activation energy for exchange on LSCF between 400 and 700˚C. 

The activation energies for LSCF are much lower than those for LSM. Above 475˚C, the 

activation energy is 0.10 eV, which is very low considering kbT at 700˚C is about 0.08 eV. 

Below 475˚C, it increases to 0.29 eV. From the LSCF TPX (Figure 3-4), below 450˚C, LSCF is 

unable to react with all the 
18

O2 in the environment. The increase in activation energy below 
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475˚C is consistent with the results from the TPX and is thought to occur due to a decrease in 

vacancy concentration (see trend in Figure 3-3). 

An activation energy of 1.09 eV was found from IEDP data above 650˚C [80]. Again, the 

IEDP value is much higher than the activation energy reported here, but both sets of data are 

consistent with LSM having the higher activation energy. It is unknown if the reason for the  
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Figure 4-8. Arrhenius plot showing activation energy of oxygen exchange on LSCF under 
20,000 ppm 18O2 [71] 

large discrepancy is due to trying to compare two fundamentally different rate constants (kse vs. 

k1, k2, etc) or to the different experimental parameters. 

Original IEDP data independent from the work of Benson et al. [81] and Benson [82] 

could not be found to further compare the activation energy for this particular composition. kse 

values from conductivity relaxation indicate the apparent activation energy is 1.88 eV [15], but 

this is quite close to the activation energy of 1.75±0.16 eV for D found by the same method [83]. 

This, in addition to the observation of an empirical correlation between D and kse [79], indicates 
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that there may be some difficulty in separating surface and bulk transport processes from each 

other with the recently mentioned techniques [84]. 

4.4.3 Trends in LSM and LSCF 

Profiles from the switch at 800 ºC in 20 sccm of 2% O2 are shown in Figure 4-9 for LSM 

and LSCF. Compared to the time scale in the profile from the switch at room temperature  
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Figure 4-9. Isothermal isotopic switch profile at 800 ºC in 20sccm 2% O2 for   A) LSM and        
B) LSCF 
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(shown in Figure 4-1), the decay in the 16O2 signal cannot be due to the switch itself and is 

attributed to the heterogeneous exchange with the 16O containing sample. These profiles show 

that the total oxygen concentration during the experiment is very stable, with the exception of the 

discontinuity near the switch (due to pressure imbalance between the two lines). The argon tracer 

in the effluent also maintains a constant concentration during the exchange. As discussed in the 

theory section, the time dependent concentration of the gaseous oxygen species (18O2, 16O18O 

and 16O2) reflects changes in the oxygen isotope distribution at the surface. The analysis of these 

curves can be approached in a variety of ways. The main assumptions made are that any 16O 

detected above the gas phase baseline from either 16O2 or 16O18O species originates from the 

sample and that the total oxygen content of the solid is constant. By integrating the amount of 

16O exchanged, as shown in Figure 4-10, and comparing it with the amount expected in the 

stoichiometric sample, the percentage of the lattice (1-16fbulk) which has been exchanged versus 

time can be obtained, as shown in Figure 4-11. Under current testing conditions, LSM is 

 
 

Figure 4-10. Integration of amount of 16O from the gas stream involves counting the 16O2 signal 
twice and the 16O18O signal once 
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insensitive to changes in pO2 (Figure 4-11a) while LSCF is temperature insensitive (Figure 4-

11d). Because the rate of exchange is independent of the oxygen partial pressure (a reactant in 

step 1) and strongly dependent on the temperature of the solid (Figure 4-11c), LSM must be 

limited by the incorporation step. With regard to LSCF, its behavior is strongly dependent on the 

oxygen partial pressure (Figure 4-11b), indicating that dissociative adsorption is the rate limiting 

step. Oxygen is a stable molecule and its dissociation is expected to be highly activated [25,29]. 

However, the observed temperature insensitive behavior (Figure 4-11d) is strong evidence that 

the rate limiting step is actually gas phase diffusion of reactants to the sample surface. 
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Figure 4-11. Fraction of oxygen in solid converted from 16O to 18O  vs. time for  A) LSM 700 ºC 
B) LSCF 700 ºC   C) LSM in 2% O2   D) LSCF in 2% O2 
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Previously, it was noted that LSM has an initial pO2 dependence of between 0.67 and 0.82, 

which can also be seen near t = 0 in Figure 4-11a. It needs to be emphasized that the overall pO2 -

dependence is what is being discussed here, and it appears to be independent of changes in pO2.  

A first order dependence of the total reaction rate on pO2, for LSCF, was observed earlier and 

was initially interpreted as an indication of dissociative adsorption being the rate limiting step 

[71], but the strong dependence on oxygen concentration (Figure 4-11b) can also arise from gas 

diffusion limitations since that is also a first order process according to Fick’s first law. 

The concept of surface reaction and gas phase diffusion limitation is discussed by Fogler in 

his textbook [85], where the reaction rate is written to include both gas phase diffusion of 

reactants and the surface reaction. Using Frössling’s correlation for mass transfer around a 

spherical particle, the reaction rate (rA) is related to the free stream velocity (U) and particle size 

(dp), and results in the relationship shown in Figure 4-12. When determining kinetic information  
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Figure 4-12. Reaction rate versus square root of free stream velocity divided by pellet size; 
illustrates diffusion limited and reaction limited operating regimes 

about a surface reaction, the system should be operating in the reaction limited regime and not in 

the diffusion limited region. This can be achieved by reducing the particle size (not an option in 

this study), reducing the reaction rate by reducing temperature, or increasing space velocity. To 

move LSCF into the reaction limited region, the flow rate was doubled to 40 sccm and then the 
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isotopic switching experiments were performed again. The range of temperatures examined was 

extended down to 300 ºC. Present equipment limitations prevent testing under conditions with 

higher flow rates and concentrations. 

Figure 4-13a shows the normalized conversion of LSCF under 40 sccm of 1% O2 and for 

20 sccm at 1% O2 and 700 ºC. The sample size for the 40 sccm tests is believed to be slightly 

larger due to weighing errors and this is taken into account by adjusting the amount of oxygen to 

which the sample is normalized. The assumption for the 20 sccm set is that each sample contains 

approximately 2.17 x 10-4 moles of oxygen while the 40 sccm sample contains, and is 

normalized to, 2.20 x 10-4 moles of oxygen. This is calculated by integrating up to the point at 

which the number of moles converted reaches a plateau (see Figure 4-11d for example). Two 
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Figure 4-13. Conversion of LSCF in 1% O2   A) at various temperatures and 2 flow rates and       
B) at 40 sccm flow rate and lower temperature range 

observations indicate that the system is not yet operating completely in the surface reaction 

limited regime even under 40 sccm flow rate: (1) the rate of reaction is dependent upon the flow 

rate and (2) the weak dependence on temperature again indicates gas diffusion to be the limiting 

step. The isotope exchange was performed at lower temperatures to slow down the reaction rate 

(Figure 4-13b) and it becomes evident that the reaction rate begins to show a temperature 

dependence between 300 and 500 º C. 
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Gas phase profiles from isotopic exchange (1% O2, 40 sccm) at 300, 400 and 500 ºC are shown 

in Figure 4-14. No reaction is detected at 300 ºC; as was also observed at room temperature 

(Figure 4-1). This is contrary to the TPX profile (Figure 3-4) which does show some exchange 

occurring around that temperature. The explanation for this is that the sample size is larger and 

the pO2 is smaller for more sensitivity in Figure 3-4. It is possible with the higher pO2 during the 

isothermal isotopic switching, that the reaction rate is not detectable. The exchange at 500 ºC is 

identical (within error) to that at 800 ºC (not shown), and the absence of 18O2 in the effluent at 

the beginning of the switch is evidence that all of the feed stream molecules are impinging upon 

the sample surface and reacting (100% conversion). The profile obtained at 400 ºC possesses 

characteristics similar to that obtained at both 300 and 500 ºC. The discontinuous jump at the 

beginning of the switch indicates that some of the feed gas does not react on the sample surface. 

Assuming that the number of active sites remains the same regardless of temperature, it can be 

inferred that the turnover frequency for each site is reduced by half since only 50% conversion is 

achieved. By subtracting the non-exchanged baseline from the 18O2 signal and halving the scale 

of the y-axis, the resulting profile (Figure 4-14b inset) once again resembles the behavior 

observed at higher temperatures. 16O18O reaches a maximum when the fractions of 18O and 16O 

on the surface are equal (at 16fads = 50%). 

