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Intermediate temperature (500 - 700 °C) solid oxide fuel cells (IT-SOFCs) with 

gadolinia-doped ceria (GDC) electrolytes have significant commercial potential due 

to reduced materials costs for seals and interconnect and improved performance with 

high oxide-ion conductivity at these temperatures. As an SOFC anode component in 

the reducing anode environments, GDC offers enhanced catalytic activity and tends to 

suppress carbon deposition in composite Ni/GDC anodes. The current study 

investigates relevant kinetics on GDC anodes for IT-SOFC applications. 

Simultaneous electrochemical characterization and X-ray photoelectron spectroscopy 

of thin-film Ni/GDC and Au/GDC electrochemical cells provide a basis for 

understanding pathways for H2 and CO electrochemical oxidation as well as H2O 

splitting on GDC and GDC composite electrodes. Differences in electrochemical 

performance of Ni/GDC and Au/GDC electrodes at temperatures below 650 °C reveal 



  

limitations of GDC surfaces in promoting electrooxidation under conditions of low 

polaron (electron) mobility. These results also suggest the role of the metal in 

promoting hydrogen spillover to facilitate change transfer reactions at the Ni/GDC 

interface. Variation in OH- concentration at the metal/GDC interface with operating 

temperature, effective oxygen partial pressure, and electric bias provides valuable 

insight into the nature of electrochemical and other heterogeneous reactions in IT-

SOFC anodes.  

 

A detailed kinetic model for the GDC surface reactions and Ni/GDC charge-transfer 

reactions of H2 oxidation and H2O electrolysis is developed based on electrochemical 

characterization and spectroscopic analysis of GDC surface electrochemistry. The 

thermodynamically consistent kinetic model is able to capture the observed chemical 

and electrochemical processes on the thin-film Ni/GDC electrode. A full three-

dimensional IT-SOFC stack model is developed with simplified kinetics to evaluate 

GDC-based anode performance with H2 and methane-derived fuels. The stack model 

explores the effects of operating condition on performance of stacks with GDC 

electrolytes and Ni/GDC anodes. The parametric study results of stack model provide 

essential information for optimizing performance of IT-SOFCs stack and guiding IT-

SOFC design. Temperature distribution in non-isothermal model result suggests that 

internal CH4 reforming can be used as an effective thermal management strategy to 

maintain high current densities and cell voltages and to lower risk to thermo-

mechanical degradation. 
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Chapter 1: Introduction and Background 

1.1 Introduction to Solid Oxide Fuel Cells 

Solid oxide fuel cells (SOFCs) are electrochemical cells that convert chemical 

energy of a fuel and oxidant directly into electrical energy with some amount of waste 

heat produced depending on the operating voltage of the cells. In each cell of an 

SOFC stack, a solid-state electrolyte membrane conducts oxide ions at elevated 

temperatures (between 500 °C and 1000 °C) from a cathode to an anode of the cell. 

Electrochemical oxidation of fuels occurs in the reducing environment of the anode 

by the incoming oxide ions. The gradient of effective oxygen partial pressure (PO2) 

across the membrane provides the chemical potential driving force to establish the 

voltage for each individual cell.  

 

At their operating temperatures, SOFCs use ceramic electrolytes and 

metal/ceramic (cermet) electrodes that do not require expensive precious metal 

catalyst used in low-temperature fuel cells. At the high operating temperatures, SOFC 

anodes can be designed to consume light hydrocarbon fuels directly, in part by 

internal reforming within the anode [1-3]. However, care must be taken to design and 

operate the anode in such a way as to avoid the risk of carbon deposition that can 

cause irreversible cell damage [2]. 

 

SOFCs have potentials for a wide variety of applications with output from 100 

W devices from auxiliary power units in vehicles to several MW stationary power 
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generation [4, 5]. SOFCs can operate with higher efficiency and with less pollutant 

emissions than more conventional hydrocarbon-fueled power systems [6]. SOFCs are 

suitable for combined heat and power (CHP) applications, where the excess high-

quality waste heat of the fuel cell is used for a heat-driven process. These inherent 

characteristics of SOFCs make them uniquely suitable to address concerns about 

environment and climate change that are associated with fossil fuel based electric 

power generation.  

 

1.1.1 Working Principles of SOFCs 

A single cell in a SOFC is often referred to as a membrane electrode assembly 

(MEA). The MEA consists of a cathode, electrolyte, and anode as shown in Figure 

1.1.  To minimize resistance (and voltage loss) associated with oxide-ion transport 

across the dense electrolyte, practical cells for high power density typically have 

electrolyte thicknesses well below 50 μm, and such thin layers require some sort of 

structural support. In most SOFC MEAs for practical devices, this support is provided 

by the anode, which is split between a functional layer where the electrochemical 

reactions occur and a porous anode support layer as shown in Figure 1.1. For planar 

SOFC systems (which will be the focus of this work), each MEA is sandwiched 

between two cell interconnects for current collection. The cell interconnects are 

designed to provide flow channels for feeding oxygen to the cathode and feeding 

fuels to and removing oxidation products from the anode. Tens or hundreds of such 

cells can be connected in series to form the SOFC stack that delivers desired DC 

electrical power at adequately high voltages for useful energy conversion.  
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Figure 1.1 also illustrates the chemical and electrochemical processes within 

an SOFC using methane (CH4). During SOFC operation with CH4, internal reforming 

(R.1.1) produces H2 and CO in the anode support layer. 

 CH H O 3H CO                                       (R.1.1) 

The CO can be converted into H2 by further water-gas shift (WGS) reaction (R.1.2) in 

the support layer to form H2, which is favorably oxidized in the anode functional 

layer [7]. 

  CO H O H CO                                     (R.1.2)  

              

 

Figure 1.1. Schematic representation of fluid, chemical, and electrochemical 

processes in a planar SOFC section. 

 

H2 and CO diffuse to the anode functional layer and can react 

electrochemically with oxide ions (O2-) diffusing across the electrolyte from the 
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cathode, but H2 oxidation dominates charge-transfer reaction in SOFC anodes [8, 9] 

given by the global half-cell reaction in R.1.3  

H , O H O , 2e                                 (R.1.3) 

and CO can be directly oxidized through reaction R.1.4 

    CO , O CO , 2e                                 (R.1.4) 

On the cathode side, separated from the anode by the electrolyte, O2 reduction 

consumes electrons as shown in R.1.5. 

O , 	2e O                         (R.1.5) 

The resulting electrons produced in the anode from R.1.3 and R.1.4 and consumed in 

the cathode by R.1.5 deliver electrical power to an external electric circuit. 

 

The difference in oxygen chemical potential across the electrolyte provides a 

driving force for the transport of oxide ions across the electrolyte membrane. The 

driving force is opposed by an electrical potential, which under ideal open circuit 

conditions is the reversible Nernst potential or theoretical open circuit voltage (OCV 

or Vocv,th) expressed as follow                             

, 	
4

ln ,

,
																																										 Eq. 1.1  

where PO2,a is effective oxygen partial pressure on the anode determined by 

equilibrium calculations of the reducing gas environments. PO2,a of a typical SOFC 

anode environment with H2 and slight amount of H2O is calculated as follow 
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, exp
∆

∗ 																																							 Eq. 1.2  

where ∆  is the free energy change for the global H2 oxidation. 

 

With an external load, the chemical driving force transports charged species 

against the electric potential gradient, and thus electrical work is extracted as 

electrons flow through an external circuit. The operating voltage (Vcell) of a fuel cell 

at an external current density (i) is expressed as  

, 																	 Eq. 1.3  

where ηOhm is Ohmic loss due to electrical resistance, ηconc is concentration losses due 

to drop of reactant concentration, and ηact is potential difference from equilibrium to 

drive the charge-transfer reaction. By summing these various overpotentials (η), each 

of which is functions of i, the operating cell voltage is determined. 

 

1.1.2 Conventional SOFCs 

Conventional SOFCs typically operate between 750 °C and 1000 °C. The 

most common SOFC MEAs consists of an yttria-stabilized zirconia (YSZ) electrolyte, 

which offers sufficient ionic conductivity (> 0.01 S/cm) at these temperatures. The 

dense electrolyte membrane is stable in both reducing and oxidizing environments, 

and does not permit any significant electronic conductivity that would reduce cell 

voltages. Furthermore, well-defined sintering processes have been established such 
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that fully dense YSZ electrolytes can be fabricated to eliminate leakage of gaseous 

reactants between the two electrodes [3, 10]. 

 

In conventional SOFCs, nickel (Ni)/YSZ cermets can provide high catalytic 

activity for fuel oxidation in the anode. Ni/YSZ composites can also be tailored to 

alleviate mismatches in the coefficient of thermal expansion (CTE) between the 

anode and the YSZ electrolyte [11]. The composite electrode has significant porosity 

allowing gas transport to anode functional layer at the electrolyte interface to 

facilitate charge-transfer reactions. A thicker anode support layer (several hundreds of 

μm) with larger pores generally serves as the physical support of the SOFC and can 

be designed to promote internal steam reforming (R.1.1) and WGS (R.1.2) [12].  

 

On the other side of the electrolyte membrane, perovskite-based cathode 

electrocatalysts are coated in thin layers to promote O2 dissociative adsorption and 

oxide ion incorporation into the bulk. For conventional SOFCs, strontium-doped 

lanthanum manganite (La1-xSrxMnO3 or LSM) is the most common material for high 

temperature SOFC cathodes because of its compatibility with YSZ electrolyte. The 

porous LSM/YSZ composite cathode provides oxide ion mobility complementary to 

the electronic conductivity, and also adequate reactivity to facilitate oxygen reduction 

[13, 14].  

 

To achieve reasonable power densities (1 W/cm2), conventional SOFCs with 

YSZ electrolytes usually operate at 800 °C or higher temperatures for adequate ionic 
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conductivity [2, 15]. Such high operation temperatures result in long start-up time, 

thermo-mechanical stresses, and interphase reactions with seals and interconnects 

[12]. Moreover, a major disadvantage of the Ni/YSZ cermet anode is the propensity 

of Ni to crack hydrocarbon resulting in deleterious carbon deposition when using 

hydrocarbon fuels [12, 16]. The LSM cathode often faces chromium (Cr)-poisoning 

from common high-temperature alloys used for interconnects necessary at these 

temperatures. Cr-poisoning at the cathode degrades the electrode performance under 

polarization [17].  

 

1.1.3 Intermediate Temperature SOFCs 

In recent years, significant efforts have been taken to lower the SOFC 

operation temperatures to intermediate temperature ranges (between 500 °C and 

650 °C). Operating SOFCs with comparable power densities but lower temperatures 

considerably increases SOFCs’ applicability and cost competitiveness by reducing the 

costs of seals and interconnect materials. Lowering SOFCs operation temperatures 

can reduce system balance of plant (BOP) costs and allows faster start-up that can 

implement SOFCs in mobile application. In addition, lower temperatures increase 

SOFC systems durability by reducing thermal cycling and performance degradation 

problems [15].  

 

Operating SOFCs at lower temperatures presents challenges for high 

performance intermediate temperature SOFCs (IT-SOFCs). One such challenge is to 

reduce area specific resistance (ASR) of the electrolyte without compromising 
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mechanical strength and gaseous impermeability. Thin-film deposition techniques 

may be used to fabricate thinner electrolyte to achieve relative lower ASR at lower 

temperatures [18], but detrimental reaction between the YSZ electrolyte and common 

low-temperature cathode materials during processing have been observed [19]. Thus, 

alternative electrolyte material with higher ionic conductivity is essential to bring 

down the operation temperature.  

 

Another challenge is that polarization losses of electrodes increase at lower 

temperature, especially at cathode. Reduction of oxygen, incorporation and transport 

oxide ion to the electrolyte in the conventional LSM/YSZ cathode are much slower at 

these low temperatures [20]. Therefore, alternative electrodes materials with 

sufficiently fast kinetics are also needed. 

 

To respond to these challenges, researchers have been implementing high 

conductivity electrolyte materials such as doped ceria for IT-SOFCs. Among them the 

most extensively studied is GDC electrolyte [21-24], which shows appreciable ionic 

conductivity. Figure 1.2 compares ionic conductivity of conventional YSZ electrolyte 

with gadolinia-doped ceria (i.e., Ce0.9Gd0.1O1.95 or GDC) as a function of temperature. 

It is clear from the plots that GDC has the same ionic conductivity as YSZ while the 

temperature is brought down 200°C. For example, GDC electrolyte can achieve 

required ASR (0.15 Ωcm2 for 15-µm electrolyte) at a temperature of  ~500 °C, which 

YSZ electrolytes with the same thickness can only attain above 700 °C [22]. Other 

ceria-based electrolytes, such as ceria zirconia oxide, and Sm-, Y-, or Nd-doped ceria, 
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have also been studied as electrolytes for IT-SOFC development [25-27].  

 

 

Figure 1.2. Ionic conductivity versus temperature of GDC and YSZ electrolytes. 

 

At reducing environments (PO2 < 10-20 bar) and temperatures greater than 600 

°C, increased electronic conductivity of doped ceria results in internal leakage 

currents in the electrolyte membranes, which lowers OCV and thus the overall SOFC 

efficiency [2, 15, 20].  Because of this, GDC-based bi-layer electrolytes, such as 

GDC/YSZ and erbia-stabilized bismuth oxide (ESB)/GDC, have been studied to 

utilize high ionic conductivity without significantly sacrificing OCV [28-31].  

 

For IT-SOFCs with ceria-based electrolytes, anodes incorporate metal and 

ceria-based composite materials. For GDC-based cells, porous Ni/GDC anodes are 

used which have good activity for H2 oxidation below 650 °C. Moreover, the GDC is 
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more resistant to carbon deposition allowing using hydrocarbon on Ni/GDC anodes 

[12, 32-34]. Copper/ceria composite anode has also been explored since it does not 

significantly catalyze the carbon formation reaction, while maintaining electronic 

conductivity and electro-oxidation catalytic activity [35, 36]. 

 

For IT-SOFC cathodes, alternative perovskites to LSM have been identified 

which provide improved O2 reduction activity, for example, lanthanum strontium 

cobalt ferrite (LaxSr1-xCOyFe1-yO3-δ or LSCF). The LSCF cathode, which has fast ion 

transport, good oxygen reduction kinetics and acceptable electronic conduction, is 

high-performance cathode candidate [37-42]. Also the LSCF cathode is chemical 

compatible with GDC electrolyte [43] and has lower tendency to the Cr-poisoning 

[17].  

 

1.2 Ceria-based Materials as IT-SOFC Components 

Ceria-based materials are attractive for developing IT-SOFCs, especially for 

electrolyte and anode, because of their relatively high oxygen ion conductivity at 

intermediate temperatures and their ability to promote catalytic activity for oxidation 

reactions [44]. At these temperatures, stoichiometry of ceria is perturbed by 

reversibly adsorbing and desorbing oxygen into the lattice while retains the fluorite 

lattice, as indicated in R.1.6 according to the Kröger-Vink notation 

O 2Ce O V∙∙ 2Ce 	                           (R.1.6) 
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where O  and Ce  are oxygen on oxygen lattice sites, and cerium on cerium lattice 

sites respectively. In R.1.6, an oxygen vacancy V∙∙  is created by removing an 

oxygen atom from the ceria lattice; meanwhile, two negatively charged cerium sites 

Ce  form to balance the oxygen vacancy.  