The effect of varying the LSCF sample size while holding the temperature, pO2, and flow 

rate constants are displayed in Figure 4-15. As expected, the conversion with time is more rapid 

for smaller samples since there is less oxygen for exchange. Residence time of the gas through 

the catalyst bed is estimated (from flow rate and LSCF density of 6.39 g/ml) to be at least 3.16 x 

10-7, 6.10 x 10-7, and 1.11 x 10-6 seconds for corresponding masses of 4.8, 9.4 and 17.1 mg of 

LSCF. These masses were back calculated from the amount of oxygen exchanged; due to 
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weighing errors they are very close but not exactly at the intended sample sizes of 5, 10 and 15 

mg. 
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Figure 4-14. Switching profiles for LSCF in 1% O2 & 40 sccm flow rate at   A) 300 ºC   B) 400 
ºC [insert shows excess reactant (18O2) removed] and   C) 500 ºC 
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Figure 4-15. Conversion of LSCF vs. Time under 40 sccm of 1% O2 at 500 ºC as a function of 
sample size 

4.4.3.1 Degradation of LSCF 

While testing for repeatability, it was noticed that a sample of LSCF began displaying signs of 

degradation. This is shown for an exchange performed at 500 ºC (Figure 4-16). The sample of 

LSCF which had been cycled many times (~20) showed a discontinuous jump in the initial 18O2 

and 16O2 signal, much like that observed at 400 ºC in Figure 4-14b, whereas this was not 

observed in the fresh sample. The maximum 16O18O was smaller in the degraded sample, also 

indicating that a significant number of oxygen molecules passed through the catalyst bed without 

participating in exchange. Because the surface is thought to be more active and more defective 

than the bulk [86], it is not surprising that the powder sample degraded relatively quickly. Also 

note that the degradation manifests as a reduction in apparent turnover frequency and not as a 

change in mechanism. This is a strong indication that there are reactive sites on the surface 

63 



 

which have yet to be identified and which become blocked as segregation and other degradation 

mechanisms start to occur. If a standard is established, then it would be possible to use isotopic 

exchange to determine if degradation had occurred in a batch of powder. 
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Figure 4-16. Exchange (1% O2, 40 sccm flow rate, 500 ºC) with fresh LSCF (dashed) and LSCF 
after many cycles (solid)  

4.4.4 Gas Phase Behavior Simulation 

The behavior predicted by the model for dissociative adsorption limited and incorporation 

limited scenarios is presented in Figure 4-17 for three values of the surface to bulk oxygen ratio 

“C”. As discussed in section 4.2, the effective rate constant characteristic of dissociative 

adsorption is “A”, for incorporation it is “B.” Therefore, by adjusting the relative values of A and 

B, the behavior of the two limiting cases can be explored. For simulating dissociative adsorption 

limited reactions (Figure 4-17a), “A” is set to be two orders of magnitude smaller than “B”. With 

incorporation limited reactions (Figure 4-17b), the opposite is true and “B” is much smaller than 

“A”.  Open symbols represent the surface 16O fraction (equation 4-8) while solid symbols 

correspond to the bulk 16O fraction (equation 4-9). Figure 4-17a shows that the surface and bulk 

isotope compositions are very similar at any given time for dissociative adsorption limited 

reactions.  This is expected because the first step (of equation 2-8) is rate limiting and the second 
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step, incorporation, is rapid enough to keep up with the first step. When the relative amount of 

adsorbed oxygen is small (meaning small “C”), the reaction proceeds very slowly. The larger the  
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Figure 4-17. Numerical solution for   A) Dissociative adsorption limited case with A = 0.01 and 

B = 1 while varying “C”   B) Incorporation limited case with A = 1 and B = 0.01 
while varying “C”. Open symbols represent surface behavior (16fads) and solid 
symbols represent bulk behavior (16fbulk) 

value of “C,” the more rapidly the reaction proceeds (toward zero in the case of exchanging 16O 

for 18O in the sample). In Figure 4-17b, this behavior is not observed; instead, there is a dramatic 

difference between the isotope composition of the surface and bulk. The surface appears to react 

in the same manner regardless of the value of “C.”  The bulk rate of exchange, however, 

increases with “C.” From a fundamental perspective, the meaning of “C” is the relative amount 

of adsorbed oxygen to oxygen in the bulk. If there is very little oxygen on the surface to 

participate in the incorporation step, then the reaction rate (=k2[Oads][Vo]) will be very slow, all 
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other factors remaining equal. Overall, the incorporation limited reaction will appear, based on 

the surface isotope composition, to have obtained steady state more rapidly than the dissociative 

adsorption limited case. This incorporation limited surface behavior can be misleading, and 

requires comprehensive analysis since it is the behavior of the bulk which determines the real 

extent of reaction. 

To model the behavior of LSM under 2% O2 at 800 ºC in 20 sccm flow rate (Figure 4-9a), 

a Matlab m-file (See Appendix B for code) was written to extract the parameters “A”, “B” and 

“C” from the time dependent behavior of 16fads obtained from the experimental data via equation 

4-3. Only the first 30 minutes worth of data was fitted in order to reduce computation time. First, 

an initial guess for “A”, “B” and “C” is used to generate a numerical solution to equations 4-8 

and 4-9 using ODE45, and then the program applies the Gauss-Newton algorithm for least 

squares fitting of the numerical solution to the 16fads data and recalculates the parameters. This 

process is iterated (150 times to within a tolerance of 5 x 10-5 %) to ensure the solution 

converges (Figure 4-18). A good initial guess for “A”, “B” and “C” is required for stability. 
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Figure 4-18. Value of parameters A and B as a function of iteration number for LSM at 800 ºC 
under 2% O2 

The resulting profiles for 16fads and 16fbulk, which describe the time varying isotopic composition 

of adsorbates and lattice oxygen in Figure 2-4, are shown in Figure 4-19 with final parameter 

values. It is consistent with the incorporation limited behavior in Figure 4-17b. The parameter 
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values also indicate the rate limiting step is step 2, incorporation. Although the fit for the surface 

oxygen composition has an R2 value of 0.995, the bulk model indicates a much higher degree of 

exchange activity than actually calculated. Taking into consideration LSM’s rather low oxygen 

diffusivity [37,40] it is possible that the assumption made earlier about the oxygen isotopes being 

well mixed in the solid is not valid. We envision a spherical particle of LSM where only the 

outermost shell of material initially participates in the exchange reaction and then diffusion of 

the normal oxygen isotope from the core to the surface constitutes an additional, rate limiting,  
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Figure 4-19. Profile of 16fads (○) and 16fbulk (●) obtained from LSM exchange profile at 800 ºC 
with model (solid lines) superimposed. Final R2 = 0.99548 (16fads only).  

process. This is consistent with other works which also concluded that bulk diffusion is the 

slowest step [37,87]. It is possible that the thin outermost shell is well represented by the model; 

however, we did not verify this. As for the gas phase behavior, Figure 4-20 shows the model 

superimposed on the normalized exchange data. The fit is very good for 18O2 and 16O2 but 

overestimates 16O18O. Small changes in the 16O2 data profile and feed gas purity (2β+γ) can 

result in large deviations in the predicted behavior. 

Table 4-1 lists the different exchange parameters produced by the computer fitting 

program for LSM at 700 ºC in 20 sccm flow rate at various oxygen concentrations. Although the 

model may not completely capture the bulk behavior of LSM, it is important to compare the  
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Figure 4-20. Normalized 16O2, 18O2 and 16O18O signals (open points) and predicted profile from 
the model (solid lines) for LSM at 800 ºC 

behavior obtained from the simulation with the isotopic exchange reactions observed earlier in 

the study. Regarding the concentration of adsorbed to bulk oxygen, “C,” there seems to be a 

general trend that the value increases with increasing pO2 or decreasing temperature. This is an 

expected adsorption behavior. The parameter characteristic of the dissociative adsorption step, 

“A”, scales proportionally with the oxygen partial pressure. This is not the case for the parameter 

corresponding to the incorporation step, “B,” and it is also insensitive to the pO2, as observed in 

Figure 11a. Since incorporation appears to be rate limiting, the effective rate constant, calculated 

with an assumed value of the oxygen vacancy concentration, is given in the last column and 

appears to be constant within the error of the measurement and assumption. Table 2 shows that 

the effective rate constant is dependent on temperature and corresponds to an activation energy 

of 6.48 kJ/mole calculated between 700 and 800 ºC, and an activation energy of 76.8 kJ/mole 

from 600-700 ºC. The change in activation energy at 700 ºC was previously observed; however,  

Table 4-1. Exchange parameters obtained from simulation for LSM at 700 ºC, 20 sccm flow rate 
pO2  A = k‐1[Oads]  B =k2[Vo]  C = [Oads]/[Obulk]  Feed 

impurity 
[Vo] (1/m

3)§ 
 

k2 
3
 

2%  1.381  0.150  1.701  0.03  1.16 x 1022  1.29 x 10‐23 
1%  0.640  0.126  0.940  0.03  1.16 x 1022  1.08 x 10‐23 
0.5%  0.315  0.144  0.779  0.03  1.16 x 1022  1.24 x 10‐23 
§ Value from [37] 
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Table 4-2. Exchange parameters obtained from simulation for LSM at 2% O2, 20 s  flow rate ccm
Temperature 
(ºC) 

A = k‐1[Oads]  B =k2[Vo]  C = 
[Oads]/[Obulk] 

Feed 
impurity 

[Vo] (1/m
3)§ 

 
k2 

3
 

600   2.157  0.050  7.174  0.03  1.16 x 1022  4.35 x 10‐24 
700  1.381  0.150  1.701  0.03  1.16 x 1022  1.29 x 10‐23 
800  0.416  0.162  0.907  0.03  1.16 x 1022  1.39 x 10‐23 
 
the activation energy decreases with increasing temperature and is opposite to what was 

previously calculated using a different analysis technique consisting of using the initial slope of 

the overall reaction rate [71]. Previously, the smaller activation energy below 700 ºC was 

attributed to the possibility that the initial reaction rate calculation was only taking into account 

the more facile exchange of adsorbed species on the surface without exchange with the bulk 

oxygen [71]. Now, using the simulation and parameter fitting method in this study, we can better 

capture the real behavior of LSM, where exchange with the bulk is more highly activated at 

lower temperatures.  