 

1.2.1 Properties of Ceria-based Materials for SOFC Anodes 

Ceria (CeO2) is an excellent catalyst that has been applied in catalytic 

converters, co-catalyst water-gas shift reactors, steam reformers, and Fischer-Tropsch 

reactions [44]. In reducing environments, ceria can give up some oxygen to form 

oxide vacancies, which enhances oxide-ion conductivity. As the number of vacancy 

increases, the ease at which oxygen can move around in the crystal increases, 

facilitating reducing and oxidizing molecules or co-catalyzing on its surface. 

 

At IT-SOFC anode environments, ceria exhibits mixed ionic and electronic 

conductivities (MIEC). Upon reduction of ceria, localized electrons (or polarons) can 

hop through the ceria lattice as an effective means of electronic conductivity, 

resulting in the MIEC property. Due to such a property, ceria provides an extended 

active surface area and additional pathways for fuel oxidation reactions, as illustrated 

in Figure 1.3. For H2 oxidation, ceria-based anodes can provide either ceria/metal/gas 

three-phase boundary (ceria represents an ionic conductor) or at the ceria/gas 

interface (ceria represents both ionic and electronic conductors). This MIEC property 

enhances electrochemical oxidation [45].  
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Figure 1.3. Schematic of H2 electro-oxidation on ceria-based anode. The MIEC 

behavior extends reaction region distanced from pure electronic conducting metal. 

 

1.2.2 Gadolinia-doped Ceria as IT-SOFC Anodes 

Ceria doped with cations of lower valence (ex, Gd3+, Y3+, Sm3+, and Ca2+), are 

known to be good electrolyte candidates for IT-SOFCs. The dopant introduces extra 

vacancies, as exemplified by Gd2O3 in R.1.7.  

                                 Gd O ↔ 2Gd V∙∙ 	 	3O                                     (R.1.7) 

Among doped-ceria materials, GDC has been primarily studied due to its much 

higher ionic conductivity [15, 22] and better chemical compatibility with high-

activity cathode electrocatalysts like LSCF used in IT-SOFCs [46]. As such, GDC is 

attractive as potential electrolyte application in IT-SOFCs [20, 22]. In relatively high 

PO2, the electrical conductivity is predominantly ionic, and thus the total conductivity 

is independent of PO2 [47]. 
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In anode environments, GDC, similar to undoped-ceria, exhibits MIEC 

property due to redox cycling of the cerium cations (R.1.6). Reduction of ceria 

increases at lower PO2 (< 10-20 bar), which leads to comparable or even greater 

electronic conductivity to the ionic conductivity. Electronic conductivity dominates 

total conductivity and leads to a  /  dependency of conductivity, as illustrated in 

Figure 1.4. Such MIEC behavior of GDC anode, enhances catalytic activity that 

impregnation of GDC particles significantly reduced the electrode interface resistance 

and polarization potential [48].  

 

Figure 1.4. Electrical conductivity of thin-film GDC as function of oxygen partial 

pressure of at 600 °C and 700 °C [47]. 

 

GDC anodes have been demonstrated stable though rapid thermal and redox 

cycling under hydrocarbons [49]. Researchers have reported that an SOFC with a 

Ni/GDC anode directly operates on methane at 600 °C without carbon deposits [50]. 
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A GDC-based SOFC has been shown to operate stably JP5 model reformate for 500 

hours without degradation or carbon deposition [51].   

 

1.2.3 Previous Test Studies for Understanding GDC Electrode Kinetics 

Despite the fact that GDC is suitable as an IT-SOFC anode and its bulk 

transport properties are well characterized, knowledge of the surface kinetics for 

reactions relevant for SOFC anodes remains limited. Ionic and electronic transport 

properties of GDC as a function of temperature and PO2 has been measured many 

times as illustrated for one study in Figure 1.4, and such studies have established 

fundamental thermodynamics of GDC non-stoichiometry for both 10% Gd-doping 

and 20% Gd-doping [52-56]. Yet, information on how the non-stoichiometry as well 

as ion and electron transports impact surface reactions and fuel oxidation are limited 

to a few studies on the impacts of surface area on vacancy formation [55].  

 

Recent experimental studies focused on understanding catalytic activity of 

GDC anode on H2 oxidation and its interaction with carbon-based species. 

Electrochemical impedance measurements of H2 oxidation indicate that impregnation 

of GDC particles significantly reduces the electrode interface resistance and 

polarization potential [48]. An impedance study of CO/CO2 exchange reaction on 

GDC derived kinetic parameters such surface exchange rate coefficient and vacancy 

diffusion coefficient [57]. Past studies have indicated GDC electrodes have low 

activity for C-H bond cracking and capability to remove deposited carbon species by 

the lattice oxygen [58, 59]. However, many questions remain about how 
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carbonaceous species react on GDC-based electrodes and further how fuel species are 

oxidized on metal/GDC and in particular Ni/GDC cermet structures. 

 

Better understanding of GDC electrodes kinetics will benefit from probing the 

GDC surface and GDC/Ni interface in operando during fuel oxidation. Recent 

progresses in ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) enable 

extracting critical surface composition during reactions. Initial investigations of 

oxidation state of ceria-based fuel electrode have been taken under a variety of 

conditions at elevated temperatures relevant for IT-SOFCs [60-62]. These studies 

have shown that the catalytic activity of ceria is related to the number of oxygen 

deficiency in the crystal. Surface chemistry analysis of solid oxide electrochemical 

cells on H2/H2O and CO/CO2 reaction provides an effective means to study possible 

reaction pathways for H2 and/or CO oxidation [63, 64]. Another strong capability of 

the AP-XPS is to obtain a map of electrical potentials of the components surfaces and 

interfaces. Such surface/interfacial potentials mapping, directly related to the 

reactions, is an essential tool to derive detailed interfacial kinetics parameters of 

electrochemical systems.  

 

1.3 Models of Electrochemistry in GDC-based Anodes 

Even though AP-XPS experiments provide information of surface species and 

overpotentials associated with reactions on the MIEC electrodes, direct observation of 

interactions between gaseous reactants and electrode surface, as well as the charge-

transfer associated with the reactions is impossible. To complement to the 
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experimental kinetic studies, modeling efforts are needed, so as to quantitatively 

simulate processes of small molecules (H2 and CO) oxidation on GDC-based anodes. 

Such a model provides an effective means to understand fundamental 

electrochemistry of GDC-based anodes. 

 

Detailed surface chemistry and electrochemistry of the GDC-based electrodes 

would provide a valuable tool for developing models with adequate functionality to 

optimize SOFC anode microstructures. Previous studies of H2/H2O reaction kinetics 

on Pt/YSZ interface and H2 charge-transfer reaction mechanisms for Ni/YSZ anodes 

provide basic methodology for showing how such models can be used [65, 66]. 

However, non-Faradaic surface chemistry and charge transport on/in GDC anodes are 

different from those of YSZ. Reaction pathways of Ni/GDC anode are complicated 

by the fact that charge-transfer reactions can occur in the vicinity of the three-phase 

Ni/GDC/gas boundary (TPB) as well as at the GDC/gas interface. A study of H2 

oxidation reaction on doped-ceria catalyst has stated that the reaction is dominated by 

electrocatalysis at the oxide/gas interface with minimal contributions from the 

oxide/metal/gas TPB [67]. This raises questions about the role of Ni/GDC 

heterogeneous electrochemistry, especially when electronic conductivity of GDC 

decreases at lower temperatures. 

 

Studying of Ni/GDC anode reaction kinetics requires a consistent 

thermodynamic basis where all relevant surface and bulk-phase species have well-

defined enthalpies and entropies in order to determine the equilibrium constant used 
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in the rate expression from species thermodynamics. The partial free energy of 

formation associated with redox reaction (R.1.6) of GDC and undoped ceria has been 

experimentally studied and formulated  

 ∆ ̅ ∆ 	 ∆ ̅ ln 																																	 Eq. 1.4  

where ∆ ̅ , ∆  and ∆ ̅  are Gibbs free energy, enthalpy and entropy of defect 

formation reaction, respectively [52, 68]. 

 

Non-ideal thermodynamics have been observed on the GDC surface. Strong 

compositional dependencies of thermodynamic properties arise under IT-SOFC anode 

conditions, and properties differ between the bulk and the surface [55, 62]. Surface 

reduction of ceria is significantly greater than the bulk phase at the same conditions. 

Furthermore, upon significant reduction of Ce4+ to Ce3+, formation of defect 

complexes results in strong interaction potentials that require non-ideal 

thermodynamics, which complicates reversible kinetic models. Excess Gibbs free 

energy due to the non-ideal interactions of defects is needed to modify forward and 

reverse reaction rate coefficients in the mass-action kinetics rate expression [69]. 

 

1.4 Models for GDC-based SOFC Stacks 

Development of a kinetic model for fuel oxidation on Ni/GDC anodes is of 

interest because it can be implemented in IT-SOFC stack modeling. The stack model 

can be calibrated with laboratory-scale SOFC studies and then be used to predict 

performance of larger SOFC stacks for system design and control. Most of stack 
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models are based on computational fluid dynamics (CFD) approaches [70-72]. The 

CFD approach couples electrochemistry with physical transport processes in SOFCs 

in three-dimensions for unit cells. 

 

Many continuum models use electrochemistry described via a global kinetic 

Butler–Volmer expression for the electrode/electrolyte interfaces. In such a model, 

the complicated electrode structures are described as continuum using effective 

structural, transport, electrical and electrochemical properties [73]. However, overall 

performance of an SOFC stack largely relies on local conditions such as temperatures 

and reactant concentrations, which are not uniformly distributed in spaced stack [8]. 

To this end, two-dimensional and three-dimensional (3-D) models are able to resolve 

the porous electrode structure, and allow a more detailed correlation of local 

conditions with electrochemical properties [74-76].  

 

Before this study, stack modeling for GDC-based SOFC have used fitting 

parameters for the Butler-Volmer expression, which has limited ability to capture 

complex functionality of the fuel oxidation kinetics as a function of operating 

conditions [77, 78]. The current study address the limited by functionality of simple 

oxidation kinetics by developing detailed multi-step Ni/GDC anode kinetics, which 

can be implemented into the stack-modeling framework. The current study develops a 

stack model that can be incorporated with an accurate mechanism expression to 

evaluate and optimize stack performances, as well as to conduct parametric study. 



 

 19 
 

1.5 Objectives and Overview of Current Study  

The current study develops a fundamental understanding of the relevant 

kinetics of GDC-based anodes and establishes a kinetic model to investigate 

mechanism of H2 and CO electrochemical oxidation on the GDC. Thermodynamic 

and kinetic parameters are derived from the experimental studies on the 

electrochemical oxidation of H2 and CO on GDC-based electrochemical cells. A 1-D 

kinetic model is built to validate the proposed mechanism and kinetic parameters. 

Then, a 3-D stack model is built and implemented with a simplified global 

mechanism expression to evaluate GDC-based SOFC stack performance and conduct 

operation optimization. The following chapters describe the experimental and 

modeling efforts to achieve these objectives:  

 

Chapter 2 presents fabrication process of thin-film GDC electrochemical cells 

used in the study and subsequent electrochemical characterization. Surface 

morphology characterization of the GDC electrodes and experiment setup are 

described. Initial electrochemical characterization results are shown at the end of this 

chapter.  

 

Chapter 3 discusses using in operando ambient pressure X-ray photoelectron 

spectroscopy to study GDC electrode kinetics under catalytic conditions. Surface 

species concentrations and interface overpotentials of the GDC electrodes are derived 

from spectroscopic measurements of reactive GDC surface during H2/H2O and 

CO/CO2 reactions. Reaction pathways for H2 and CO electrochemical oxidation at 
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metal/GDC interface and related surface species are proposed based on the acquired 

kinetic information. 

 

In Chapter 4, 1-D kinetic modeling based on elementary reactions and 

thermodynamic properties is developed. The model uses proposed electrochemistry 

and initial kinetic parameters to simulate thin-film GDC electrode electrochemical 

cell experimentally studied in Chapter 2 and Chapter 3. The model is further validated 

against data collected from the experiments. Key thermodynamic and kinetic 

parameters for H2 and/or CO electrochemical oxidation on GDC are then derived. 

 

In Chapter 5, a more practical GDC-based three-dimensional IT-SOFC stack 

model is developed and incorporated with global kinetics of GDC-based electrodes. 

The stack model is used to evaluate performance of GDC-based IT-SOFCs. 

Parametric study results on electrolyte thickness and operation conditions are 

presented in this chapter. The stack model is also used to evaluate stack performance 

on CH4 reformate fuel and study effects of internal reforming on the stack. 
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Chapter 2: Experimental Characterization of Thin-film GDC 

Electrodes 

2.1 Introduction 

Better understanding of fundamental processes on the GDC electrode will 

allow SOFC developers to employ GDC-based materials more effectively in IT-

SOFCs. To date, mechanistic understanding of fuel oxidation reactions on the 

metal/GDC anodes is still unsatisfactory. The complex geometry and limited optical 

access of practical porous Ni/GDC composite anode structures make it hard to extract 

quantitative information on surface species and thus limiting processes in the 

oxidation mechanism. In order to understand the GDC anode kinetics, the current 

study investigates dense thin-film metal/GDC electrodes because the thin-film 

geometry provides much cleaner access for surface measurements and minimizes 

ambiguities associated with uncertain electrode morphology [79]. 

 

This chapter explores the electrochemical performances of electrochemical 

cells with thin-film Ni/GDC and Au/GDC electrodes. The thin-film metal/GDC 

electrodes confine the electrochemical activity to an optically accessible surface, 

which simplifies interpretation of the electrochemical data and allow for 

spectroscopic measurements of electrochemically active surfaces. The cells are 

electrochemically characterized under different reducing gas environments at 

temperatures up to 700 °C, characteristic of IT-SOFC anode environments. The 

results provide a basis for initially probing mechanisms for the oxidation of H2 and/or 
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CO on GDC electrodes, which are fully studied using photoelectron spectroscopy for 

chemical analysis in Chapter 3 and developed using kinetic modeling in Chapter 4. 

The experimental results presented in this chapter are also employed to validate the 

kinetic model in Chapter 4.  

 

Impedance and steady-state polarization measurements of GDC porous 

electrodes suggested that the reaction zone extends through the entire electrode 

thickness at 800 °C, and the rate-determining process is the surface reaction in the 

GDC anode [80]. Impedance measurements for CO/CO2 exchange reactions on GDC 

electrodes from 700 to 950 °C suggested that nearly entire GDC electrode is electro-

catalytically active and the GDC electrode limits kinetic behavior [57]. The MIEC 

behavior of GDC, in particular, the electronic conductivity, under reducing 

environments extends the region of electrochemical activity beyond the three-phase 

boundary regions near the metal/GDC interface. However, the electrochemical 

activity of the GDC surface may depend strongly on operating conditions and how 

they impact ionic and/or electronic conductivities. The anode/electrolyte interfacial 

impedance depends on anode microstructures [81], and gas-phase diffusion 

significantly contributes to Ni/GDC electrodes impedance [82]. 