These calculated values are all lower than that reported by De Souza et al, who obtained an 

activation energy for the surface exchange coefficient (ks*) of 128±21 kJ/mole from the isotope 

exchange depth profile (IEDP) method performed in the temperature range of 700-1000 ºC [40]. 

This could be due to exchange between the powder and gas being much more facile than 

exchange with a dense IEDP solid sample. It is not known if these values are directly comparable 

or if it is more like comparing apples to squares. One represents a mass transfer coefficient (ks*), 

while the values presented here are mechanistic rate constants with unique units as defined by 

equation 2-8.  

When modeling LSCF, the program would often become unstable due to the value of B 

continuously growing unbounded. To stabilize the computation, the program was only permitted 

to fit the value of A and C over 150 iterations to a tolerance of 5 x 10-6 % (Figure 4-21). Figure 

4-22 shows the data with superimposed model as a function of time. The experimental data 
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Figure 4-21. Value of parameters A and C as a function of iteration number for LSCF at 800 ºC 
under 2% O2. 
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Figure 4-22. Profile of 16fads (○) and 16fbulk (●) obtained from LSCF 2% O2 exchange profile at 

800 ºC, with model (lines) superimposed. Final R2 = 0.995 (16fads only). 

indicates that the oxygen isotope composition at the surface and in the bulk mirror each other 

closely, which is consistent with a very fast incorporation step (large “B”). The bulk model 

follows the surface model, which has a correlation of R2 = 0.995 with the surface data. (2β+γ), 

the fraction of 16O in the isotopically labeled stream, for LSCF is smaller than that for LSM 

because the source of isotopic oxygen was changed during the course of this study with one of a 

slightly higher purity. The gas phase profile (Figure 4-23) shows that the model can also predict 

the behavior of LSCF fairly well. To illustrate the system reciprocality referenced in section 4.2, 

the same exchange behavior was fitted using the 18fads data rather than 16fads; results are presented 

in Figure 4-24. The gas feed impurity is no longer the 16O in the feed stream but rather 18O. 
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Notice that the values of A and C (B is again held constant), are similar to those obtained by 

fitting 16fads. The R2 value is slightly lower at 0.988 versus 0.995 when 16fads is used. Because of 

this, we have greater confidence using 16fads to fit the data, although theoretically it should not 

matter. We acknowledge there could be errors in the calibration of the labeled oxygen signal and 

therefore prefer to use the directly calibrated oxygen signal for analysis. 
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Figure 4-23. Normalized 16O2, 18O2 and 16O18O data (open points) and predicted profile from the 
model (solid lines) for LSCF 2% O2 at 800 ºC 
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Figure 4-24. Normalized 16O2, 18O2 and 16O18O data (open points) and predicted profile from the 
model (solid lines) for LSCF 2% O2 at 800 ºC, calculated by fitting the 18fads data 
instead of the 16fads data. R2 = 0.988 
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Alternatively, a simplification was made to require only one parameter, “A,” be estimated 

to solve for the time dependent behavior for LSCF and then, with various assumptions, the 

effective rate constant was calculated under different scenarios. The simplification is simply to 

set 16fbulk = 16fads since the bulk follows the surface closely, and upon insertion into equation 4-8, 

the second term drops out. This leaves only “A”, and does not require any guessing of B and C 

values. Results are given in Table 4-3 and Table 4-4 for 15 mg sample size in all cases. Table 4-5 

shows the variation with LSCF sample size at 500 ºC. The surface coverage is estimated from the 

400 ºC profile (Figure 4-14b) by setting the maximum rate of production equal to the amount of 

oxygen exchanged at the “knee” of the figure, representing the oxygen which is actually 

exchanging and not that just due to the switch. This number is approximately 4734 ppm of O2 

exchanged initially when 16fads=1. From the concentration, sample size and flow rate, the moles 

Table 4-3. Exchange s for LSCF at 700 ºC, 20 sccm total flow rate at various pO   parameter 2  
pO2  A 

 2
 

1
 = k‐1[Oads]  Feed 

impurity 
[Oads] (μmole O/m2)  k1  =  A[Oads]/pO2 

 2·
· 2  

 2%  0.217  0.01  11.3  123 
1%  0.125  0.01  11.3  141 
0.5%  0.059  0.01  11.3  133 
 
Table 4-4. Exchange param SCF at 1% O2 40 sccm at 400-500 ºC eters for L
Temperature (ºC)  A  2

 
1
 = k‐1[Oads]  Feed 

impurity 
[Oads] (μmole O/m2)  k1  =  A[Oads]/pO2 

 2·
· 2  

500  (100% Conversion)  0.247  0.01  11.3  278 

400  (47% Conversion)  0.114  0.01  11.3  128 

 
Table 4-5. arameters for varying sample sizes of LSCF (1% O , 40 sccm, 500 ºC) Exchange p 2

Sample 
Weight 
(mg) 

A  2
 

1
   

= k‐1[Oads] 

Total 
Surface 
Area (m2) 

Feed 
impurity

[Oads]  
(μmole O/m2) 

k1  =  A[Oads]/pO2 
2·

· 2  

T  otal Rate
A x k1 x pO2

 

(µmole O2/s)
S

4.8  0.566  0.03  0.01  11.3  639  0.19 

9.4  0.329  0.06  0.01  11.3  371  0.22 

17.1  0.240  0.11  0.01  11.3  270  0.30 
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of oxygen reacted per unit area can be estimated. Setting this equal to the expression in equation 

4-3 and using the fitted parameter for “A,” the concentration of Oads can be back-calculated. The 

value of 11.3 μmole O/m2 obtained is reasonable when compared to the value of 4 μmole O2/m2 

≈ 8 μmole O/m2 used in earlier analysis by Teraoka [17] and 13.7 μmole O2/m2 used by Joly 

[88]. Using the assumption that the overall oxygen exchange reaction is in equilibrium, the value 

of the rate constant k1 is calculated from parameter “A” using equation A6 in the appendix (the 

concentration of surface sites is ignored due to lack of information). 

Table 4-3 shows a direct relationship between the parameter “A” and the oxygen partial 

pressure. However, the resulting calculated rate constant k1 is essentially unaffected by the 

partial pressure after dividing by the pO2. This is to be expected for a mechanistic rate constant, 

which should not be pO2 dependent and is thus in contrast to surface exchange coefficients 

obtained by conductivity relaxation or IEDP methods [14,15,36,40,57]. The A value for LSCF 

under 20 sccm flow rate at 800 ºC is calculated to be 0.199 (Figure 4-23) when computed with 

both B and C values. “A” is calculated to be 0.217 for LSCF at 700 ºC when the approximation 

is made and only “A” is fitted (Table 4-3). As indicated previously in Figure 4-11d, the rate of 

oxygen exchange with LSCF is essentially temperature independent above 600 ºC in the pO2 

range investigated, so there is no difference in the profiles at 700 ºC and 800 ºC. The similarity 

of these results shows the validity of the approximation.     

Table 4-4 shows that the value of “A” has a strong dependence on the temperature between 

400-500 ºC, in agreement with behavior seen in Figure 4-13b and in Figure 4-14b. Note that the 

conversion in 5-14b is approximately 47%; the fact that k1 = 128 at 400 ºC is very close to 47% x 

(k1 at 500ºC) = 131 (Table 4-4), seems more than coincidence. The calculated activation energy 
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of k1 is 33.6 kJ/mole, again much lower than that reported for the surface exchange coefficient 

from IEDP in this temperature range of 105.1 kJ/mole [80].  

Table 4-5 contains the dissociative adsorption parameter, “A”, for three different sample 

sizes of LSCF at 1%O2 and 40 sccm, 500 ºC. Without taking into account the sample size, the 

smaller sample will appear to react more rapidly (k1) since there is less oxygen in the sample 

available for exchange. When the surface area is factored in to produce the total rate, the total 

rate is proportional to the sample surface area, as shown in the last column. As the surface area 

increases, the total amount of oxygen exchange increases, which supports previous findings that 

higher cathode surface area is beneficial for SOFC performance [89].  

Our present equipment configuration prevents testing under higher flow rates and 

concentrations; however there is much potential to continue this work with other cathode 

materials. Isotopic exchange is sufficient for determining which of the two steps discussed is rate 

limiting, but the reality is that the oxygen reduction reaction is accompanied by charge transfer 

as well. The two steps can be further divided into steps containing a net transfer of two electrons 

for ever oxygen which is reacted at the cathode. This presents the need to combine this method 

with additional electrical measurements to truly understand all the processes occurring on the 

surface. 