 

Thin-film electrodes have been demonstrated for the kinetic investigation of 

electrode materials [60, 63, 83, 84]. Baumann and coworkers utilized thin-film LSCF 

cathode to study oxygen exchange reaction and use equivalent circuit to interpret 

impedance measurement. The studies suggested both surface oxygen exchange and 
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interfacial ion transferring contribute to the impedance [83, 85]. DeCaluwe et al. used 

thin-film ceria electrodes to characterize surface oxidation states during H2O 

electrolysis and H2 oxidation [60]. This study implied that surface reduction of Ce4+ 

relates to electrochemical performance and oxygen partial pressure (PO2). Using well-

defined and geometrically simplified dense thin-film electrode developed by previous 

scholars is suitable for the purpose of this kinetic study. 

 

In this chapter, fabrication processes of electrochemical cells with thin-film 

metal/GDC working electrodes deposited on YSZ substrate are described. Surface 

morphologies of the GDC electrodes are characterized using microscopic techniques. 

Electrochemical characterization of the working electrodes with Pt/YSZ counter 

electrodes is taken over a range of compositions for H2/H2O, CO/CO2, and CO/H2O 

between 600 °C and 700 °C. Study results show effects of varying temperature and 

effective PO2 on the electrochemical performance in both the fuel oxidation and 

electrolysis directions for the metal/GDC electrodes. Performance of Ni/GDC and 

Au/GDC electrodes with the same counter-electrode is compared to identify the 

synergetic role of the more active Ni (relative to Au) with the partially reduced GDC 

in composite electrodes for both fuel oxidation and electrolysis. 

 

2.2 Thin-film GDC Electrochemical Cell 

Current section describes thin-film GDC electrochemical cells fabrication, 

surface morphology characterization and experimental setup. The electrochemical 

cell has deposited GDC thin-film working electrodes on top side of a polycrystalline 
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YSZ substrate and a much more active counter electrode on the bottom side. Porous 

metal overlayers of either Ni or Au are deposited on top of the GDC electrodes. Such 

one-dimensional measurement effectively reduces cross grain boundary resistance 

and sheet resistance for current collection [86, 87]. 

 

2.2.1 Fabrication Procedures 

The electrochemical cells are fabricated by sputtering thin-film GDC on a 

polycrystalline YSZ-supported substrate. Before sputtering, the YSZ substrate is 

made of 2.8 g of YSZ powder (8% by mole Y2O3, purchased from Tosoh) by pressing 

inside a cylindrical die at 1400 bar, and the resulting pellet is cut into >10 mm × 10 

mm square that is approximately 1 mm thick. One side of the YSZ is machined with 

grooves across the length to provide a location to deposit a porous platinum (Pt) 

counter electrodes (CE). The grooves are necessary for reactants to access counter 

electrode in the single-chamber ambient pressure XPS measurements, which relied on 

a ceramic contact heater on the backside of the cell to control the cell operating 

temperature. The YSZ substrate is heated to 1450 °C at 1 ºC/min and sintered for 3 

hours to form a dense membrane. The final YSZ substrate has 1 mm thickness and 10 

mm × 10 mm top-side surface area.  

 

Two 300 nm thick GDC (20% by mole Gd2O3, i.e. Gd0.2Ce0.8O1.9, target from 

Kurt J. Lesker) thin-films (2.5 mm × 4.0 mm in area) are radio-frequency (RF) 

sputtering (Kurt Lesker PVD 75) on the smooth side of the YSZ substrate. RF 

sputtering is used in this study because of the stability and capability to tune thin-film 
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property [88-90]. Figure 2.1 shows RF-sputter deposition of GDC on the YSZ 

substrate. Patterned stainless steel shielding masks (FotoFab) are used to cover the 

non-coated area when exposed to the sputtering target. The RF power source 

introduces a bias between the target and substrate held under a low vacuum (15 

mTorr). The throw distance (distance between the GDC target and sputtered sample) 

is set to 65 mm to achieve deposition rate at 5 nm per minute. The resulting thickness 

is approximately 300 nm after 1 hour sputtering. After sputtering the GDC thin-films, 

the YSZ substrate with GDC films are heated to 800 °C at 1 ºC/min and sintered for 3 

hours to stabilize the GDC film microstructure. 

 

 

Figure 2.1. Schematic representation of the RF-sputter deposition of GDC on YSZ 

substrate. 

 

Ni and Au (~300 nm thick) metal overlayers are separately sputter-deposited 

(AJA International, ATC 1800-V) on each of the two GDC films covered by 
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patterned shielding masks with a 350-μm border of exposed GDC around the edges. 

The deposited Ni and Au overlayers are annealed at 750 °C in 5% by volume H2 

(balance Ar) such that the overlayers form interconnected open structures exposing 

pockets of the GDC surface over the entire area of GDC electrode. The 

interconnected Ni and Au overlayers serve both as current collectors and as a means 

for comparison of impact of the metal interactions with the GDC electrochemistry. 

 

Pt (~100 nm thick) is sputter-deposited (AJA International, ATC 1800-V) in 

the grooves on the backside of the YSZ. The grooves facilitate gas transport to the Pt 

surface while allowing the cell to maintain good thermal contact with the surface 

heater in later XPS experiments. A Pt lead wire wrapped with Pt mesh is embedded in 

the grove attached to the Pt CE and the wire is brought around to top of the YSZ. A Pt 

mesh connected to the Pt wire for electrical contact is fixed on an Al2O3 blocking 

layer pasted on the top side of the YSZ substrate to facilitate three-probe 

measurements of ambient pressure XPS endstation. The schematic of the thin-film 

GDC electrochemical cell is illustrated in Figure 2.2. Images of top and back sides of 

the cell before wiring are shown in Figure 2.3. 
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Figure 2.2. Schematic of YSZ-support electrochemical cell with two independent 

thin-film metal/GDC electrodes and backside Pt counter electrode. 

 
 

 

Figure 2.3. Top-side and back-side images of the electrochemical cell held by an 

YSZ pellet: (a) two symmetric GDC electrode on the YSZ substrate covered by Ni 

(left) and Au respectively; (b) Pt uniformly distribution on the back-side and in the 

YSZ grooves. 
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The electrochemical cell is connected to the potentiostat for electrochemical 

characterization.  Either Ni or Au overlayer is disconnected to the potentiostat while 

the other is under electrochemical study. In the electrochemical characterization, the 

cell voltage bias (Vcell) is defined as the electrical potential difference between the Pt 

CE and the connected metal overlayer (Ni or Au), which is grounded (Vmetal = 0). 

Without any bias, Vcell is equal to zero due to equal PO2 at both the WE and CE.  

 

Depending on the sign of an applied bias, the GDC WE facilitates either H2 

oxidation or H2O electrolysis while the opposite reaction occurs on the Pt CE. The 

physical and chemical processes controlling H2O electrolysis and H2 oxidation on the 

thin-film GDC electrode of the electrochemical cell are illustrated in Figure 2.4. With 

a positive voltage bias (Vcell > 0) applied to the cell oxide ions (O2-) are driven from 

the GDC WE, where H2O electrolysis occurs, to the Pt CE, where H2 is oxidized as 

illustrated in Figure 2.4a. On the other hand, a negative potential bias (Vcell < 0) drives 

H2 oxidation on the GDC and H2O electrolysis on Pt as illustrated in Figure 2.4b. 

 

2.2.2 Electrode Surface Morphology Characterizations 

Scanning electronic microscope (SEM) and optical microscope are used to 

characterize surface morphologies of the GDC electrode as shown in Figure 2.5. 

Figure 2.5(a) - (c) typified for Ni/GDC WE. The images illustrate Ni overlayer on the 

GDC film at different length scales. Figure 2.5a shows the borders of Ni/GDC and 

GDC/YSZ interfaces, with 350-μm width GDC surface exposed around the edges, 

which facilitates XPS measurements across the interface. Figure 2.5(b) and (c) show 
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Figure 2.4. Working principles of the electrochemical cell (ex. with Ni metal 

overlayer): (a) when Vcell > 0, H2O electrolysis takes place on the GDC WE, oxide 

ions are transported from the GDC WE to the Pt CE where H2 oxidation occurs; (b) 

when Vcell < 0, H2O electrolysis takes place on the Pt CE, oxide ions are transported 

from Pt CE to the GDC WE to the where H2 oxidation occurs. 

 

annealed Ni overlayer consisted of 1-2 µm wide structures using SEM and optical 

microscopy respectively. The structures provide adequate interconnection of the thin-

film WE plane and good exposure of the GDC surface to increase the extent of three-

phase boundary regions on the working electrode. Figure 2.5(d) shows optical 
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microscope image of the porous structures of Au/GDC WE. These images are used 

for calculation of metal/GDC TPB length in later kinetic development. 

 

 

Figure 2.5. SEM images of GDC thin-film electrode with Ni overlayer of the 

electrochemical cell: (a) exposed GDC edge, clear border of Ni/GDC interface, (b) 

porous structures of Ni exposing similarly-sized areas of GDC. Optical microscopic 

images 150X magnitude: (c) Ni porous structures and (d) Au porous structures. 

 

2.2.3 Experimental Test Set-up 

The thin-film GDC electrochemical cells are electrochemically characterized 

at the University of Maryland (UMD) using single-chamber tests in a vertical tubular 

furnace. A broad range of tests are performed at Ptot = 1 bar, with PH2 and PH2O (or 
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PCO and PCO2) ranging from 2 Torr to 20 Torr diluted by Ar between 600 and 700 °C. 

Testing conditions are summarized in Table 2.1. PO2 are calculated by running a 

constant temperature and pressure equilibrium calculation for the gas feed using the 

GRI 3.0 mechanism [91]. Ionic and electronic conductivities are estimated fitting to 

others’ experimental studies on GDC and samaria-doped ceria (SDC) [53, 92] as 

4.2 10 exp
7.37 10

		 S/cm 												 Eq. 2.1  

4.52 10 exp
2.417 10 / 		 S/cm 						 Eq. 2.2  

 

Table 2.1. Summary of experimental conditions for electrochemical cell tests 

Temperature 

(°C) 

PH2 

(Torr) 

PH2O 

(Torr)

PCO 

(Torr)

PCO2 

(Torr)

PO2 

(bar) 

σion 

(S/cm) 

σe 

(S/cm) 

600 

2 2   1.33×10-24 0.019 0.017 

10 2   5.32×10-26 0.019 0.037 

20 2   1.33×10-26 0.019 0.053 

650 2 2   5.33×10-23 0.031 0.038 

700 

2 2   1.47×10-21 0.048 0.08 

10 2   5.86×10-23 0.048 0.178 

20 2   1.47×10-23 0.048 0.252 

600 

  2 2 1.87×10-25 0.019 0.027 

  2 10 4.67×10-24 0.019 0.012 

  2 20 1.87×10-23 0.019 0.009 

650   2 20 1.28×10-21 0.031 0.017 

700   2 20 5.64×10-22 0.048 0.101 

600  2 2  4.99×10-25 0.019 0.021 
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The electrochemical cell is first mounted onto a separate, dense YSZ pellet, 

which covers the entire alumina outer tube (22.2 mm OD, 15.9 mm ID) and thereby 

forms the base of an enclosed chamber on which the electrochemical cell is held. The 

YSZ pellet is sealed onto the bottom alumina outer tube with a zirconia-based 

ceramic paste (Ceramabond 571 from Aremco). A smaller alumina fuel feed tube (4.8 

mm OD, 3.2 mm ID) runs down the center of the outer tube to provide gaseous 

reactants to the cell. The entire assembled rig is as shown in Figure 2.6, is then placed 

in the temperature-controlled tubular furnace. 

 

Figure 2.6. The electrochemical cell is mounted onto a dense YSZ pellet sealed with 

outer tube from atmosphere environment. The centered inner tube provides gas 

feedings. 

 

The furnace heats the cell to operating temperatures (600 - 700 ºC) at a rate of 

1 ºC/min initially under H2/Ar mixtures, which is similar to the annealing condition, 
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provided by electronic mass flow controllers (MFCs – Brooks 5850E’s). The reduced 

environment protects Ni from oxidation during the heating. Upon reaching the desired 

temperature, H2O is added by sending secondary Ar through a humidity bubbler (Fuel 

Cell Technologies) at a controlled temperature to ensure a desired H2/H2O ratio for 

the cell. Temperatures and flow rates are monitored and controlled with K-type 

thermocouples and MFCs respectively using National Instruments’ LabVIEW 

program. The entire experimental set-up diagram is illustrated in Figure 2.7. When 

testing CO/CO2 mixtures, number 1 mass flow controller is fed with CO2 and flow 

without going into the humidity bottle, number 2 mass flow controller is fed with CO. 

Electrical leads are attached to the metal overlayer and Pt using gauze mesh and 

metallic pastes (Sigma-Aldrich, Inc). The cell leads are connected to an Autolab 

workbench (Eco-Chemie), which is used to study electrochemical performance. 

 

Figure 2.7. Schematic of experimental setup, gas flow, system control, and data 

acquisition as exemplified for H2/H2O/Ar feeds. 
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Electrochemical characterizations, including linear sweep voltammetry (LSV) 

and electrochemical impedance spectroscopy (EIS), are then carried out. LSV 

imposes a voltage bias across the electrochemical cell and sweeps across a range of 

user-specified voltages. In this study, the cell voltage bias ranges from -1.0 V to +1.0 

V, allowing H2 (CO) oxidation and H2O (CO2) electrolysis taking place on GDC 

electrodes. The IRbulk-corrected voltages are plotted versus resulting current by 

subtracting Ohmic losses (IRbulk) mostly attributed to oxide ion transport through the 

YSZ, for the purpose of analyzing contributions of GDC and Pt electrode 

overpotentials to LSV voltages.  

 

The EIS measurements of complex impedance provide important information 

on the dynamic processes. The overall impedance is contributed by a sequence of 

processes, such as charge-transfer reactions, electronic and ionic conduction, surface 

chemistry, etc. The high-frequency intercept of the EIS Nyquist plot is also an 

effective mean to measure bulk resistance (Rbulk) and thus, estimate operation 

temperatures within XPS chamber where temperature measurement is unavailable. 

The low frequency impedance is primarily contributed by the electrode processes as it 

has strong dependence on PH2/PH2O ratios and voltage bias as discussed in the 

following section.  
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2.3 Results and Discussions 

2.3.1 H2/H2O Electrochemistry on GDC Electrodes 

Polarization and EIS experiments and analysis of H2/H2O reaction on the 

GDC WEs are carried out at a range of PH2/PH2O ratios at 600, 650, and 700 °C as 

specified in Table 2.1. The overall reaction is described as follows 

H O GDC H O GDC 2e 	                     (R.2.1) 

The IRbulk-corrected V-I curves at 700 °C for GDC/Ni and GDC/Au are plotted in 

Figure 2.8a and 2.8b respectively. Both Ni/GDC and Au/GDC electrodes show much 

larger activation overpotentials on H2 oxidation than H2O electrolysis. Significantly 

more current is observed on H2O electrolysis than on H2 oxidation occurring on the 

GDC electrodes for a same bias magnitude on both Ni/GDC and Au/GDC electrodes. 

For example, current at Vcell = 0.3 V for both electrodes is approximately -1 mA, 10X 

magnitude of current at Vcell = - 0.3 V (< 0.1 mA), for PH2 = PH2O = 2 Torr.  

 

Even though it has been suggested that activity for H2 oxidation is higher than 

H2O electrolysis on Pt/YSZ [65, 93, 94], the relatively large electrolysis currents on 

the GDC electrodes may be also enhanced by catalytic activity of the highly reduced 

GDC electrode. GDC-based electrodes increase activity during H2O electrolysis 

operation [95, 96] by increasing the percentage of Ce3+ on the GDC surface. Higher 

currents at positive biases than at negative biases with the same magnitude are 

corroborated in similar undoped ceria studies [60, 61].  
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Both oxidation and electrolysis activities on the GDC are enhanced further by 

increasing PH2/PH2O ratios. Activation overpotential associated with both reactions are 

lowered and significantly more currents are seen at PH2/PH2O = 10. This is due to 

further reduction of Ce4+ and increased electron mobility on the GDC surface at lower 

PO2, resulting in increased catalytic activity of the GDC electrodes.  

 

 

Figure 2.8. Electrochemical characterization of thin-film GDC electrochemical cell 

for a range of PH2/PH2O at 700 ºC. The IRbulk-corrected V-I curves of thin-film GDC 

working electrodes with: (a) Ni overlayer and (b) Au overlayer. 



 

 37 
 

In comparing Ni/GDC and Au/GDC electrode performances at PH2/PH2O = 1 

between Figures 2.8a and 2.8b, similar V-I curve and maximum currents (1.5 mA on 

H2O electrolysis and 0.5 mA on H2 oxidation) regardless of using Ni or Au are 

observed. This suggests that reactions at this temperature mostly take place on the 

GDC surface while the contribution of metal (Ni or Au)/GDC interface is of 

secondary importance. The catalytically active of GDC surface at 700 ºC is due high 

ionic (~ 0.05 S/cm) and electronic conductivities (> 0.08 S/cm). 

 

However, there are still synergetic effects of the active Ni (relative to the inert 

Au) for either oxidation or electrolysis. The significance of that activity is seen at the 

higher H2/H2O ratios in Figure 2.8 for both reactions. At PH2/PH2O = 10, current of 

Ni/GDC is -3.2 mA at Vcell = 0.5 V and 0.8 mA at Vcell = - 0.5 V. While for Au/GDC 

the currents are only -2.0 mA and 0.5 mA at the same voltage bias respectively. Yet, 

it remains uncertain as to what drives the enhancement of the Ni electrode at the 

highest H2/H2O ratios (lowest PO2).  

 

The contribution of Ni metal overlayer to the electrochemical performance is 

further investigated through observing its effects at 600 ºC. Unlike 700 ºC, the 

enhancement of Ni/GDC over Au/GDC becomes significant at all PH2/PH2O 

conditions as compared between Figure 2.9a and 2.9b. At PH2/PH2O = 1, the maximum 

current of Ni/GDC electrode is -0.6 mA when doing H2O electrolysis and 0.2 mA on 

H2 oxidation. In general, the Ni/GDC electrode produces almost 2X of the current at 

the same potentials as the Au/GDC electrode at the same conditions at 600 ºC for all 
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PH2/PH2O ratios. Since both Ni/GDC and Au/GDC WEs use the same YSZ support 

and backside Pt CE, the differences between V-I curves at the same working 

condition can be attributed to differences of electrochemical behaviors of two WEs. 

 

Ni, as an effective H2 and H2O dissociation catalyst [97, 98], promotes 

availability of intermediate species necessary for driving charge-transfer near the 

metal/GDC interface. At this lower temperature, ionic and electronic conductivities of 

GDC decrease approximately 60% and 78% respectively. Thus, vertical charge flux is 

more favorable than horizontal flux, because distance across GDC electrode (300 nm) 

is much shorter than GDC open surface (several µm). In this case, reactions are 

mostly limited to metal/GDC interfaces. This is consistent with the conclusion that 

hydrogen dissociation occurs primarily on the metallic component of the SOFC anode 

with very little interaction with the underlying oxide at temperature below 600 ºC 

[99]. 
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Figure 2.9. Electrochemical characterization of thin-film GDC electrochemical cell 

for a range of PH2/PH2O at 600 ºC. The IRbulk-corrected V-I curves of thin-film GDC 

working electrodes with: (a) Ni overlayer and (b) Au overlayer. 

 

EIS tests provide an alternative window into the electrochemical behavior. 

Figure 2.10a and 2.10b present Nyquist plots for Ni/GDC and Au/GDC respectively. 

The impedances are measured at Vcell = 0 V with a 10 mV sinusoidal perturbation at 
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PH2 = PH2O = 2 Torr between 600 ºC and 700 ºC. The impedances, as shown in the 

figures, are divided into Ohmic resistance and polarization resistance. The high 

frequency intercepts correlate the Ohmic resistance (Rbulk) with the cell as a function 

of temperature as exemplified in Figure 2.10a. Such Rbulk and temperature relations 

are fitted in an Arrhenius form expression, as shown in Eq.2.3, which are used later 

for calibration of XPS measurements temperatures.  

	3 10 ∙ exp
96309

	 Ohm 																							 Eq. 2.3  

The largest polarization resistances are observed at medium and low frequency with a 

strong dependency on temperature. Increasing temperature not only decreases Rbulk 

but also significantly decreases low frequency impedances. The polarization 

impedance at 700 ºC is less than 1/3 of its value at 600 ºC as shown in Figure 2.10a.  

 

In comparison between impedances of Ni/GDC and Au/GDC electrodes, 

shapes and magnitudes are close at 650 ºC and 700 ºC. However, the imaginary part 

low frequency impedance of Au/GDC becomes much higher than Ni/GDC at 600 ºC. 

The increase in impedance is attributed to the limited activity of the Au relative to the 

Ni at the lower temperature where limited GDC electronic conductivity limits the 

amount of electronic transport on the GDC. Thus, the increased Au/GDC impedance 

is attributed to slower charge transfer across the Au/GDC interfaces.  
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Figure 2.10. Temperature dependency of impedances and Rbulk at Vcell = 0, PH2 = 

PH2O = 2 Torr: (a) Ni overlayer and (b) Au overlayer.  

 

Figure 2.11a demonstrates impedances of Ni/GDC electrode when H2O 

electrolysis occurs at 0.3 V and H2 oxidation occurs at -0.3 V. Significantly lower 

resistances are observed when H2O electrolysis takes place on the GDC electrodes. 

The lower resistance is partly due to faster rates for H2 oxidation on Pt CE. Such 

distinct impedances on +/- Vcell may also due different catalytic activity of GDC 

electrode on each reaction. Figure 2.11a also shows that increasing PH2 decreases 

resistances of both reactions. Promotion of both reactions by increasing PH2 activity 

suggests this large impedance is likely controlled by processes associated with the 

catalytic activity of GDC electrode. 
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Examination of Bode plots in Figure 2.11b reveals higher characteristic 

frequency (~2 orders of magnitude) of positive voltage when H2O electrolysis occurs 

than negative voltage when H2 oxidation occurs. It is still unclear whether it is the 

H2O electrolysis on GDC or H2 oxidation on the Pt CE that dominates this faster 

reaction at positive voltage. Impedances of both +/- voltages are reduced at higher 

PH2 without significantly shifting characteristic frequency. 

 

 

 

Figure 2.11. Impedance spectra of H2/H2O reaction on cell with Ni/GDC electrode at 

Vcell = 0.3 V (H2O electrolysis on GDC) and -0.3 V (H2 oxidation on GDC), for a 

range of PH2/PH2O ratios at 600 ºC: (a) Nyquist plot and (b) Bode plot of imaginary 

impedance showing characteristic frequencies. 
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2.3.2 CO/CO2 Electrochemistry on GDC Electrodes 

In this study, electrochemical tests also explore CO electrochemical oxidation 

using CO/CO2 gas mixtures. Polarization and EIS measurements of CO/CO2 reaction 

on the GDC electrochemical cells are carried out at a range of range of PCO/PCO2 

ratios (1.0 or lower) between 600 and 700 °C, as specified in Table 2.1. The overall 

reaction is described as follows 

CO O GDC CO GDC 2e 	                     (R.2.2) 

The limited ranges of relatively low CO/CO2 ratios are implemented to avoid carbon 

build-up. Based on observations of temperature-dependent behaviors in H2/H2O tests, 

the CO/CO2 study mainly focuses on lower temperature at 600 °C. The IRbulk-

corrected V-I curves for Ni/GDC and Au/GDC electrodes are plotted in Figure 2.12a 

and 2.12b respectively. 

 

The currents for both Ni/GDC and Au/GDC on CO/CO2 reactions are much 

lower than those on H2/H2O reaction at 600 °C. For PCO = PCO2 = 2 Torr, despite the 

effective oxygen partial pressure (PO2 = 1.87×10-25 bar) is even lower than that of PH2 

= PH2O = 2 Torr (PO2 = 1.33×10-24 bar). The maximum current for CO oxidation on 

GDC electrode is approximately 1/10 of maximum current for H2 oxidation. Previous 

research in AC impedance study on H2–H2O–CO–CO2 mixtures also suggests a much 

slower electrochemical oxidation rate for CO than for H2 [100]. The lower reaction 

rate associated with CO/CO2 mixtures may be due to higher energy barriers of 

electrochemical reaction of CO or less catalytic activity of carbonaceous species on 

the Pt CE.  
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Figure 2.12.  Electrochemical characterization of thin-film GDC electrochemical cell 

for a range of PCO/PCO2 at 600 ºC. The V-I curves are plotted with IRbulk-corrected 

Vcell for thin-film GDC working electrodes: (a) with Ni overlayer and (b) with Au 

overlayer.  

 

Comparing Ni/GDC and Au/GDC performances in Figures 2.12a and 2.12b 

shows that Ni/GDC currents are 2X of Au/GDC currents for both CO oxidation and 

CO2 electrolysis at 600 ºC. Significant shift on equilibrium potential (Vcell = 0) is 
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observed on Ni/GDC electrode as shown Figure 2.12a. Changes the equilibrium 

potentials may be due to CO2 dissociation on the Ni surface which results in 

chemisorbed CO and perhaps even some dissociated C [101]. Such a thermodynamic 

favorable chemisorption on the Ni surface involves formation of ionic bonds Ni 

surface [102] as shown in R.2.3 

CO Ni Ni ↔ C Ni O Ni                             (R.2.3) 

 

At high positive biases, the role of Ni in splitting CO2 becomes significant. At 

PCO/PCO2 = 1/10, maximum current at positive potential is as high as -0.1 mA which 

is 3X of maximum current at PCO/PCO2 = 1, while the Au/GDC electrode only 

increases 2X of the maximum current as PCO2 increases. This further demonstrates 

that chemisorption and dissociation of CO2 on the Ni surface enhances the Ni/GDC 

electrode performance. Also as PO2 decreases, enhancement of CO oxidation is not 

observed as H2 oxidation on the GDC electrode. This further implies that CO 

oxidation mainly depends on metal/GDC interaction rather than GDC itself. 

 

The effects of temperature on CO/CO2 chemistry are further studied on the 

Ni/GDC electrode. The PCO/PCO2 ratio is limited to 1/10, in order to avoid carbon 

formation. Figure 2.13 shows IRbulk-corrected V-I curves of Ni/GDC electrode 

between 600 and 700 ºC. Much lower overpotenitals and better performances are 

shown on both CO2 electrolysis and CO oxidation as temperature increases form 600 

ºC to 700 ºC. The maximum currents produced by CO/CO2 reactions are 

approximately 1/10 of H2/H2O reaction at the same temperature. 
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Figure 2.13. Temperature dependency of IRbulk-corrected V-I curves of Ni/GDC 

electrode, at PCO = 2 Torr and PCO2 = 20 Torr. 

 

Compared to H2/H2O reaction impedances in Figure 2.10, CO/CO2 reaction 

has much higher low frequency impedances at the same temperature, as shown in 

Figure 2.14. Ohmic resistances (Rbulk) are also higher than H2/H2O reactions Ni/GDC 

at the same temperature. Increase of Rbulk values has also been observed in 

experimental study of Ni/GDC anode SOFCs on reformate feeds [51]. This may be 

due to interactions between carbon-based species with the Ni/GDC electrode which 

reduces its electrical conductivity. 
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Figure 2.14. Nyquist plots of impedance spectra for Ni/GDC electrode, at Vcell = 0, 

PCO = 2 Torr and PCO2= 20 Torr. 

 

In addition to H2/H2O and CO/CO2 studies, CO/H2O mixture of same partial 

pressure (PCO = PH2O = 2 Torr) is also tested at 600 ºC. Much better electrochemical 

performance than CO/CO2 mixture is observed on CO/H2O mixture as shown in 

Figure 2.15. The enhanced performance for CO/H2O mixture is due to relatively fast 

water-gas shift reaction (R.1.1) taking place that converts CO into H2. Thus, H2 

oxidation/H2O electrolysis dominates the GDC electrode reaction corresponding to 

the potential bias.  

 



 

 48 
 

 

 

Figure 2.15. Electrochemical characterization of thin-film GDC electrochemical cell 

for a range of gas compositions at 600 ºC. The V-I curves are plotted with IRbulk-

corrected Vcell thin-film GDC working electrodes: (a) with Ni overlayer and (b) with 

Au overlayer.  

 

Currents of CO/H2O mixture are still lower than H2/H2O mixture at the same 

voltages bias. CO adsorption may reduce the Ni surface availability for any H2/H2O 

charge-transfer reaction due to its relatively high adsorption enthalpy relative to H2 on 
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Ni [103]. The study of heterogeneous reaction on Ni catalysts has shown high CO 

coverage on the Ni surface at similar conditions [9]. Interaction between 

carbonaceous species and the Ni/GDC electrode may also reduce catalytic activity. 

Recent studies on undoped ceria have suggested formation of carbonate species 

(CO3
2-) on the ceria surface as reaction intermediates [64, 104]. Such species are 

likely less mobile on the GDC surface and may inhibit ion transport along the surface 

and reduce the area of GDC available for electrochemical reactions. 

 

2.4 Conclusions 

Electrochemical processes of H2/H2O and CO/CO2 over GDC electrode are 

investigated using sputter-deposited thin-film GDC electrochemical cells. 

Electrochemical reactions on metal/GDC electrodes are enhanced at lower oxygen 

partial pressures and/or higher temperatures. Increasing PH2/PH2O ratio from 1:1 to 

10:1 at 700 °C, maximum currents are enhanced approximately 4X for H2O 

electrolysis and 2-3X for H2 oxidation. And at 600 °C, maximum currents also 

increase as PH2/PH2O ratio increases even though the enhancement is not as much as 

that at 700 °C. 

 

Comparison of Ni/GDC and of Au/GDC at the same conditions, suggests 

significantly different electrochemical behavior of the two metal/GDC electrodes at 

different operation temperatures. At 600 °C, both ionic and electronic conductivities 

are reduced at this temperature, thus the charge-transfer reactions take place close to 

the metal/GDC interface. A catalytic active metal (ex. Ni) is able to synergize with 
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GDC electrode in promoting the charge-transfer reactions. Whereas, as temperature 

rises to 700 °C, further reduction of GDC surface and enhanced conductivities extend 

the charge-transfer reaction from metal/GDC/gas TPB to GDC surface. The role of 

metal catalyst is less important. 

 

By comparing oxidation/electrolysis performance on of H2/H2O, CO/CO2 and 

CO/H2O, observation of much faster (~10X maximum currents at 600 °C) reactions 

of H2/H2O than CO/CO2 on the GDC electrodes conclude electro-oxidation of H2 

dominates fuel oxidation. Fast water-gas shift reaction facilitates conversion of CO 

into H2, which enables fast oxidation of H2. Presence of carbon-based species in the 

gaseous environment still slows down H2 oxidation and H2O electrolysis possibly due 

to surface coverage of active site of the Ni/GDC electrode. 