4.5 Conclusion 

Several oxygen surface exchange characteristics for LSM and LSCF were determined from 

the isothermal isotopic switching technique as interpreted by behavior predicted from a two step 

model consisting of dissociative adsorption of an oxygen molecule followed by incorporation 

into the solid.  

From the initial reaction rate dependence on pO2, the rate limiting step in LSCF, as given 

by the derivation, is dissociative adsorption between 600 and 800˚C. In the case of LSM, both 
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steps are significant at 600 and 800˚C. The activation energy for LSM (0.90 eV above 700˚C) is 

significantly higher than that of LSCF (0.10 eV above 475˚C) at all temperatures tested. An 

activation energy of 0.41eV was measured for LSM below 650 ºC. This lower value is 

interpreted as the activation energy for oxygen dissociation on the surface, step 1 of the reaction 

only, and suggests that there is a large barrier to oxygen diffusion through the LSM bulk. It is 

therefore advisable to operate SOFCs with LSM cathodes at temperatures no lower than 700˚C 

so that some oxygen diffusion through the bulk can take place. For SOFCs with LSCF cathodes, 

the lower limit to the operating temperature should be 500˚C since below that limit, the 

activation energy increases to 0.29 eV and incorporation becomes more difficult.  

The time dependent conversion of the sample oxygen lattice from 16O to 18O, under testing 

conditions, is insensitive to pO2 for LSM and strongly dependent on temperature indicating 

incorporation limitations. In contrast, LSCF is strongly dependent on pO2 and insensitive to 

temperature. After doubling the flow rate and re-examining LSCF, it was concluded that LSCF 

was not exclusively limited by the surface reaction but also somewhat by gas phase diffusion. 

Computer simulations of the dissociative adsorption limited and incorporation limited 

scenarios predicted that the time dependent isotopic distribution of the bulk and surface atomic 

oxygen would follow different behaviors. In the case that dissociative adsorption was limiting, 

the surface and bulk conversion from 16Oads to 18Oads would be nearly identical. When 

incorporation is rate limiting, the surface appears to reach steady state far more quickly than the 

bulk. The rate of conversion of the bulk does not appear to affect the surface behavior in the 

incorporation limited scenario. 

Another program was used to extract kinetic parameters from the surface oxygen isotope 

composition profile and simulate gas phase profiles. The fit for LSM was good with regard to the 
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surface composition, but did not adequately model the overall bulk behavior. It is therefore likely 

that LSM is not limited by the surface reaction but rather by diffusion through the solid. There is 

no consideration for diffusion from the core to the surface in the model, which could explain 

why it did not fully describe the exchange kinetics of LSM. 

The model considered in this study does a good job capturing the behavior of the LSCF 

exchange reaction. The isotopic composition of the surface and bulk mirror each other closely, in 

agreement with a relatively fast incorporation step. A rate constant for dissociative adsorption, 

the rate limiting step, was obtained from fitting the data to the model. After adjusting for sample 

mass, the overall reaction rate was found to be proportional to surface area. 

This technique was also used to detect degradation in a sample of LSCF which had been 

subjected to multiple switching cycles. The reactivity of the cycled sample was significantly less 

than that of a fresh sample. By establishing a standard, isotopic methods can be used to easily 

and quickly detect degradation in powders. 

Now that a comprehensive framework has been provided for interpreting the mechanism of 

oxygen surface exchange, the next step is to study how properties of the surface affect catalytic 

activity. This is the focus of the next chapter, where infiltrated samples of LSM and LSCF are 

produced and compared using isotopic exchange. 

  



 

CHAPTER 5 
IDENTIFYING TRENDS IN CATALYTIC ACTIVITY WITH SYSTEMATIC SURFACE 

MODIFICATION 

5.1 Introduction 

With the goal of developing better intermediate temperature solid oxide fuel cells (SOFC), 

the principal focus of SOFC research has been on improving the functionality of the cathode 

component. (La0.8Sr0.2)0.98MnO3±δ (LSM) and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) are two high 

performing and well studied SOFC cathode materials [10,47,90-94]. Both materials belong to the 

perovskite family and are commercially available, however there is one major difference 

between the two: LSM is primarily an electronic conductor whereas LSCF is a mixed ionic-

electronic conductor (MIEC). In the previous chapters [71], isotopically labeled oxygen 

exchange was used to show that LSM is not as catalytically active as LSCF. Other studies have 

also shown that SOFCs with LSCF cathodes outperform those with LSM (and even LSM-YSZ 

composite cathodes) at intermediate temperatures [48,95]. However, LSM fares better in terms 

of long term stability [10,95,96], which is why it remains favored by industry. 

In order to combine the best attributes of both materials into one cathode, this chapter 

focuses on the surface modification of a stable LSM base material. The idea of surface 

modification has been previously studied [5,97,98] for an actual cathode on a SOFC button cell; 

these studies focused on the apparent overall electrochemical performance. In contrast, this study 

focuses only on the catalytic properties of the cathode material to isolate the effect of surface 

modification. First the most catalytically active surface component of LSCF needs to be isolated 

by systematically studying how each constituent affects surface reactivity. Therefore, after 

depositing La, Sr, Co or Fe oxide onto the surface of LSM powder, temperature programmed 

isotope exchange (TPX) experiments [71] were performed to test for any changes in catalytic 

activity toward oxygen exchange. These experiments involve linearly heating the material in an 
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isotopically labeled oxygen stream while monitoring changes in signal from the different oxygen 

isotopologues 16O2, 16O18O and 18O2. 

Because of the large regular oxygen background in the materials of interest, the use of 

isotopically labeled oxygen is required to distinguish between oxygen originating within the 

oxide lattice and that from the feed stream. Without using heavy oxygen, only the total oxidation 

or reduction behavior of these oxides can be observed [19,20,99]. The use of isotopically labeled 

oxygen in the gas phase adds an additional dimension to the reaction and makes the interaction 

between gas and solid much more transparent.  

5.2 Experimental 

5.2.1 Materials 

Unmodified LSM (Nextech), LSCF (Praxair) and Co3O4 powder (Alfa Aesar) were used as 

reference materials. To make the infiltrated powders, five different metal nitrate solutions were 

first made by combining metal nitrate salts with deionized water. The metal nitrates used were 

lanthanum, strontium, cobalt, iron (Spectrum Chemicals) and manganese (Sigma Chemicals). 

Solution concentrations were verified using inductively coupled plasma spectroscopy. For each 

infiltrated sample, a few grams of LSM powder (or LSCF for manganese infiltration) was 

weighed out and combined with enough metal nitrate solution to produce 5 wt% metals loading. 

The mixture was ultrasonicated for a few minutes and then dried on a hot plate for several hours. 

The dried material was then calcined at 800˚C for 2 hours in air and then hand ground to break 

up agglomerates. Additional infiltrated samples with 10 wt% and 20 wt% cobalt were created in 

the same manner.  

5.2.2 Powder Characterization 

Brunauer-Emmett-Teller (BET) surface area analysis was performed on the resulting 

powders using a Quantachrome NOVA 1200. X-ray diffraction (XRD, Philips APD 3720) and x-
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ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5100 ESCA, Photon Energy = 

1253.6eV) were used to investigate phase purity and surface composition of the impregnated 

powders. XPS samples were made by mixing the powders in methanol and depositing the 

mixture onto 1 cm x 1.5 cm silicon pieces. Spectra were taken after drying and also after heating 

the samples at 300 °C in air for a couple hours to remove adsorbates. Each spectra was the result 

of 20 or more individual scans. Transmission electron microscopy (TEM) coupled with energy 

dispersive X-ray spectroscopy (EDS) and diffraction were employed to further characterize the 

particles on the LSM or LSCF base material. Particle morphology was captured with SEM. 

5.2.3 Catalysis System Configuration 

Additional information regarding the experimental setup can be found in Chapter 3 and 

elsewhere [71]. A schematic of the micro-reactor (Figure 3-2) within the custom built furnace 

shows the powder sample resting on quartz frit with the thermocouple touching the sample. The 

feed stream, containing a mix of oxygen and helium, flows over the powder and exits the reactor 

base to be sampled by the mass spectrometer. 

5.2.4 Temperature Programmed Isotopic Exchange 

Using surface areas obtained from BET, each temperature programmed exchange (TPX) 

sample was weighed to yield a total surface area of 0.2 m2. The powder was placed in a quartz 

micro-reactor and then heated to 800˚C under 4% 16O2 (balance helium) and allowed to slowly 

cool to room temperature. Once cooled, a gas mixture of approximately 2,500 ppm 18O2 (95%, 

Cambridge Isotope) balanced in helium was fed into the reactor at a flow rate of 20 cc/minute. 