 

Experiments carried out in this chapter demonstrate the importance of charge 

transfer at the Ni/GDC boundary, oxidation state of GDC surface, GDC ionic and 

electronic conductivities, and surface reactive species. These results provide a list of 

possible reaction kinetics during IT-SOFC Ni/GDC anode operation environments.  
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Chapter 3: Ambient Pressure X-ray Photoelectron Spectroscopy 

Characterization of Metal/GDC Electrodes 

3.1 Introduction 

Electrochemical characterizations (LSV and EIS) of the GDC-based 

electrodes, as described in Chapter 2, leave a number of questions concerning the fuel 

oxidation kinetics. The chemical behavior of the GDC electrode surface during the 

reaction process needs to be directly observed for a richer understanding of the 

kinetic mechanisms. In addition, understanding the interactions of the metal overlayer 

with the GDC surface is crucial. Isolating these interfaces from the overall 

electrochemical performances is challenging as well. However, little is known about 

the Ni/GDC electrochemistry governing H2 and/or CO oxidation at IT-SOFC anode 

working environments in order to optimize the anode microstructures for IT-SOFC 

applications. 

 

X-ray photoelectron spectroscopy (XPS) enables the analysis of the chemical 

composition and oxidation states of solid surfaces. In XPS, irradiation of solid surface 

with mono-energetic x-rays emits electrons, which are collected through optical 

focusing at high vacuum to a detector, which separates the emitted electrons by 

kinetic energy. Quantitative analysis of the resulting energy spectra from the emitted 

electrons helps to identify the chemical states [105]. Ambient pressure XPS (AP-XPS) 

utilizes differential pumping stages of the electron optical path to allow the measured 

samples to operate at several Torr pressures. AP-XPS is an effective tool for 



 

 52 
 

investigating both chemical and electrical properties. The effectiveness of ambient 

pressure XPS has been demonstrated by recently studies on electrochemical cells [60-

62, 94, 106]. 

 

This chapter presents the use of in operando AP-XPS to probe GDC electrode 

for the purpose of understanding properties that are responsible for the catalytic 

activity and charge-transfer reaction. The AP-XPS measurements are performed at 

the Advanced Light Source (ALS) on beamline 9.3.2 located in the Lawrence 

Berkeley National Laboratory (LBNL). Simultaneous electrochemical 

characterization and XPS measurements are taken to visualize local surface potentials 

and interfacial overpotentials, change of surface reactive species, as well as surface 

oxidation state associated with H2/CO oxidation and H2O/CO2 electrolysis. 

 

3.2 Ambient Pressure XPS Measurement Techniques 

Surface analysis by XPS is accomplished through irradiating a sample with 

mono-energetic X-rays whose photons can excite near surface electrons by the 

photoelectric effect, leading to emissions of electrons with binding energy (BE) levels 

below the excitation energy. The emitted electrons have kinetic energies (KE) given 

by 

                                       (Eq. 3.1) 

where  is the energy of the source photons, BE is the binding energy of the atomic 

orbital from which the electron originates, and  is the spectrometer work function, 
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which is usually a fixed value. The KE of emitted electrons corresponds to the 

emitted electron’s BE, also regarded as ionization energy for the particular atomic 

shell involved [105]. Figure 3.1 gives an example of oxygen XPS corresponding the 

orbital and binding energy. With X-rays of a particular wavelength incident onto the 

sample surface, kinetic energies of emitted electrons associated with the O1s and O2s 

orbitals are measured. Kinetic energies are plotted as electron binding energy of each 

of the emitted electrons determined by Eq.3.1 above.  

 

 

Figure 3.1. Schematic of XPS physics. X-rays with particular wavelength incident 

onto the sample surface, kinetic energies of emitted electrons associated with the O1s 

and O2s orbitals are measured and electron binding energy can be determined. 

 

Conventional XPS requires ultra-high vacuum (UHV), but high-intensity 

sources at synchrotrons like ALS provided adequate fluxes of electrons from surfaces 



 

 54 
 

such that they can pass through a low-pressure gas environment into a pumped 

electrostatic lens system [107, 108]. This so-called ambient-pressure XPS (AP-XPS) 

enables measurement of elemental composition and chemical states of 

electrochemical systems during operation (i.e. in operando) [108, 109]. Thus, AP-

XPS is suitable for studying GDC electrode surface with presence of reactive gases. 

 

Recent researches using AP-XPS to study electrochemical cells have shown a 

direct correlation between XPS measured kinetic energy of elements and electrical 

potential of the electrochemical cell components [60, 61, 96]. Shift of local electric 

potential results in a change of the local Fermi level, which corresponds to ionization 

energies of a core-level element. By applying external voltage bias, a shift of the 

emitted kinetic energy (ΔKE) spectra is observed. The magnitude of this shift is 

actually a shift in binding energy (ΔBE), in eV, is related to the local potential change 

(V) of the source as expressed in the following equation 

∆ ∆ 	 ∗ ∆                                      (Eq. 3.2) 

where ΔV is the change in voltage of the near surface and e is the charge associated 

with a single electron.  Such a correlation between ΔKE and ΔV allows a direct, 

contactless measure of local surface potentials [110, 111].  

 

In the current study of the thin-film GDC electrochemical cell using AP-XPS, 

the metal overlayer is grounded (fixed to zero) and various potential biases are 

applied to the Pt counter electrode during the experiments. When applying a positive/ 

negative potential bias, kinetic energy of core-level electron of electrochemical cell 
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component surface decreases / increases. For example, when a +1.0 V potential is 

applied to the Pt CE in the experiment, the kinetic energy of the photoelectrons 

emitted from the Pt electrode is reduced by 1.0 eV, corresponding to an equivalent 

1.0 eV increase in BE from the Pt electrode. Therefore, local surface potential of the 

probed surface is acquired by analyzing the BE spectra in the XPS measurement.  

 

In this study, the electrochemical cells are studied in single-chamber 

experiments, where working and counter electrodes are exposed to the same gas 

environment. Hence, thermodynamic equilibrium potential Vcell = 0.0 V at all 

locations. When applied bias, the local surface potential shifts and the difference 

across interfaces provides a measure of overpotentials driving the various 

electrochemical processes at a certain current [112]. The overpotentials associated 

with GDC electrodes reactions provide insightful kinetic information.  

 

3.3 Description of Experiments 

3.3.1 Ambient Pressure XPS Facilities Description 

In operando AP-XPS characterizations of the thin-film GDC electrochemical 

cell are taken on beamline 9.3.2 at ALS. Even though AP-XPS test chamber allows 

elevated pressure, the X-ray source and electron analyzer must operate at UHV. The 

X-ray source is separated by a thin (100 nm) silicon nitride window, and the 

hemispherical electron analyzer is separated by differential pumping through a series 

of open apertures. The focused X-ray beam passes through the chamber at a shallow 

angle (values) and reflects off on the cell surface. The intensity of incident X-ray 
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beam into the experimental chamber can be selected by tuning the aperture stop at the 

outlet of bend magnet source (30-850 eV). 

 

The emitted electron signal is captured in a two-dimensional (2-D) detector 

with electrostatic focusing optics. Data is recorded in two dimensions, one 

representing KE and the other spatial distribution. The imaging mode is able to study 

sample surface on the scale of hundreds of microns with a spatial resolution of ~ 16 

µm. Such a capability is later used to map element BE across a 1-D spatial line over 

the metal/GDC interface, the GDC surface and the GDC/YSZ interface.  

 

The test chamber is equipped with a four-axis motor system to precisely 

control sample motion. The programmed control is able to record and locate the 

sample to the desired areas that are identified on the edge of GDC surface and 

interfaces through pre-testing probing. The sample holder has an alumina heater, to 

heat the electrochemical cell to characterization temperatures as high as 700 °C. The 

main chamber is backfilled with reactant gases to several hundred mTorr at elevated 

temperatures to facilitate studying GDC electrode electrochemistry. 

 

3.3.2 Test Procedures and Measurements 

The thin-film electrochemical cell is specially designed to expose the GDC-

based working electrodes and their interfaces of interest to the incident X-ray beam in 

the AP-XPS facility. The sharp and appropriate width of exposed GDC edge, shown 
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in Figure 2.5a, enables XPS scanning covers metal/GDC interface, GDC surface, and 

GDC/YSZ interface. 

 

The electrochemical cell is clipped onto the sample holder with three spring-

loaded probes [113]. The Ni and Au overlayers on the GDC WE and the Pt mesh 

connected to CE are placed separately under the pressured tips of each probe with Au 

foil for better contact. The sample holder together with the GDC cell is then 

transferred into the XPS chamber. Figure 3.2 shows the mounted electrochemical cell 

seated in the ambient pressure XPS chamber. All of the three electrodes are connected 

outside XPS chamber to potentiostat (Bio-Logic) for simultaneous electrochemical 

characterization and XPS measurements. One of the GDC WEs, either with Ni or Au, 

is disconnected to the potentiostat while the other is under electrochemical study.  

 

 

Figure 3.2. Picture of mounted electrochemical cell seated in the ambient-pressure 

XPS chamber at ALS. 
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Before increasing the chamber temperature, reactant gases (H2/H2O or 

CO/CO2) are backfilled through leakage valves into the XPS chamber to the desired 

gas composition, with partial pressures monitored via mass spectrometry. Due to 

beamline time limitation, representative combination of gas ratios and temperature 

are selected for XPS characterization. Such combinations allow for kinetic studies 

through exploring the effects of PH2/PH2O, PCO/PCO2 and their impact on effective PO2 

on the overall activity of the working GDC electrode for H2/CO oxidation and 

H2O/CO2 electrolysis. PO2 is calculated in equilibrium of the gas environments. Ionic 

and electronic conductivities are calculated through Eq.2.1 and Eq.2.2. 

 

Table 3.1. Summary of experimental conditions for thin-film GDC electrode tests 

Temperature 

(°C) 

PH2 

(Torr) 

PH2O 

(Torr)

PCO 

(Torr)

PCO2 

(Torr)

PO2 at 0 V 

(bar) 

σion 

(S/cm) 

σe 

(S/cm) 

570 0.2 0.2   1.18×10-25 0.014 0.009 

620 
0.2 0.2   6.11×10-24 0.023 0.023 

0.2 0.04   2.45×10-25 0.023 0.053 

620 
  0.04 0.36 8.68×10-23 0.023 0.012 

  0.2 0.2 1.07×10-24 0.023 0.037 

 

After stable gas pressures, the cell is heated to test temperatures at a rate of 

~10 °C/min by increasing the heating coil current. Temperature is held constant for 

20 min before collecting data. The electrochemical characterizations are carried out at 

570 °C and 620 °C. This temperature values are determined by interpolating a 

temperature-bulk resistance (Rbulk) relation acquired at UMD tests shown in Chapter 

2. Interpolation is used to estimate temperature, because the counter and reference 
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electrode leads consume some of the dedicated wire feeds to the low pressure XPS 

chamber that are otherwise dedicated to thermocouples. 

 

Simultaneous XPS measurements are taken at constant Vcell = 0V, +/- 0.6V, 

and +/- 1.0V, at each gas composition. Table 3.2 lists core-level binding energies of 

specific atoms studied with setting parameters, such as estimated number of sweeps, 

spectral range, number of sweeps, and measurement step size.  

 

Table 3.2. Core-level binding energies of specific atoms to be studied with setting 

parameters in XPS characterization. 

Spectra 
Excitation 

energy (eV) 

Spectral 

range (eV) 
Sweeps 

Step Size 

(meV) 

Survey 650 -2 to 320 1 100 

O1s 650 525-545 10 50 

Ni3p 
490 

60-70 
5 100 

Au4f 80-90 

Ce4d 

490 

100-135 

12 50 Gd4d 135-175 

Zr3d 175-195 

C1s 490 280-295 6 50 

 

The current study focuses primarily on the O1s spectra to explore hydroxyl 

and oxide content on GDC electrodes surfaces associated with H2/H2O 

electrochemistry [109, 114]. There are mainly two reasons to choose O1s spectra. 

Firstly, the O1s spectra are continuously observed across the entire length of 

metal/GDC/YSZ edge while Ce4d and Gd4d peaks are only observed on the GDC 
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surface. Secondly, strong O1s spectra peaks and better signal/noise ratio shown on the 

survey scanning while Ce4d and Gd4d peaks are largely affected by common surface 

contamination elements, such as P2p and Si2p. 

 

Studies of the O1s spectra are primarily measured as a function of potential 

bias (Vcell) and effective PO2 at locations near the meatal/GDC interfaces. The 

grounded Ni or Au assists to calibrate binding energy of the spectra. Overpotentials 

extracting from changes in BE shifts of O1s primary peak across interfaces are 

studied at different conditions. Comparing overpotentials for the Ni/GDC and 

Au/GDC electrodes elucidate the impact of the metal on H2 oxidation in metal/GDC 

electrodes. Additionally, concentration changes of surface reactive species on GDC 

associated with the charge-transfer reaction are explored to provide a basis for 

understanding the nature of the electrochemistry. 

 

CO/CO2 mixtures are also studied to elucidate simple carbonaceous species 

electrochemistry on metal/GDC. It should be noted that these results are relatively 

limited due to the minimal beam time dedicated to these experiments. In these 

CO/CO2 studies, the O1s spectra are analyzed to extract relative concentrations of 

surface oxide species as a basis for understanding CO oxidation in composite GDC 

electrodes. To compare reaction rates of CO oxidation with H2 oxidation, 

overpotentials are studied in similar environments. 
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3.4 Results and Discussions 

3.4.1 AP-XPS Measurement of Metal/GDC Electrodes with H2/H2O 

Electrochemical behaviors of the Ni/GDC and Au/GDC electrodes on H2/H2O 

reactions are studied at 570 and 620 °C. The IRbulk-corrected V-I curves as plotted in 

Figure 3.3(a) and (b) on different scales for current. Electrochemical performances 

are consistent with observation of the 600 °C results tested in UMD as presented in 

Chapter 2. For both electrodes, higher overpotentials are associated with the H2 

oxidation on the GDC surface than with H2O electrolysis at the same magnitude of 

current. Currents H2/H2O reactions of both electrodes increase when raising 

temperatures.  

 

Comparing performances between Ni/GDC and Au/GDC shows that Ni/GDC 

delivers better performance on both the forward H2 oxidation and the reverse H2O 

electrolysis reaction at both temperatures. It should be noted that, when temperature 

rises from 570 °C to 620 °C, current of Ni/GDC increase 5X while current increase 

on the Au/GDC is not that significant. This performance enhancement must be 

attributed to Ni/GDC electrode, because both Ni/GDC and Au/GDC electrodes share 

the same YSZ substrate and Pt CE that the performance improvement of Pt/YSZ CE 

should be the same when raising temperature. 

 

Comparing the overpotentials between Ni/GDC and Au/GDC electrodes at the 

same current magnitude at 620 °C, for example at -0.3 mA, much lower overpotential 

is seen on the Ni/GDC. Fast H2 oxidation takes place on Pt CE which has much lower 
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overpotentials. Therefore discrepancies between cell voltage deviations must be 

attributed to difference between Ni/GDC and Au/GDC WEs. Further investigations 

using AP-XPS measurements as a measure of the local overpotentials are discussed 

later in this chapter. 

 

 

Figure 3.3. Electrochemical characterization of thin-film GDC electrochemical cell 

for a range of PH2/PH2O at 570 and 620 ºC tested at ALS. The IRbulk-corrected V-I 

curves of thin-film GDC electrochemical cell with: (a) Ni overlayer and (b) Au 

overlayer. 
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Imaging mode is first used to obtain spatially resolved XPS spectra for 

different materials on the electrochemical cell exposed surfaces. Each core-level 

element appearing in binding energy plot has its corresponding position, so as to 

identify GDC edges with YSZ and Au (or Ni) respectively. For example, at the 

Au/GDC interface, as shown in Figure 3.4, the Au4f peaks start to fade, and the Zr3d 

peaks start to appear at the GDC/YSZ interface. In addition, strong peaks of impurity 

elements, such as C1s, P2p, and Si2p, appear, possibly from the fabrication process.  

 

Figure 3.4. Example spatially resolved XPS spectra on GDC surface covering Au 

edge and YSZ edge. (a) 2-D mapping core-level elements of the electrochemical cell 

plotted corresponding to binding energy and position, (b) a slice of 2-D XPS mapping 

spectra at Au/GDC interface labeled in dash line, is plotted binding energy of each 

element. 
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The 2-D XPS images are mapped on the O1s spectra along a spatial line 

across the metal/GDC border and the GDC/YSZ border of the WEs.  These scans are 

conducted at different potential biases (Vcell). Relative shifts of the primary local O1s 

peak with Vcell provides a basis for determining the local potential, as described in 

previous ambient pressure XPS studies on working solid oxide cells [60, 61].  

 

Figure 3.5. 2-D mapping of O1s spectral intensity (with brightness proportional to 

counts per second) as a function of binding energy and position relative to the edge of 

the Ni overlayer. Plots are shown for cells operating at PH2 = PH2O = 0.2 Torr, 620 °C. 

Plots show that binding energy shift of the O1s peak is associated with local potential 

change across the exposed Ni/GDC/YSZ edge as a function of three cell biases (Vcell 

= -1.0, 0.0, and 1.0 V) 
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In Figure 3.5, the 2-D mapping of O1s spectra are plotted as binding energy 

versus the position along the Ni/YSZ/GDC border. The XPS spectra images are 

aligned with the cell edges schematic. Brightness of the images indicates intensity of 

the O1s spectra in unit of counts per second (CPS). As intensity of the O1s spectra on 

YSZ surface is at least 10 times stronger than those on Ni surface, and the XPS 

measurement only allows probing ~ 10 nm thickness of sample surface, the O1s 2-D 

image become dim at GDC surface and completely dark on the Ni surface. The 

intensity change of the image also provides a reference to the interface borders in the 

measurement. 

 

There is also an observation of shifts of the binding energy as a function of 

voltage bias to cell (Vcell) on the 2-D mapping. Furthermore, the magnitudes of O1s 

spectra shifts across Ni/GDC/YSZ edge under the voltage bias are different. These 

differences are due to different surface potentials as described in Eq.3.2. Thus, 

analyzing shifts of the O1s spectra of the 2-D mapping provides a measurement for 

local surface potential. The surface potential differences between specific interfaces 

(metal/GDC or GDC/YSZ) are referred to as overpotentials associated with interfacial 

reactions.  

 

By horizontally slicing the 2-D XPS mapping, the O1s spectra are plotted and 

fitted, as shown in Figure 3.6. The O1s spectra are fitted to Gaussian/Lorentzian line-

shapes peaks with Shirley-background corrected using standard XPS data analysis 

techniques in CasaXPS. The fitted peaks compose of three oxygen-related species: 
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gas phase water (H2O) [115], surface hydroxyl (OH-) [116-118] and oxide ion (O2-) 

[116, 119].  

 

To quantify the OH- peak at different positions and conditions, full width half 

maximum (FWHM) constraints are imposed that the FWHM of OH- is set to be the 

same as primary O2-
 peak. Such a setting makes sure that all the peaks are 

appropriately offset, and the fitting becomes less sensitive to noise in the data and 

returns a consistent answer for the relative intensities of the two components. The 

integrated percentage area for each component is then utilized for the concentration 

percentage analysis. 

 

Figure 3.6. Analysis of the O1s spectra by fitting to Gaussian/Lorentzian line-shapes 

peaks with Shirley-background corrected in CasaXPS (ex. Vcell = 1.0 V). The fitted 

peaks compose of three oxygen-related species: gas phase water (H2O), surface 

hydroxyl (OH-) and oxide ion (O2-).  

 



 

 67 
 

Primary peak (O2-) binding energies after fitting are plotted as a function of 

the cell position across the metal/GDC/YSZ border of different Vcell. Figure 3.7a and 

Figure 3.7b plot binding energy along Ni/GDC/YSZ and Au/GDC/YSZ edges 

respectively. Shift of binding energy of each surface suggests potential change of the 

surface associated with potential bias. As indicated in the plots, potential shift of 

GDC surface as well as YSZ surface relative to grounded metal are the difference of 

binding energies between given bias and those at zero potential state. The results 

indicate that resistance of charge transfer between the metal current collector and the 

GDC appears to be relatively small for the positive Vcell.  

 

Relatively flat binding energy distribution on the GDC surface (between -0.24 

mm and -0.06 mm) suggests sufficient electrical conductivity and thus uniform 

potential distribution on the GDC edge. Larger BE shifts from GDC to YSZ 

especially for Vcell > 0 indicate much higher potential difference between GDC and 

YSZ surfaces. This is possibly due to O2- charge transfer across the interface and/or 

low O2- mobility of the YSZ bulk close to the interface. The interfacial resistance, as 

observed, is strongly dependent upon current direction. Compared between Ni/GDC 

and Au/GDC electrodes, binding energy shifts are similar. Because of larger output 

currents associated with Ni/GDC electrode, the resistances for Ni/GDC electrode are 

smaller. 
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Figure 3.7. Binding energy of O1s primary peak (associated with O2- on the surface) 

plotted along metal/GDC/YSZ at PH2 = PH2O = 0.2 Torr, 620 °C. The shifts of the 

binding energy of local surface referred as a potential change relative to the OCV 

condition: (a) GDC with Ni overlayer, plotted from YSZ to GDC (b) GDC with Au 

overlayer, plotted from YSZ to GDC. 

 

The shifts of the binding energy of each surface refer to as a potential change 

relative to the OCV condition. Using the binding energy shifts, average potentials of 
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GDC and YSZ surfaces are plotted in Figure 3.8a of Ni overlayer and Figure 3.8b of 

Au overlayer, with error bars determined from deviation from average potential of 

each surface. For Ni/GDC electrode, slightly larger potential increase of GDC surface  

 

 

 

Figure 3.8. Surface electric potential of GDC and YSZ surfaces as well as Vcell - IRbulk 

under the XPS mapping at Vcell = 0V, +/- 0.6V, +/-1V at PH2 = PH2O = 0.2 Torr, T = 

620 °C: (a) Ni-GDC-YSZ and (b) Au-GDC-YSZ. The error bars are determined from 

deviation from average potential of each surface.  
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associated with H2 oxidation (-0.091 V) at 0.46 mA than H2O electrolysis (0.079 V) 

at -0.55 mA. From the GDC surface to YSZ, the potential increase on H2O 

electrolysis is more significant (~0.1 V greater than H2 oxidation at 0.46 mA). This 

larger potential increase associated with H2O electrolysis is due to relatively hard 

incorporating O2- from bulk GDC to YSZ phase. 

 

In comparison, potential increase of Au/GDC electrode is more significant 

than the Ni/GDC electrode at same currents, especially on H2 oxidation. This suggests 

the Au/GDC has much lower exchange current density on H2 oxidation that more 

potential shift is required to drive reaction (current). Also due to much limited rate of 

H2 oxidation at the Au/GDC interface, potentials of other component surfaces are also 

largely increased.  

 

The charge-transfer reactions across the metal/GDC interface as well as 

GDC/YSZ interface are analyzed by measuring the overpotentials associated with H2 

oxidation and H2O electrolysis on the GDC electrode as shown in Figure 3.9. For 

H2O electrolysis, interfacial overpotentials of Au/GDC electrode are slightly higher 

than those of Ni/GDC interface at the same current while much larger overpotentials 

are observed on the H2 oxidation reactions Au/GDC electrodes.  

 

Such significantly different behavior on H2 oxidation is due to Ni providing 

significant amount of surface H to promote the following charge-transfer reactions. 

H 2 Ni ↔ 2H Ni                                      (R.3.1) 
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Figure 3.9. Comparison of overpotential associated with GDC interfaces between Ni 

and Au metal overlayer at PH2 = PH2O = 0.2 Torr, T = 620 °C: (a) metal/GDC and (b) 

GDC/YSZ.  

 

H Ni O GDC 	 	Ce GDC ↔ Ni 	OH GDC 	 	Ce GDC     (R.3.2) 

H Ni 	OH GDC 	 	Ce GDC ↔ Ni 	H O GDC 	 	Ce GDC     (R.3.3) 
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The overall reaction is completed by water desorption and the charge-transfer 

reaction, both of which are shown here 

H O GDC 	↔ H O GDC                           (R.3.4) 

Ce GDC ↔ Ce GDC e Ni                        (R.3.5) 

 

The charge-transfer reaction R.3.5 depends on the mobility of the Ce3+ 

(polaron) on the GDC surface. Different from 700 °C, at temperatures of 600 °C and 

lower, electron mobility drops significantly, and thus, the extent of active GDC 

surface will be more and more confined to the metal/GDC interface.  

 

For the Au/GDC electrode, the relatively inactivity of Au for H2 adsorption 

implies that H2 adsorption on the GDC surface will likely play a more critical role for 

the forward reaction, likely take the following forms 

H 2O GDC 	 	2Ce GDC ↔ 	2OH GDC 	 	2Ce GDC     (R.3.6) 

H O GDC 	 	2Ce GDC ↔ H O GDC 	 	2Ce GDC        (R.3.7) 

Reaction R.3.5 largely depends on the extent of active GDC surface area available for 

the H2 oxidation reaction rates for R.3.6 and R.3.7. Thus, the charge-transfer reaction 

rate is determined by the mobility of the polarons rather than the Au overlayer. The 

performance will be enhanced at conditions that GDC electronic conductivity is 

improved such as higher temperatures and lower PO2. 
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While under positive biases (H2O electrolysis reaction), the increased 

potential of the GDC surface will encourage increased oxide vacancies [60, 61]. The 

increased oxide vacancies likely promote the mobility of the polarons, which 

facilitates surface oxidation (R.3.6 and R.3.7) and charge-transfer reaction (R.3.5). 

This is consistent with the observations in Figure 3.9, where under the positive Vcell to 

drive H2O electrolysis on the metal/GDC, differences of the overpotentials are 

relatively small between Au/GDC and Ni/GDC electrodes.  

 

In order to identify how the Ni surface chemistry and Ni/GDC interface 

reaction promote the electrochemistry, a closer look at the Ni/GDC and Au/GDC 

interfacial species is taken, as shown Figure 3.10a and Figure 3.10b. The Ni/GDC 

interface has 16.8% (area percentage to the O1s spectrum) of OH- at Vcell = 0 V. For 

Ni/GDC electrode, OH- increases ~3.5% at Vcell = 1.0 V, and decreases ~ 6% at Vcell = 

-1.0 V. It is evident that OH- is much involved in H2 oxidation and H2O electrolysis at 

Ni/GDC interface through R.3.2 and R.3.3. The spectroscopic measurements support 

the hypothesis that Ni/GDC electrode has faster adsorbed H creating and H hopping 

to GDC, thus facilitates H2 oxidation.  

 

Compared to Ni, the OH- concentration on Au/GDC interface is much lower 

at all three potentials as shown in Figure 3.10b. Much lower OH-
 content of Au/GDC 

interface at 0 V is clearly shown in the figure. At +1.0/-1.0 V, OH-
 content increases 

but still much less than those at Ni/GDC interface. Production of OH-
 for both H2 

oxidation and H2O electrolysis is likely through R.3.6.  
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Figure 3.10. Comparison of the fitted O1s spectra at Vcell = 0V, +/-1V at PH2 = PH2O = 

0.2 Torr, 620 °C. The fitted peaks provide surface OH- content comparison at (a) 

Ni/GDC and (b) Au/GDC. 

 

Further XPS measurements on O1s are taken at PH2/PH2O = 5/1, T = 620 °C 

and at PH2/PH2O = 1, T = 570 °C, in order to investigate the GDC surface at different 

PO2 and temperature. Figure 3.11a compares overpotentials of Ni/GDC interface at 

different temperature and PO2. It is clear that increasing temperature could enhance all 

reactions listed above. The enhancement is also due to increased mobility of polarons, 

which to some extent enlarges GDC active surface area. Promotion of both H2 

oxidation and H2O electrolysis due to increased mobility of polarons is demonstrated 

at lower PO2, T = 620 °C. At the same temperature, overpotentials of Ni/GDC 
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interface are largely decreased at lower PO2 despite lower H2O content is used in the 

test. 

 

Effects of PO2 and temperature on bulk GDC are also seen at GDC/YSZ 

interface as plotted overpotentials versus current, in Figure 3.11b. The overpotential 

results from different oxide ion incorporation rate at the two oxide-ion conductive 

phases, simply expressed as the oxide ion charge transfer  

O YSZ GDC 	↔ YSZ O GDC                      (R.3.8) 

where forward reaction is driven by the negative potential bias at which H2 oxidation 

takes place on the GDC electrode. 

 

Lower overpotential at the negative potential bias suggests that it is easier for 

oxide ion transport from bulk YSZ to GDC. This is due to much higher ionic 

conductivity in the GDC than in bulk YSZ. This is also seen when temperature rises 

from 570 °C to 620 °C that ionic of both phases are increased thus much lower 

overpotential is observed at the interface. Moreover, the overpotential associated with 

R.3.8 is also decreased at lower PO2. The possible reason is that the increased 

electronic (polaron) conductivity spreads out the reaction over the GDC and thereby 

permits lower currents density at the YSZ/GDC interface.   
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Figure 3.11. Effects of PO2 and temperature on overpotentials of (a) Ni/GDC and (b) 

YSZ/GDC interfaces.  

 

Results on OH- concentration changes at Ni/GDC interface according to 

potential bias discussed above demonstrate the importance of OH- in the charge-

transfer reaction. Therefore, OH- content charges are further studied in order to have a 



 

 77 
 

quantitative assess on how the surface active species are related to the reactions. 

Figure 3.12 shows dependency of OH- area percentage at Ni/GDC interface as a 

function of Vcell at different operation conditions.   

 

 

Figure 3.12. Dependency of OH- content of Ni/GDC interface plotted in area 

percentage of the total O1s spectra as function of Vcell at different operation 

conditions.  

 

The surface fractions of OH- on the GDC at equilibrium (Vcell = 0) vary 

strongly with gas environments.  Interestingly, the lower temperature case and the 

higher H2O gaseous content lead to higher OH- concentrations. The OH-
 intensity 

changes when reactions R.3.2 and R.3.3 begin to take place under bias. The area 

percentage of OH- plots show that OH-
 surface fractions decrease during the H2 
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oxidation reaction (Vcell < 0). While during H2O electrolysis, the OH- intensity is 

slightly higher or closer to Vcell = 0 [118]. The measurable OH- intensity difference 

between H2 oxidation and H2O electrolysis provides evidence that reaction rates of 

R.3.2 and R.3.3 are different and OH- participates in the rate-limiting reactions. 