Then the temperature was ramped at 30˚C/minute as the mass spectrometer recorded the oxygen 

isotope composition of the effluent from 25˚C to 800˚C in real time. This was repeated twice for 

each powder. The calibration of the mass spectrometer signal is done through flowing gases of 

known composition past the inlet and is described in detail elsewhere (Chapter 3 and [71]). 
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5.3 Results and Discussion 

Table 5-1 shows the results from 6 point BET analysis for each powder. The instrument 

(Quantachrome NOVA 1200) acquires 6 data points and obtains the surface area from curve 

fitting (R2=0.99 or greater). It is believed that the resulting infiltrated powders consist of a LSM 

(or LSCF) base covered in metal oxide particles. While it was straightforward to detect the 

presence of Fe, Co on LSM and Mn on LSCF using TEM-EDS and XPS, quantifying the 

additional presence of La or Sr over the background signal presented a challenge. Results from 

TEM-EDS and TEM diffraction were inconclusive due to the beam spot size and drift from 

charging of the oxide materials. 

Table 5-1. Specific surface areas of infiltrated powders [74] 
Material Specific Surface Area (m2/gram) 
LSCF 6.42 
LSM 5.14 
LSM + 5 wt% La 3.76 
LSM + 5 wt% Sr 3.53 
LSM + 5 wt% Co 4.73 
LSM + 5 wt% Fe 7.23 
LSCF + 5 wt% Mn 6.67 
LSM + 10 wt% Co 4.57 
LSM + 20 wt% Co 5.00 
 

 SEM images of the base LSM and two infiltrated LSM powders are shown in Figure 5-1. 

There appear to be more small particles on the infiltrated powders than on the plain LSM, but 

there is no way to tell from the phase contrast if the tiny particles are bits of LSM or the 

deposited metal oxides. The other infiltrated powders not shown in the figure had similar 

morphology. 

Next, the powders were examined with XRD. The 5 wt% iron and manganese infiltrated 

powders only showed LSM or LSCF peaks, however strontium, cobalt and lanthanum 5 wt% 

infiltrated powders showed additional peaks from a second phase. These peaks were small and 
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Figure 5-1. Powder morphology captured with SEM, taken at 20,000x   A) LSM powder, and 

LSM infiltrated with   B) 5wt% Sr   C) 5wt% Co  [74] 

difficult to distinguish from the background, possibly due to fine dispersion of the deposited 

particles. In the case of the strontium infiltrated LSM, the presence of β-Sr2MnO4 peaks indicate 

a reaction occurred between the base material and strontium nitrate to create a layered perovskite 

[100,101] (K2NiF4 type) and possibly other secondary phases. As expected, lanthanum infiltrated 

LSM displayed La2O3 peaks from the decomposition of lanthanum nitrate [102]. The 5 and 20 

wt% cobalt infiltrated sample showed Co3O4 peaks along with the LSM base peaks (Figure 5-2).  
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Figure 5-2. Diffraction patterns of LSM, LSM + 20 wt% Co, Co3O4 [74] 
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In order to improve secondary phase detection, 20 wt% iron infiltrated LSM was produced in the 

same manner as described above and studied using XRD. The 20 wt% iron infiltrated XRD 

displayed small peaks which looked much like alpha-Fe2O3, the expected decomposition product 

from iron nitrate [103]. Twenty wt% manganese infiltrated LSCF was also produced and studied 

with XRD, but did not produce any detectable secondary peaks. 

5.3.1 X-Ray Photoelectron Spectroscopy 

The XPS survey for LSM and LSCF is shown in Figure 5-3 with the C 1s reference peak 

located at 284.8 eV. The expected elements are present in each sample. The profile for the O 1s 

peak of LSM before and after heating is shown in Figure 5-4. After heating in air at 300 ºC, the  
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Figure 5-3. Survey spectra (XPS) for LSM and LSCF taken at 45° angle [74] 

high energy shoulder at 532.9 eV is greatly reduced; therefore this peak is attributed to surface 

contamination (probably from water) [104-106]. The peak at 530.9 eV is assigned to either 

adsorbed surface oxygen species or to oxygen in the lattice with semicovalent character 

[107,108]. Finally, the low energy peak at 529.0 eV is assigned to oxygen in the lattice with very 

ionic character [73,106,107,109]. The peak at 530.9 eV is noticeably broader than the peak at 

529.0 eV. Yamazoe et al also noticed similar results [73] in a comparable perovskite material 

(La1-xSrxCoO3) and attributed this broadness to the assortment of surface states that are available 
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to the adsorbed oxygen. Alternatively, in doped perovskites, the coordination of the oxygen ion 

between different cations can cause polarization in the oxygen’s valence shell [107]. For LSM, 

the A site is statistically occupied by either a La or a Sr and this may be responsible for the broad 

peak at 530.9 eV. For consistency, XPS profiles after this point are from samples after heating 

(to remove surface water). 
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Figure 5-4. (La0.8Sr0.2)0.98MnO3±δ O1s peaks   A) before heating   B) after heating. Data is 

displayed as points, individual peaks are dashed. The summation of the resolved 
peaks is displayed as a thin solid line [74] 

Normalized spectra for infiltrated LSM samples against the base LSM O1s profile are 

shown in Figure 5-5. It is apparent that La and Sr infiltration did not change the oxygen surface 

bonding properties by much, especially for Sr. However, Co and Fe infiltration caused the O1s 

spectra originally at 529.0 eV to shift to higher binding energies (by approximately 0.37 eV), and 
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Figure 5-5. O1s spectra for LSM infiltrated with 5 wt%   A) La, Sr   B) Fe, Co [74] 
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also reduced the adsorbed oxygen component near 530.9 eV. If the oxygen adsorption sites are 

assumed to be metal sites, then the latter observation could indicate more open metal sites at the 

surface relative to the base LSM. A similar comparison is made (Figure 5-6) with the O1s 

spectra of LSCF and the LSCF + 5 wt% Mn sample. The O1s spectrum is different in that the 

manganese sample is missing the peak at 532.9 eV and the adsorbed oxygen peak at 531.1 eV is 

slightly smaller. The peaks at 528.6 eV overlap closely, which indicate that the surface lattice 

oxygen species are similar in these two samples. 
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Figure 5-6. O1s spectra for LSCF and LSCF + 5 wt% Mn [74] 

Figure 5-7 shows the La 3d5/2 peaks of the LSM + 5wt% La compared to the base LSM. 

The similarity in the relative peak intensities and positions indicates that the oxidation state of 

the La on the surface of the infiltrated material is probably the same as that on the surface of the 

base material. The 4 eV gap is characteristic of La2O3 [110] and is similar to reported spectra 

[109,111] for the La3+ oxidation state. The binding energy of the La 3d5/2 peaks agrees with 

values reported from Wu [109] for La0.5Sr0.5MnO3 pellets with a main line at 834.1eV. 
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Figure 5-7. La 3d5/2 peaks for LSM and LSM + 5 wt% La [74] 

 Sr 3d peaks for LSM + 5 wt% Sr is shown with those from LSM in Figure 5-7. These two 

profiles are almost identical, which indicate Sr in the infiltrated sample is comparable in 

oxidation state to Sr in the base LSM. In this case, the Sr 3d peak separation matches those 

reported by Wu and Kumigashira [109,112], who studied LSM with differing compositions than 

the one chosen for this study. They attributed the signal to Sr2+ from comparison to similar 

compounds. A SrO-like peak is observed around 135.4 eV [113], and this is larger in the case of 

the strontium infiltrated LSM. Very little data on β-Sr2MnO4, including XPS work, could be 

found for comparison. 
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Figure 5-8. Sr 3d peaks for LSM and LSM + 5 wt% Sr [74] 

 Figure 5-9 shows the comparison between the LSM + 5wt% Co and LSCF XPS Co 2p3/2 

spectrum. The C1s signals of the two compounds had the same binding energy, so no correction 

was needed. The binding energy is characteristic of cobalt oxides [114], but since the tabulated  
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Figure 5-9. Co 2p3/2 profile of LSM + 5wt% Co and LSCF [74] 

values are very close, it is difficult to say exactly which oxide contributed to this signal. 

Fortunately, the XRD data have verified that Co3O4 is on the surface of the infiltrated LSM and it 

is deduce that the oxidation state of cobalt at the LSCF surface is mixed. The fact that the spectra 

overlap perfectly indicates the electronic state of cobalt on the surface of LSM is identical to that 

of the cobalt at the surface of the LSCF lattice. 

 Next, Figure 5-10 shows the difference between the Fe 2p3/2 spectrum of LSM + 5wt% 

Fe and LSCF. Fujii [115] reported binding energies of 710.7 and 710.9 eV for α and γ Fe2O3, 

respectively, so it appears the iron infiltrated LSM has Fe3+
  at the surface. Brundle [116] found 

that Fe3+ and Fe2+
 could be distinguished using XPS and they had binding energies of 

approximately 711.2 and 709.7 eV, respectively. The LSCF Fe 2p3/2 binding energy is 

significantly different from the infiltrated LSM and fits better with the Fe2+ oxidation state. 