 

3.4.2 AP-XPS Measurement of Ni/GDC Electrode on CO/CO2 Reactions 

In addition to H2/H2O studies, investigation of CO/CO2 electrochemistry on 

Ni/GDC electrodes is taken in order to compare CO oxidation with H2 oxidation on 

the Ni/GDC electrode. The electrochemical cell is cooled down to room temperature 

after the H2/H2O tests. The main chamber is then pumped down to ultrahigh vacuum 

(~10-7 Torr) to remove absorbed water vapor from the cell surfaces and the chamber 

wall. After these procedures, CO2 and CO are refilled into the chamber. The cell is 

reheated to 620 °C (using same heating current as H2/H2O at 620°C). 

 

O1s spectra from 2-D mapping of Ni/GDC/YSZ edges are analyzed to acquire 

information on local surface potential and surface reactive species. Figure 3.13 shows 

2-D images of the O1s spectra at equilibrium potential (Vcell =0), exposed to (a) 1:1 

and (b) 1:9 mixtures of CO and CO2 at 0.4 Torr total pressure, respectively. The O1s 

spectra compose three oxygen-related species: gas phase carbon dioxide (CO2) [120], 

surface carbonate (CO3
2-) [121, 122], and oxide ion (O2-). Gas phase CO is only 

observed beside CO2 peak [123, 124] under the 1:1 mixture environment but not 

under the 1:9 mixture environment.  
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At both CO/CO2 ratios, CO3
2- peaks are weak on the exposed GDC surface. 

Depletion of CO3
2-

 in several hundred µm wide of electrochemically active region is 

also observed on undoped ceria electrochemical cell studies during CO2 electrolysis 

[64]. The small CO3
2- concentration on the surface at equilibrium potential state 

suggests GDC is less likely to adsorb carbon-based species. This may explain why 

SOFC anodes with GDC are more resistant to carbon deposition for hydrocarbon 

fuels. 

 

Figure 3.13. 2-D images of the O1s spectra at equilibrium potential (Vcell = 0). The 

cell is exposed to (a) PCO = PCO2 = 0.2 Torr, and (b) PCO = 0.04 Torr / PCO2 = 0.36 

Torr at 620 °C. 

 

In order to quantify the CO3
2- peak at different positions and conditions, the 

O1s spectra are plotted and fitted by horizontally slicing the 2-D XPS mapping, , as 
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shown in Figure 3.14. Still the FWHM of CO3
2- is set to be the same as primary O2-

 

peak. The integrated area percentage for each component is then utilized for the 

concentration percentage analysis.  

 

 

Figure 3.14. Analysis of the O1s spectra (Vcell = 0 V) by fitting to three oxygen-

related species: gas phase carbon dioxide (CO2), surface carbonate (CO3
2-), and oxide 

ion (O2-), at PCO = 0.04 Torr/PCO2 = 0.36 Torr, T = 620 °C. 

 

Considering the fact that very low CO3
2- concentrations are on the GDC 

surface, presence of CO3
2 peaks at interface at Ni/GDC interface is primarily due to 

the interaction between Ni surface species and GDC surface. The reaction processes 

could be described as 

CO Ni ↔ CO Ni                                        (R.3.9) 

CO Ni ↔ CO Ni 	                                   (R.3.10) 
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CO Ni 2O GDC 	 	2Ce GDC ↔ Ni CO GDC GDC 2Ce GDC     

(R.3.11) 

CO Ni O GDC ↔ Ni CO GDC                           (R.3.12) 

While direct formation of CO3
2- on the GDC surface through R.3.13 may not be 

significant due to low intensity of CO3
2- peak on the GDC surface 

CO O GDC ↔ CO GDC                             (R.3.13) 

 

To obtain a quantitative analysis of the relative surface CO3
2- coverage at 

Ni/GDC interface, area percentages of CO3
2- relative to the total O1s spectra at 

different CO/CO2 ratios are plotted as function of Vcell in Figure 3.15. Coverage of 

CO3
2- increases when high CO2 content feeding to the main chamber. Increasing PCO2 

promotes surface absorption of CO2 (R.3.10) thus increases CO3
2-

 formation (R.3.12). 

 

At the same gas environment, surface CO3
2- fraction slightly increases at 

positive potential bias when CO2 electrolysis takes place on Ni/GDC electrode, while 

significant concentration drops (~ 30- 40%) at negative potential during CO oxidation. 

This is consistent with the observation in CO/CO2 kinetics study results and the 

interpretation of CO3
2- as an intermediate surface reactive species involving with both 

reactions [64]. The less CO3
2- concentration change during CO2 electrolysis may be 

also due to enhanced mobility of GDC surface at positive potential bias. The surface 

CO3
2- concentration change may also be affected by the overlapping SiO2 peak which 

has been suggested increase with the passage of time regardless of applied biases [64]. 
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Figure 3.15. Dependency of CO3
2- content of Ni/GDC interface plotted in area 

percentage of the total O1s spectra as function of Vcell at different operation 

conditions: PCO = 0.2 Torr and PCO2 = 0.2 Torr vs. PCO = 0.04 Torr and PCO2 = 0.36 

Torr, at 620 °C. 

 

Furthermore, overpotentials at Ni/GDC interface with H2/H2O and CO/CO2 

reactions are compared at similar conditions as shown in Figure 3.16a. Much larger 

overpotentials on CO/CO2 reaction at the interfaces confirm that electrochemical 

oxidation of H2 or electrolysis of H2O is much faster. And this also confirms that for 

CO/H2O mixture, H2 oxidation/H2O electrolysis dominates the charge-transfer 

reactions corresponding to potential bias. 

 

The GDC/YSZ interface overpotentials are also significantly increased for 

CO/CO2 reactions, despite lower PO2 at CO/CO2 mixture. The higher overpotentials  
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Figure 3.16. Comparison of overpotentials at (a) Ni/GDC and (b) GDC/YSZ 

interfaces of H2 oxidation and CO oxidation on the GDC electrode, operating at PCO 

= PCO2 = 0.2 Torr and PH2 = PH2O = 0.2 Torr, at 620 °C. 
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are possibly due to slower charge-transfer reactions at the Ni/GDC interface that 

reduce the active GDC surface area and therefore reduce the area across the 

GDC/YSZ interface over which oxide ions are conducted. 

 

3.5 Conclusions 

AP-XPS measurements of active GDC electrode surface during H2/H2O and 

CO/CO2 reactions provides a means to study local surface potential through shift of 

characteristic binding energy, thereby determines overpotentials of the GDC 

interfaces associated with charge-transfer reaction. Results reveal lower 

overpotentials associated with H2O (or CO2) electrolysis reactions than H2 (or CO) 

oxidation on GDC electrodes at the same current magnitudes. Ni/GDC electrode 

superior to Au/GDC electrode largely promotes H2 oxidation, and significantly 

decreases interface overpotentials. 

 

Investigation of O1s core-level spectra of the GDC electrodes at H2/H2O 

atmosphere reveals that surface OH- plays an important role in the charge-transfer 

reaction in H2/H2O electrochemistry. The increased OH- concentration governs the 

reaction rate resulting in faster reaction rate of GDC with Ni overlayer than with Au 

overlayer. Higher OH- content on Ni/GDC surface demonstrates that Ni promotes H2 

spillover and interacts with GDC surface. Such surface OH- content and interfacial 

overpotential results associated with the charge-transfer reaction provide quantitative 

information on the GDC kinetic development. 
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CO/CO2 reactions are also investigated by analyzing O1s core-level spectra of 

the GDC electrodes. Surface CO3
2- is involved in the charge-transfer reaction of CO 

oxidation and CO2 electrolysis that the CO3
2-

 content is close related to the reaction 

direction. Carbon-based species cover on Ni/GDC interface despite the fact that most 

of CO3
2-

 is depleted at reaction active region of the GDC surface. Much higher 

overpotentials associated with CO oxidation indicate much slower charge-transfer 

reaction rate than H2 oxidation.  

 

The experimental studies performed above demonstrate that in operando AP-

XPS is a novel technique for studying active GDC electrode during its operation. 

Analyzing data collected from XPS studies provides detailed kinetic information on 

intermediate surface species and overpotentials associated with the charge-transfer 

reactions. Such quantitative measurements help on development of GDC electrode 

kinetic model in Chapter 4.  
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Chapter 4: One Dimensional Model on Electrochemistry of 

GDC Electrodes 

 

Simultaneous electrochemical characterization and ambient pressure XPS 

measurements in the preceding sections provide quantitative kinetic information of 

GDC electrode in the reactions. Surface species and interface overpotentials shown in 

the experimental results are closely related to the surface reactions and charge-

transfer reactions processes expressed in R.3.1 - R.3.7 and R.3.9 - R.3.12. The 

different behaviors of Ni/GDC and Au/GDC electrodes provide significant insight 

into the nature of the charge-transfer reactions associated with the GDC and metal 

surfaces as discussed in Chapter 3. Nonetheless, limited quantitative information 

about elementary reactions exists for the metal/GDC electrodes. The lack of 

fundamental mechanism of simple H2 or CO electro-oxidation on the GDC surface 

motivates current modeling effort to develop an oxidation mechanism for commonly 

studied Ni/GDC SOFC anodes. 

 

This chapter presents the development adequate thermodynamic and kinetic 

parameters to model the charge-transfer and other reactions on the Ni/GDC electrode 

to complement the experimental studies. A 1-D isothermal model is implemented to 

simulate thin-film GDC electrochemical cell in the experimental environments. The 

model focuses on charge transport in bulk GDC and surface and charge-transfer 

reactions associated with the GDC electrode. In the model, sequential reactions 
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described in Chapter 3 are quantified with kinetic parameters. Comparisons between 

model predictions and the XPS measurements provide some level of confidence in the 

proposed kinetic mechanism. The kinetic model provides the basis for IT-SOFC 

modeling efforts involving GDC-based anodes as discussed in Chapter 5. 

 

4.1 Previous SOFC Kinetic Modeling 

A number of kinetic modeling studies have been taken on MIEC cathodes. 

Deseure et al. used one-dimensional thin-film MIEC model to explore surface 

exchange and bulk diffusion of LSC electrode by fitting to polarization curves and 

impedance spectra. The study has suggested both solid state diffusion and 

incorporation of adsorbed oxygen are rate-limiting processes oxygen reduction 

reaction [125]. Further MIEC modeling study conducted by Mebane and others, 

revealed competition between surface exchange reaction and bulk processes in LSM 

thin-film electrodes [87]. Multi-dimensional studies of LSCF cathode current 

distributions have revealed the surface reaction rate of the MIEC cathode largely 

depends on material parameters and microstructures [126, 127]. Most of the  

electrochemical reaction takes place close to the LSCF/electrolyte/gas TPB, although 

O2 reduction can occur on the LSCF surface further from the TPB due to the ability 

for the LSCF to transport electrons to the reaction site [128]. This is similar to the 

observation of reactions on Ni/GDC electrode in current study that higher polaron 

mobility extends reactions to the GDC surface while lower polaron mobility limits the 

charge-transfer reaction close to Ni/GDC interface. 
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Early kinetic models on GDC included ionic and electronic transport exposed 

to the PO2 gradient between anode and cathode. Riess derived analytic expression for 

ionic and electronic currents and experimentally measured potential distribution in the 

GDC at low oxygen pressures with a fixed concentration boundary conditions and 

reversible electrodes [129-131]. Chan et al. also modeled distribution of electron 

concentration and potential across a GDC electrolyte thickness [132]. Experiments on 

electronic and ionic conductivity have described their dependency on PO2 using an 

ideal-solution model [53]. Bishop et al. measured and modeled non-stoichiometry and 

conductivities in GDC exposed to low PO2 characteristic of SOFC anodes [54, 55, 

133]. Charge transport formulations from these previous GDC bulk studies are 

utilized in the current modeling effort.  

 

Only a few researchers have investigated GDC electrode kinetics associated 

with fuel oxidation reactions. Green et al. derived the CO/CO2 exchange kinetics on 

GDC using exchange electrode model to fit impedance measurement data [57]. 

However, this approach is only applicable to a small current perturbation from 

electrode equilibrium. Duncan et al. used continuum-level electrochemical model to 

extract kinetic parameters on H2 oxidation, such as exchange current density from 

experimental V-I curves, and provided a means to determine overpotential associated 

with reaction rate (current) [134, 135]. They pointed out potential-dependent defect 

concentration and irreversible electrode behaviors of redox reactions at reacting GDC 

interface. The potential-dependency of defect concentration has been observed with 

in operando XPS measurements of undoped ceria thin-film electrodes during H2/H2O 
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reactions [60, 61]. The charge-transfer reactions at metal/GDC interface affect surface 

species concentrations including local defect concentrations.  

 

Goodwin et al. have made significant contributions on elucidating elementary 

steps in H2 oxidation kinetics across Ni/YSZ three-phase boundaries including the 

charge-transfer reactions [9, 66, 136]. A similar approach is used in the current study 

to address the complications of the MIEC behavior of the GDC electrode. The MIEC 

behavior of GDC like other ceria-based electrodes provide expands charge-transfer 

reactions to areas on GDC surface away from metal current collectors [61, 64, 137]. 

The current modeling incorporates both ionic and electronic fluxes on the GDC 

electrode to capture the potential for extending the regions of charge-transfer 

reactions over the GDC surface. 

 

4.2 Model Formulation 

4.2.1 Model Description 

The one-dimensional modeling of the GDC electrochemical cell assumes 

relatively one-dimensional charge fluxes and constant temperature as expected in the 

experimental studies. Figure 4.1 depicts the model geometry that attempts to capture 

charge transport and surface chemistry. Like the experiments, the GDC thin-film 

electrode (300 nm thick) sits on a 1-mm thick YSZ membrane. A porous Ni overlayer 

(100 nm thick) partially covers the GDC surface. The porous structures allow gas 

accessing to GDC thin-film surface and create three-phase boundaries (TPB) between 

the GDC, Ni, and gas phases.  
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A porous Pt CE (100 nm) on the backside of the 1-mm YSZ disk provides 

sufficient TPB to facilitate charge-transfer reactions as a counter electrode. The 

Pt/YSZ interfacial overpotential contributing to the overall cell performance is 

accounted. Since the cell is tested in a single-chamber, both Ni/GDC WE and Pt CE 

are modeled in the same gas composition, temperature, and pressure. 

 

Figure 4.1. Schematic of 1-D kinetic model geometry of thin-film GDC 

electrochemical cell (YSZ thickness is not to scale).  

 

The kinetic model employs physical conservation laws converted to partial-

differential algebraic equations (DAE). The model equations with spatial 

discretizations are approximated with second-order numerical expressions using a 

finite volume method, and time derivatives are integrated with a stiff ode integrator. 

The following physical phenomena are included in the model: 

 convective-diffusive transport from the test chamber to the porous medium; 

 gas-phase diffusion through the porous metal overlayers; 
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 reversible surface reactions with thermodynamically consistent rate 

parameters; 

 charge-transfer reactions at the GDC surface and Ni/GDC interfaces; 

 charge transport in the bulk oxides. 

 

The DAE system is solved using MATLAB with the ode15s function. 

Simulations integrate, with respect to time, the coupled DAE system of equations at a 

given external current density (iext) until the steady-state cell potential (Vcell) is 

reached. Integration over a range of current densities provides a V-I curve for the cell 

that can be compared to the experimental measurements in previous chapters. As with 

the experiments, the porous Ni is grounded, and Vcell is Pt CE potential. The spatial 

discretization allows the model to provide local surface potentials to compare with 

those acquired in the XPS measurements.  