The Mn 2p3/2 peak from manganese infiltrated LSCF showed a 0.3 eV shift to higher 

energy when compared to the 2p3/2 peak from LSM centered at 641.7 eV. It is difficult to 

determine the oxidation state from the Mn 2p spectra because the peaks for several manganese 

oxide compounds have very similar binding energies. 
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Figure 5-10. Fe 2p3/2 profile of LSM + 5wt% Fe and LSCF [74] 

5.3.2 Temperature Programmed Isotopic Exchange 

The use of 18O2 to investigate catalytic activity was discussed previously [71]. Winter [64] 

and Boreskov [65] were some of the first researchers to use this technique to study oxide 

reactivity. The basic idea is to differentiate between oxygen from the gas phase and oxygen from 

the solid lattice. Without using isotopically enriched oxygen, it would not be possible to observe 

the exchange reaction occurring below the total oxygen curve in the profiles from Figure 5-11. If 

no reaction occurs, then the signal for each of the oxygen species would remain constant; this is 

not the case. A decrease in the 18O2 line means that species are being taken out of the gas phase 

and either going into the lattice or recombining with a 16O at the powder surface to form the 

mixed product 16O18O. The increase in 16O2 means that the oxygen originally from the lattice is 

now being released into the gas phase. 
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Figure 5-11. Temperature programmed exchange profile for   A) LSCF   B) LSM   C) LSM + 5 
wt% La   D) LSM + 5 wt% Sr   E) LSM + 5 wt% Co   F) LSM + 5wt% Fe [74] 
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According to Boreskov [70], the gas-phase recombination reaction (equation 4-1) is 

insignificant below 1000˚C. Since conditions in this study do not exceed 800˚C, the formation of 

16O18O above the baseline is assumed to occur only on the surface with the participation of 

adsorbed oxygen atoms according to the model. 16O2 above the baseline is primarily due to the 

oxygen within the lattice g in h  poing to t e gas hase. 

     2        4-1 

As discussed in Chapter 2, the 2 step model (reprinted here as equation 2-8) consists of the 

dissociative adsorption of a molecule of oxygen on the surface followed by the incorporation of 

the adsorbed oxygen atom to s in  the olid.  

          ,                       2 2      

       ,      2-8 

The implication of step 1 is that the different oxygen species will eventually become statistically 

distributed during reaction according to the isotopic composition of the adsorbed oxygen. This is 

shown in Figure 5-12 for LSM + 5 wt% Co. The square root of the normalized 16O2 signal 

(Figure 5-12a) is taken to find the corresponding fraction (16fads) of 16Oads on the surface. Then 

the distribution of 18O2 and 16O18O is reconstructed using (1-16fads)2 and 2*(16fads)(1-16fads) 

respectively (Figure 5-12b); the 2 in front of the term (16fads)(1-16fads) arises from the reaction 

multiplicity. Initially, due to kinetic limitations at low temperature, there is no correlation for 

18O2 and 18O16O, but as the surface temperature and the reaction rate increase, the model falls on 

top of the data showing statistical equilibrium has been obtained for all species. 
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Figure 5-12. Temperature programmed exchange profile of LSM + 5 wt% Co   A) 16O2 signal 

normalized and raised to power of 0.5 to yield theoretical 16Oads fraction on surface 
and   B) data (points) plotted with statistical equilibrium model (solid lines) [74] 

Furthermore, it can be assumed that the sample is the source of 16O throughout the 

experiment because conversion of the sample oxygen lattice (with changes in oxygen 

stoichiometry factored in) from 16O to 18O is calculated to be only 10% for LSCF (the most 

active material) and less for the others. This means that back reaction of the 18O out of the solid 

is minimal, and it is assumed that the 18O2 signal originates from the gas phase and not from 

saturation of the surface with 18O. If saturation were to occur, then the signal would rise back up 

with increasing time/temperature, which is not observed.  

Another feature present in all profiles from Figure 5-11 is the increase in total oxygen with 

increasing temperature. This net release of oxygen from the solid indicates the formation of 

oxygen vacancies, with LSCF showing a much larger non-stoichiometry change than LSM and 
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LSM based samples. The amount of oxygen released, as shown in Figure 5-13, is the same 

regardless of the isotopic labeling of the gas phase during the temperature programmed reaction. 
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Figure 5-13. Net oxygen desorption from temperature programmed reaction (TPR) profile for 

LSM and LSCF. Performed in approximately 2,500 ppm O2 using both normal and 
isotopically enriched oxygen gas [74] 

The exchange profile for LSCF and LSM are shown in Figure 5-11a-b. It was found that 

the rate determining step in LSM up to 700-750˚C is incorporation (step 2) while the rate 

determining step in LSCF is dissociative adsorption (step 1) [71]. The onset of exchange occurs 

at a significantly lower temperature in LSCF (260˚C) than in LSM (375˚C). Previous studies 

have also shown that LSCF is more catalytically active toward oxygen than LSM [10,48,71]. 

LSM not only activates at a higher temperature, it also appears to have a different mechanism 

from LSCF up until 700˚C. Most of the 18O2 in LSCF becomes incorporated into the lattice upon 

adsorption, with relatively little remaining on the surface and desorbing as 16O18O. However, the 

16O18O peak in LSM is significantly larger, indicating that after an 18O2 dissociates on the 

surface, there is a tendency for the 18Oads to recombine and desorb from the surface instead of 

becoming incorporated into the lattice. This is consistent with the fact that LSM has poor oxygen 

diffusivity [37,40]. Above 700˚C, 16O18O decreases due to a change in mechanism [71], since the 

incorporation of 18O into the lattice is no longer as highly activated.  
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The effects of infiltration in LSM can be seen in Figure 5-11c-f. Iron infiltration appears to 

reduce the onset temperature of exchange. Although the cobalt infiltrated sample was an 

improvement over the base LSM, LSCF is still more catalytically active. Results from 

Yamahara’s study on cobalt infiltrated LSM cathodes also showed improvement over an 

unmodified cathode [5]. The authors hypothesized that the enhancement was due to surface 

processes such as increased number of reaction sites and/or increased triple phase boundary 

length, which lead to a reduction in the charge transfer resistance region of the AC impedance 

response. However, their work relied on impedance spectroscopy for analysis. This technique 

gives overall polarization changes between measured electrodes but cannot by itself directly 

deconvolute whether the observed changes in polarization are due to microstructural or specific 

reaction rate contributions.  In contrast, our approach directly measures the specific reaction rate, 

independent of cathode microstructure, and changes in catalytic mechanism upon 

addition/modification of reactive surface sites. 

In perovskite materials with the general ABO3 formula, researchers have found that it is 

usually the B site that is more strongly associated with the catalytic activity [17,117]. With this 

idea in mind, it is not surprising that the addition of La or Sr (A site elements) did not produce a 

large change in the catalytic activity. The addition of B site elements Fe and Co produced a more 

noticeable change. In their book, Bielański and Harber [72] discuss the correlation between the 

first row transition metal oxide-oxygen surface bond strength and isotopic exchange activities 

found by Boreskov [65,118] and Halpern [119]. Co3O4 had a higher specific activity for 

exchange than Fe2O3 and a correspondingly lower oxygen-surface bond strength. MnO2 fell in 

between Co3O4 and Fe2O3 in terms of activity and surface bond strength. Previously, XPS work 

on LSM with a slightly different composition showed it was possible to engineer a LSM thin 
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film to terminate in a MnO2 layer [112]. If the LSM in this study was also manganese oxide 

terminated, it could explain why cobalt infiltration improved LSM surface activity while iron 

impaired it. One observation that does not appear to fit this theory, at least initially, is that LSCF 

contains more iron than cobalt on the B site and is the most active. However, the iron 2p peaks 

(Figure 5-10) from LSCF and LSM + 5 wt% Fe do not match up, indicating that the states of the 

two surfaces are different. This is evidence that the activity is determined by more than just the 

surface composition; it is dependent on the specific active site. 

 The TPX profile for LSCF infiltrated with manganese is shown in Figure 5-14. Adding 

manganese to the surface of LSCF suppresses the exchange onset temperature from 230 ºC to 

310 ºC, but does not prevent the labeled oxygen from going into the lattice above 310 ºC, as 

evidenced by the relatively small concentration of 18O2 and 16O18O in the gas stream at high 

temperatures. This is consistent with the reactivity trends previously mentioned indicating that 

manganese is not as active as cobalt for surface exchange. It is significant to note that the Mn 

infiltrated LSCF still performs better than even LSM + 5wt% Co. For LSCF, the dissociative 

adsorption step is thought to be limiting and therefore the surface modification produced a 

notable change in the onset temperature while not producing a change in the mechanism. It 

appears that improving the reactivity of LSCF can be accomplished through cobalt infiltration. 

Tentative results from a conductivity-relaxation study [120] on cobalt infiltrated bars of LSCF 

show it is possible to obtain faster surface kinetics with the modified bars over plain bars of 

LSCF.  
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Figure 5-14. Temperature programmed exchange profile for LSCF + 5 wt% Mn [74] 

Next, the relationship between activity and the amount of cobalt infiltrated into LSM was 

examined. 5, 10 and 20 wt% infiltrated LSM samples were tested and compared to each other. 

Little difference in catalytic activity was found between the powders. All temperature 

programmed exchange profiles showed exchange onset near 300 °C. It is unclear if this is due to 

the low oxygen concentration (2,500 ppm) of the TPX testing conditions. Also, the particle size 

of the Co3O4 may be changing such that the coverage remains about the same in each sample. 

 Since cobalt oxide infiltration improved LSM’s catalytic activity for oxygen exchange, 

we decided to see if pure Co3O4 would be even better and the results are shown in Figure 5-15. It 

is interesting to see a transition region occur between 630-710 ºC. The phase transition from 

Co3O4 to CoO at an oxygen partial pressure of 9.9 x 10-10 atm was 350 ºC, as observed by Oku 

[121], and between 800-900 ºC in air (pO2 = 2 x 10-1 atm) [122,123]. Since the conditions for this 

study were under 2.5 x 10-3 atm O2, it is reasonable that the transition could occur at a 

temperature range somewhere in between, which may explain the equilibrium region in the plot. 

Above 710 ºC, the oxide appears to be releasing a small amount of O2, as seen in the rise of the 

total oxygen line, which is consistent with the decomposition of Co3O4 into CoO. 
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Figure 5-15. Temperature programmed exchange profile for 40 mg Co3O4 [74] 

Comparing the catalytic activity of Co3O4, LSM and LSM+ 5wt % Co samples to each 

other, it is apparent that the infiltrated sample is better than the LSM, which in turn is better than 

Co3O4. LSCF is still best, and we can draw some conclusions as to what properties improve 

catalytic activity based on the different surfaces of this study. First, we believe LSM is more 

active than cobalt oxide due to the lack of oxygen vacancies in the cobalt oxide. Both materials 

do not have many vacancies to begin with, but Co3O4 has an excess of oxygen at lower 

temperatures such that the actual composition should be written as Co3O4+δ [72]. The material 

does not become stoichiometric until between 770 and 850 ºC in air depending on the 

preparation method [122]. This point is probably lower in this study because the pO2 is two 

orders of magnitude smaller and could occur right before the oxide enters the phase transition 

region around 600 ºC. LSM on the other hand is nearly stoichiometric at 1000 ºC under 2.5 x 10-

3 atm O2 [38,92]. The release of oxygen from Co3O4 is attributed to the decomposition reaction 

forming CoO while the oxygen desorption in LSM is attributed to vacancy formation.  

Discrepancies in oxygen stoichiometry alone are not enough to explain the difference 

between the LSM and the cobalt infiltrated LSM. If only oxygen vacancies were responsible for 
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the activity, then the LSM would perform as well as, if not better than the LSM infiltrated with 

cobalt. The cobalt infiltration allows oxygen dissociation to occur at lower temperatures, which 

indicates that the cobalt oxide at the surface may act as an adsorption/active site on the infiltrated 

surface. Co3O4 itself is an important industrial catalyst because of its ability to easily transition 

between multiple valance states [124]. Cobalt oxide exists as a mixture of Co+3
 and Co+2 states in 

order to preserve charge neutrality. Although the surface of cobalt oxide may change valence and 

stoichiometry with reducing/oxidizing conditions, in general, the presence of redox centers on 

the surface allows it to accept or donate extra electrons. Low oxidation state Co2+
 functions as an 

electron donor center through the following reaction: Co+2  →  Co+3  + e-. If this is the function of 

the cobalt oxide on LSM, then the dissociative adsorption step could become less activated due 

to reduced charge transfer resistance, assuming that oxygen dissociation is accompanied by 

reduction.  

To effectively compare the activity for oxygen exchange, the conversion (1- normalized 

18O2 signal) versus temperature is displayed for all samples in Figure 5-16. The change in 18O2 

signal was used as a measure of reactivity since the other oxygen species are reaction by 

products. LSCF is more active than all other samples and is followed, in activity, by the LSCF 

infiltrated with Mn. The reactivity trends for LSM follow a definite pattern where the addition of 

A site elements La or Sr results in similar behavior and the B site elements follow the trend 

predicted by earlier isotopic exchange studies. Iron infiltration significantly increased the onset 

temperature of exchange. Royer et al also observed a connection between iron contamination and 

lower activities [26]. All other infiltration elements appeared to improve the catalytic activity of 

LSM, with the addition of cobalt the most beneficial (30% conversion vs. 13% for LSM at 

97 



 

400˚C). However, pure Co3O4 had approximately the same activity as LSM infiltrated with iron; 

these two samples had the worst exchange properties of all the samples tested. 
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Figure 5-16. Conversion (1-normalized 18O2) vs. temperature, points averaged over 2 runs [74] 

All LSM based samples show significant formation of 16O18O compared to LSCF based 

samples (Figure 5-17), which is consistent with the incorporation limited mechanism of oxygen 

exchange in LSM. The addition of Co, Sr and La to LSM improves the surface recombination 

reaction, which means that the dissociative adsorption step is improved. The simultaneous 

appearance of 18O16O as the 18O2 signal decreases suggests that dissociation of the oxygen at the 

surface (step 1) is more facile in the infiltrated sample, and the limited incorporation step results 

in desorption of surface scrambled 18O16O rather than 16O2 from the bulk. Co3O4 is more active 

than LSM + Fe with regard to surface recombination, yet its overall activity as measured by the 

removal of 18O2 (Figure 5-16) is the same. This is evidence that LSM + Fe is more facile with 

regard to incorporation than Co3O4 since some of the labeled oxygen is becoming incorporated 

into the bulk. 
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Figure 5-17. Formation of 16O18O (signal normalized by total oxygen) as a function of 
temperature [74] 

As a final note, one of the more important concerns is the behavior of these cathode 

materials once integrated into an actual device. For example, LSM is typically mixed with an 

ionic conductor such as YSZ to produce a composite electrode; the addition of the oxygen ion 

conducting phase could drastically change the oxygen reduction behavior. Logically, the next 

application for this technique should be the extension to composite cathodes. 

5.4 Conclusion 

 Temperature programmed isotopic exchange is a fast and simple method for surveying 

oxygen exchange properties of individual oxide materials. Not only does it identify the active 

temperature range, this technique can also cast light on the mechanism of oxygen exchange 

(adsorption or incorporation limited). This study used isotopic exchange to identify trends in 

reactivity.  

Surface modification through infiltration of LSM and LSCF powders altered the material’s 

catalytic activity toward isotopic surface exchange, but did not affect the overall mechanism of 

surface exchange. Infiltrated LSM powders were still observed to be limited by oxygen 

incorporation into the lattice just like the base LSM. Although the cobalt infiltrated LSM had 
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improved exchange properties compared to plain LSM, its overall activity was not as high as 

LSCF.  

The addition of A site elements La and Sr onto the LSM surface did not produce a 

significant change in isotopic exchange. Cobalt infiltration improved the performance of LSM 

the most while iron reduced the apparent activity; this can be attributed to the properties of the 

oxides formed on the LSM surface, which determine how strongly oxygen binds to the surface 

and subsequently the reactivity. Overall, plain LSCF had the best reactivity. The addition of 

manganese to the surface of LSCF caused the exchange to occur at a higher temperature, and is 

in agreement with previously observed reactivity trends where cobalt oxide is more active than 

manganese oxide which is more active than iron oxide. Two attributes from this study which are 

associated with catalytic activity are ionic conductivity and active cobalt (or other surface) sites. 

The extent to which each of these properties affects catalytic activity is unclear and needs to be 

further studied. The issue of long term stability also needs to be addressed, and perhaps the 

improvement in the dissociation step achieved with cobalt infiltrated LSM can be translated into 

a solution with a low degradation rate.  

 



 

CHAPTER 6 
CONCLUSION 

The development of high performance solid oxide fuel cells is dependent upon the 

fundamental understanding of the oxygen reduction process at the cathode surface. Isotopic 

exchange is a powerful heterogeneous catalysis tool for comparing catalytic activity and 

mechanism amongst different oxides. Properties, such as oxygen non-stoichiometry, obtained 

from this method were comparable to results from the literature. During temperature 

programmed desorption and reaction, the same total oxygen vs. temperature behavior was 

obtained using oxygen isotope 16 and isotope 18 enriched feed streams. 

Temperature programmed oxygen isotopic exchange is a rapid and sensitive method for 

evaluating catalytic activity and is used to identify trends in catalytic activity. It was 

demonstrated that LSM is not as active as LSCF and that the mechanism of exchange was 

different for these materials based upon the relative amounts of each oxygen isotopologues 

produced. As the temperature increased, the composition of the gas phase would become 

statistically distributed as predicted by the relative amount of each isotope on the materials 

surface. This statistical equilibrium between the surface and gas phases is required for further 

mechanistic analysis of steady state isotopic exchange. 

Under testing conditions for isothermal isotopic switching, it was determined that the 

LSCF surface reaction was occurring so rapidly that the limiting step was influenced by gas 

phase diffusion. This was not observed in LSM due to its slower reaction rate, which is 

insensitive to changes in pO2. A two step mechanism consisting of dissociative adsorption 

followed by incorporation of the atomic oxygen into the lattice, was used to model not only the 

gas phase evolution with time, but also the conversion of the adsorbed oxygen and lattice oxygen 

from one isotopic labeling to another during the switch. The model predicted greater bulk 
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oxygen exchange conversion in LSM than back calculated from the profile. This indicates that 

the LSM could in fact be limited by bulk diffusion and not by the surface reaction as described 

by the model. In the case of LSCF, inputting a relatively large value for the parameter 

characteristic of the second step of the model predicted the gas phase isotopologue distribution 

and bulk conversion very well, indicating that between the two steps of the model, the 

dissociative adsorption step is rate limiting. Additionally, the curve fitting produced effective 

rate constants for both LSM and LSCF. The values reported in this dissertation represent one of 

the first attempts to obtain this information using the two step model. However, the calculated 

rate constants rely on certain assumed values (i.e. oxygen coverage) and could be improved 

through actual measurement of those quantities. 

A systematic approach to understanding how the surface composition affects catalytic 

activity was done through depositing various metal oxides onto the surface of LSM and LSCF. 

The study found that cobalt infiltrated LSM was more active than plain LSM and that iron 

infiltrated LSM decreased the activity, implying that the active site is the surface B site atom and 

not oxygen vacancies. Although the composition of LSCF examined contains more iron than 

cobalt, it was found to be the most active material of the study. XPS indicated that the oxidation 

state of the iron at the LSCF surface was different from that on the infiltrated LSM surface. This 

is evidence that the catalytic activity is not just a straightforward function of composition, but the 

electronic surface properties must also be considered when developing cathode materials. 

Therefore, the use of surface and electronic sensitive tools, such as a Kelvin Probe, should be the 

next step in cathode development.  

Increasing the cobalt content did not produce further improvements in the catalytic 

activity. Pure Co3O4, the oxide deposited on the cobalt infiltrated LSM, performed worse than 
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plain LSM and was about as active as the LSM infiltrated with iron. Infiltrating LSCF with 

manganese, the B site atom for LSM, was detrimental to the onset temperature of exchange, but 

it was more active than the LSM infiltrated with cobalt. The apparent mechanism did not change 

with infiltration for either LSM or LSCF. Given these observations, it is possible that LSCF’s 

activity is based off an optimization of the oxygen non-stoichiometry, cobalt or active redox sites 

and other unidentified factors. 

The ability to test cathode materials independently from the complete SOFC system is a 

strength and weakness of the isotopic exchange techniques described in this body of work. Great 

care must be taken when applying the results since the cathode behavior may vary with the 

electrolyte material and could change under an electrochemical gradient during SOFC operation. 

Effects from the electrode microstructure, an important feature which affects performance, also 

cannot be easily examined. One way to bridge this gap is to extend the application of isotopic 

exchange to composite cathodes, such as LSM/YSZ or LSCF/GDC powders, since the important 

function of the cathode is to assist with the transfer of oxygen from the gas phase to the 

electrolyte lattice.  

 



 

APPENDIX A 
DERIVATION OF MODEL 

Starting with Equation 2-8, the introduction of a second isotopic label into the system 

produces five disti ea a tw  for the second.  nct r ctions, three for the first step nd o

          (A1) 2 2         ,    

2 2         ,         (A2)

       ,             (A3) 2      

       (A4)      ,

       ,     (A5) 

 
The intermediate in this 2 step model is the adsorbed oxygen 16Oads or 18Oads; it determines the 

production of the different isotopic species 16O2, 18O2, and 16O18O in the gas phase as well as the 

incorporation as bulk oxygen. Therefore, the evolution of the adsorbed oxygen concentration 

belonging to a particular isotopic labeling is of interest and is derived by balancing the rate of 

production and consumption. Picking 16Oads for the example, it is seen that this species is 

produced by the forward step of A1 and consumed by the backward step. It is also produced and 

consumed in equations A3 and A4, respectively. Another assumption is that both steps in 

equation 2-8 are in equilibrium with respect to the total oxygen in the system, and the forward 

and backward rates are equal.  

      (A7) 

             (A6) 
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Equations A6-A7 show that it is possible to write an expression for 16Oads with either k1 or 

k-1, k2 or k-2. The end result is equation 4-8, which has been normalized. Then the process is 

repeated for 16Obulk which yields equation 4-9.  

 



 

APPENDIX B 
PARAMETER FITTING SCRIPT 

Main M-File: exchange.m 

% Extracts parameters A, B and C from fitting differential equations to data 
% 1. Use initial guesses for A, B and C, then generate numerical solution with ODE45 
% 2. Compare the guessed solution to data and use Gauss Newton method to optimize the fit 
% 3. After some iterations, spit out the optimized solution with data, parameters and error 
% Cynthia Kan 2009, with Gauss Newton help from Sean Bishop 
clear, clc 
tic                 % Computation time 
load LSM.dat;                             % Load data and process into lists 
oldlist=LSM; 
rows=size(oldlist,1); 
n=1; 
for k=1:2:rows          %% data reduction to reduce computation time 
    newlist(n,:)=oldlist(k,:); 
    n=n+1; 
end 
 
t=newlist(:,1);   % time in minutes                     DATA 
ydata=newlist(:,2);   % y values                    DATA 
A=1; B=.1; C=1;        %starting guesses 
beta=.015;                 % Gas impurity 
 
dA=0.0001; dB=0.0001; dC=0.0001; %guesses for change in A B and C, B can get extremely 
large without bound for LSCF 
Y0=[1 1];          %initial conditions, 100% oxygen 16 on surface and bulk 
 
for j=1:150; %number of program iterations   
    [time,soln] = ode45('rxn',t,Y0,[ ],A,B,C,beta);  % calculates the soln to rxn equations, soln is 
two column vector, column 1=y1, column2=y2 
    ymod=soln(:,1);   %takes solution to 16fads and saves as the current model solution 
    [time,soln] = ode45('rxn',t,Y0,[ ],A+dA,B,C,beta); 
    Z(:,1)=(soln(:,1)-ymod)/dA;    %computes derivative of function for each change in A B or C 
    [time,soln] = ode45('rxn',t,Y0,[ ],A,B+dB,C,beta); 
    Z(:,2)=(soln(:,1)-ymod)/dB; 
    [time,soln] = ode45('rxn',t,Y0,[ ],A,B,C+dC,beta); 
    Z(:,3)=(soln(:,1)-ymod)/dC; 
    ZTZ=(Z'*Z);  
    ZTZinv=inv(ZTZ); 
    Diff=ydata-ymod; 
    ZTD=Z'*Diff; 
    d=ZTZinv*ZTD; 
    dA=d(1)*.1;  %computed change in A B and C 
    dB=d(2)*.1; 
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    dC=d(3)*.1; 
    A=A+dA;  %computed A B and C coefficinets 
    B=B+dB; 
    C=C+dC; 
    abc(:,j)=[A, B, C]';     j; 
    dlog(:,j)=d;  %data log of A B and C changes to see where program died. 
    %%%  computes the regression R^2 = 1-SSerr/SStot 
    ydataave=mean(ydata);  %average y data values 
    [time,soln] = ode45('rxn',t,Y0,[ ],A,B,C,beta);  %Final computation of model values 
    ymod=soln(:,1);   %final y values for modeling (f16ads) 
    SStotads=sum((ydata-ydataave).^2); % computes the sum of squares 
    SSerrads=sum((ydata-ymod).^2); % computes the summation (ydata-ymodel)^2 
    Rsquared(j)=1-SSerrads/SStotads; %R^2 value for fit 
end 
figure(1) 
plot(t,ydata,'o', time,ymod,'--') 
figure(2) 
plot(1:j,abc(1,:)) 
toc     % End of Computation time 
tf=linspace(0,120,2000); 
[time,soln] = ode45('rxn',tf,Y0,[ ],A,B,C,beta);  %Final computation of model values 
ymod=soln(:,1);   %final y values for modeling (f16ads) 
ymod2=soln(:,2); % final f16bulk  
m34=ymod.*(1-ymod)*2; 
m32=ymod.^2; 
m36=(1-ymod).^2; 
 
%%% DATA OUTPUT %%%    mydata has 4 columns, first column is time 
mydata(:,1)=time; 
mydata(:,2)=m34;   mydata(:,3)=m32;  mydata(:,4)=m36;   
mydata(:,5)=ymod;  mydata(:,6)=ymod2; 
mydata2(:,1)=[1:j]';  mydata2(:,2)=abc(1,:)';  mydata2(:,3)=abc(2,:)'; 
save my_data.out mydata -ASCII -tabs 
save my_data2.out mydata2 -ASCII –tabs 
 
ODE45 Function File: rxn.m 
function dydt = rxn(t,y,flag,A,B,C,beta) 
% solve the system of equations for 16Fads 
dydt=zeros(size(y));   Y1=y(1);  Y2=y(2); 
% RHS expression 
dydt(1)=-A*Y1^2-(A+B)*Y1+B*Y2+A*2*beta; 
dydt(2)=B*C*(Y1-Y2); 
% dydt=[ dydt(1) dydt(2)]
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