 

4.2.2 Governing Equations 

The 1-D isothermal SOFC model is based on integrating DAE to solve state 

space variables relevant for each cell including a uniform boundary gas-phase cell.  

The state variables are as follows: ρ (gas density), Yk (gas mass fractions), θk,m 

(surface species k site fraction on phase m), Xk,m (bulk molar fraction in phase m), and 

Φm (electrical potential in phase m).  

 

The current model incorporates surface and electrochemical reaction using 

elementary reaction kinetics like some previous models for Ni/YSZ [9] and 
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LSM/YSZ electrodes [73]. The reaction rates are represented through fundamental 

mass-action kinetics which are calculated with the Cantera software package [91] 

embedded into MATLAB. Cantera is an object-oriented suite of software tools for 

problems involving chemical kinetics, thermodynamics, and/or transport processes. 

 

In Cantera, the net rate of species production per unit area  for gas phase 

species, surface catalyst species, and bulk species depends upon summing the rate-of-

progress  over all reactions expressed as 

	 , 																																														 Eq. 4.1  

where ,  is the stoichiometric coefficient of species k in reaction i. The rate-of-

progress  is evaluated as 

, , , , , , 																			 Eq. 4.2  

where ,  and ,  are forward and backward reaction coefficients respectively. For 

reversible reactions, backward reaction coefficients are evaluated in Cantera using 

forward-reaction rate coefficients and thermodynamics properties. , ,  and , ,  are 

stoichiometric coefficients of species k in the forward and backward directions 

respectively. The forward and backward reaction stoichiometric coefficients are 

defined in Cantera input file in a reaction form. 	  is the activity of species 

involved in the reaction. 
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For gaseous species adsorption/desorption reactions, the forward reaction rate 

coefficients are calculated as sticking coefficients 

, 	
Γ 2 ,

																																										 Eq. 4.3  

where  is the sticking probability and Γ	  is available surface site density. And for 

other surface reactions, the forward reaction rate coefficients are described in 

Arrhenius form  

, 	 , exp , , 																																					 Eq. 4.4  

 

As for charge-transfer reactions, the anodic and cathodic rates also depend 

upon the electric-potential difference across the double layer at the interface [66, 136] 

as derived in the following relation 

, , exp
1

																													 Eq. 4.5  

, , exp 																																							 Eq. 4.6  

where  is overpotential (or interfacial potential difference) associated with the 

charge-transfer reactions. When potential bias is applied to the electrochemical cell, 

interfacial potential difference increases to drive the charge-transfer reactions until 

charge-transfer current density satisfies external current density. The charge-transfer 

current density ( ) is expressed as 
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	 , , , , 											 Eq. 4.7  

where  is length of three-phase boundary per unit area of GDC electrode in m/m2. 

 

Gas-phase mass and species conservation are considered in the model. The 

reacting gases are modeled as ideal gases [9] with the gaseous state assumed to be 

uniform and described by the given temperature T and the state variables ρ and Yk. 

Continuity provides a differential equation for ρ 

	 , , , , 															 Eq. 4.8  

where am is the surface area of active phase m per unit volume of porous media. ,  

is molecular weight of the gas species. For the Yk of gas-phase reactants (such as H2/ 

H2O, or CO/CO2) is given by 

, , , ,  

	 , , , , 						 Eq. 4.9  

The sum of the Yk is forced to 1, and thus the mass fraction of final gas-phase species 

is solved by Eq. 4.10 

1																																														 Eq. 4.10  
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In Eq.4.8 and Eq.4.9, , ,  are molar production rates per unit area from surface 

reactions either on the Ni metal or GDC surface calculated from Eq.4.1. ,  in Eq.4.8 

and Eq.4.9 are the gas-phase mass fluxes to/from the surface per unit area governed 

by multicomponent diffusion as described in Eq.4.11 

, 	 , 																																				 Eq. 4.11  

where 	  is the molar concentration of gas-phase species.  

 

Surface species determine reaction rate as formulated in Eq.4.2, and in turn, 

reactions produce/consume involved surface species. For example, H2/H2O reaction 

at Ni/GDC interface involves species on Ni surface (H(Ni), H2O(Ni), OH(Ni), and 

(Ni)) and species on GDC surface (OH-(GDC), O2-(GDC), H2O(GDC), and (GDC)). 

The active surfaces are represented by the surface species molar fractions. Therefore, 

the conservation equations for θk,m  are integrated as 

, 	
1

Γ ,
, , , 																											 Eq. 4.12  

where ,  and , ,  represent the molar production rates of surface species 

through surface reactions and charge-transfer reactions, respectively. 	Γ , is 

available surface site density.  in Eq.4.2 represents surface site density occupied 

by species k, expressed as 

,
	

Γ ,
																																																	 Eq. 4.13  
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The θk,m  sum to 1 for each phase and the final species for each phase (usually the 

open surface site) is solved by the summation equation. 

, 1

,

																																												 Eq. 4.14  

 

Bulk GDC properties and composition vary with both T and effective PO2. 

Two species (O2-(GDC) and (GDC)) represent oxide ions and oxygen vacancies in 

bulk-phase GDC. Molar fraction bulk species Xk,GDC is calculated through 

, 	 ,

,
																																													 Eq. 4.15  

where Γ ,  is available bulk density, and  ,  represents molar flux of oxygen 

vacancies or O2- ions in the solid phase per unit geometric area.   in Eq.4.2 

represents bulk density occupied by species k as 

,
	

Γ ,
																																																	 Eq. 4.16  

The Xk,m  sum to 1 solved by the summation equation 

, 1

,

																																									 Eq. 4.17  

 

In bulk GDC, the charge transport is driven by electrochemical potential 

gradients , as described by the Nernst-Planck equation [134]  

	 Φ 																								 Eq. 4.18  
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where  is mobility,  is the electric charge associated with the charge carriers (ex. 

O2-(GDC) and Ce3+(GDC)). Φ  is electric potential in phase m.  

 

The external current density  of mixed ionic and electronic conducting 

GDC is given by  

	 																																																 Eq. 4.19  

And local charge neutral is maintained, assuming that electrons are localized on the 

cerium cations to form polaron [138, 139], given by  

0																																											 Eq. 4.20  

 

For pure electronic conducting metal (Ni or Pt) or oxide ion conducting YSZ 

in this study, the current density is expressed in Ohm’s Law 

	 , Φ                                            (Eq.4.21) 

where  is current density on a per geometric area basis and ,  is conductivity 

associated charge transport (either electron or oxide ion). 

 

At the interface, where charge-transfer reactions take place, the electric 

potential difference (η) between two surfaces is calculated according to the 

capacitance relationship. The currents in and out of a given finite volume act as 

charge sinks and sources, respectively. 
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	 	 ,
Φ

	 																															 Eq. 4.22  

where  is the double layer capacitance per unit volume,  is the Faradaic current 

per unit TPB length crossing the phase interface from Eq.4.7. The  sign on left hand 

side of Eq.4.22 depends on anodic or cathode current in phase m. 

                                               

4.2.3 Thermochemistry Model for Phases 

Thermokinetic model formulation of reactions in Eq.4.2 makes use of mass-

action kinetics, and thermodynamic properties are defined in NASA polynomials as a 

function of temperature. The mass-action kinetics assumes relatively dilute solid 

solutions and no interaction between defect species. The change of partial Gibbs free 

energy is only contributed by variations in species concentration in terms of 

configurational entropy. This is computationally convenient and accurate at low 

degrees of reduction of Ce4+ in GDC. However, previous studies have shown 

significant non-ideal defect interactions between defects in GDC as degree of ceria 

reduction increases [54, 55]. Thermodynamics investigations of oxygen exchange 

reaction (R.1.6) on pure ceria and GDC have been carried out to study oxygen 

deficiency related to PO2 at a range of SOFC operation temperatures [52, 68].  

 

In order to accurately calculate for GDC-related reactions, thermodynamics of 

the non-ideal defect interactions must be included. The difference between ideal and 

non-ideal calculations of partial free energy of formation (per mole O) is defined as 
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excess free energy in the following equation.  To get excess free energies specifically 

for the GDC electrode, the following free energy relationship is used 

∆ ̅ 	0.5 ̅ ̅ 0.5 ̅
@

̅ 				 Eq. 4.23  

where ∆ ̅  is partial free energy of formation (per mole O), ̅ , ̅ , are Gibbs 

free energy of reduction state and oxidation state respectively, ̅
@  is standard 

ideal gas Gibbs free energy of O2, and ̅  is excess free energy defined for non-ideal 

thermodynamics correction.  

 

Adler et al. have studied oxygen exchange on MIEC cathodes, and discussed 

non-configurational contributions to the Gibbs free energy when mass-action no 

longer applies at large displacements from equilibrium [69]. Excess free energy due 

to non-ideal interactions of defects is thus incorporated into the mass-action kinetics 

rate expression (Eq.4.2) in a modification form  

	 exp
1 ̅ 	 exp ̅  

Eq. 4.24  

Such a modification captures the shifts in transition state and product energies 

due to non-ideal interactions.  

 

For studying the Ni/GDC electrode kinetics, contributions of other 

components should be well isolated. While H2 oxidation/H2O electrolysis occurs on 

Ni/GDC WE, reverse reaction takes place on the Pt/YSZ CE. Kinetics of Pt/YSZ 
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electrode on H2/H2O reactions is derived from others’ researches, as specified in 

Table 4.1 [65, 140]. YSZ surface chemistry proposed by Goodwin [66], is also shown 

in this table.  

 

Table 4.1. Pt and YSZ surface kinetic and thermodynamic parameters [66, 140]. 

Reaction A or  
Ea 

(kJ/mol) 

∆  

(kJ/mol) 

H 2 Pt ↔ 2H Pt  0.129 0.0 5.45 

H O Pt ↔ H O Pt  0.108 0.0 1.37 

OH Pt Pt ↔ H Pt O Pt  7.8×1020 -79.5 56.5 

H O Pt Pt ↔ H Pt OH Pt  3.8×1021 74.5 -18.2 

H O Pt O Pt ↔ 2OH Pt  1.7×1019 36.8 60.5 

 

H O YSZ 	 O YSZ ↔ 2OH YSZ  1.2×10-4 86.8 38.9 

O YSZ YSZ_b ↔ O YSZ_b YSZ  7.3×1012 80.1 8.6 

 

The charge-transfer reactions pathway at Pt/YSZ interface in current modeling 

is set similar to the elementary charge-transfer reaction steps at Ni/YSZ interface 

proposed by Goodwin et al. [66]. The associated kinetic parameters are fitted to the 

kinetic experimental study of Pt/YSZ electrode at 800 °C from Mizusaki’s work [65]. 

Initial fitting parameters are listed in Table 4.2 and Results comparing model 

predictions in current study with Mizusaki’s experimental work are shown in Figure 

4.2. 
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Table 4.2. Initial kinetic parameter for Pt/YSZ charge-transfer reactions (at 800 °C) 

Reaction 
A 

(mol, cm,s) 
 

H Pt O YSZ ↔ OH YSZ Pt e  5×1012 0.5 

H Pt OH YSZ ↔ H O Pt YSZ e  3×1013 0.2 

H Pt OH YSZ ↔ H O Pt YSZ e  1×1011 0.8 

 
 

 

Figure 4.2. Comparison between kinetic model result and experimental study of thin-

film Pt electrode on YSZ substrate for H2/H2O reaction, at PH2 = 52 mbar / PH2O = 6 

mbar and PH2 = PH2O = 6 mbar, T = 800 °C, demonstrates the modeling is able to 

capture Pt CE electrode behavior in current thin-film GDC electrochemical cell 

modeling. 
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Figure 4.2 compares thermochemistry model results on Pt/YSZ electrode with 

the experimental study.  The figure shows anodic (right part of the curve) and catholic 

(left part of the curve) currents as a function of potential bias. Anodic currents 

resulting in H2 oxidation has a dependency on hydrogen partial pressure (PH2), while 

effects of PH2 on H2O electrolysis from cathodic current are negligibly small, as 

stated in Mizusaki et al. [65]. Overpotentials for H2 oxidation on Pt/YSZ electrodes 

are smaller than those for H2O electrolysis. Consistency of model prediction with 

experiment measurements demonstrates that the Pt/YSZ thermochemistry is valid for 

isolating Pt/YSZ CE contribution in the thin-film GDC electrochemical cell, thus to 

study the kinetics associated with the GDC WEs. 

 

For temperature-dependent kinetic parameters such as forward rate 

coefficients, activation energy Ea = 1.39 eV for Pt/YSZ is used in this study [141], to 

calculate rate coefficient changes relative to 800 °C in Table 4.2. 

 

As discussed in Chapter 3, charge-transfer reactions at GDC electrodes 

between 570 and 620 °C are largely limited to the Ni/GDC interface due to low 

mobility of the polaron (σe < 0.03 S/cm) of the GDC surface at these temperatures. 

Thus, the role of Ni surface in promoting H2 dissociative adsorption and spillover to 

the GDC surface is important. For the purpose of studying interaction between Ni and 

GDC surfaces, reaction pathways and related kinetic parameters on Ni surface are 

extracted from Goodwin’s study [66] as listed in Table 4.3.  
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Table 4.3. Heterogeneous reaction mechanisms on a nickel surface (700°C) 

Reaction A or  
Ea 

(kJ/mol) 

∆  

(kJ/mol) 

H 2 Ni ↔ 2H Ni  0.01 0.0 -1.62 

H O Ni ↔ H O Ni  0.1 0.0 41.47 

H Ni O Ni ↔ OH Ni Ni  5×1022 97.9 34.83 

H Ni OH Ni ↔ H O Ni Ni  3×1020 42.7 -32.83 

2OH Ni ↔ H O Ni O Ni  3×1021 100 -67.66 

 

4.3 Results and Discussions 

Exchange current density of Ni/GDC electrode on H2/H2O reactions is 

initially studied by fitting the Butler-Volmer equation using overpotential / current 

relation from the XPS study results in Figure 3.9a and Figure 3.11a at 570 °C and 

620 °C respectively. The exchange current density parameters Ai, Ea,i, and α in 

Eqs.4.5 and 4.6 are used to fit the experimental results using nonlinear least squares 

method. The fitted exchange currents are plotted in Figure 4.3, which shows 

Arrhenius behavior with an activation energy Ea,f = 3.2 eV. The fitting curve is 

consistent with exchange current density of GDC10 and GDC20 at 600 °C 

documented in Duncan’s work [134], but the activation energy is much higher than 

the 1.1 eV shown Duncan’s continuum-level electrochemical model result [135]. A 

possible explanation on the higher activation energy value is that increased mobility 

of polaron on the GDC surface at higher temperature extending the reaction from 

Ni/GDC interface to part of GDC surface.  
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Figure 4.3. Exchange current density of Ni/GDC electrode plotted vs. 1000/T, in the 

XPS studies at 570 and 620 °C, in comparison with Duncan’s study at 600 °C. 

 

Based on the discussion of reactions on GDC surface and Ni/GDC surface in 

the previous chapter, fundamental reaction steps associated with H2/H2O reaction are 

set up as listed in Table 4.4.  

 

Table 4.4. Initial GDC reaction mechanism and baseline kinetic parameters (570°C) 

Reaction 
A or  

(mol, cm,s)
 

∆  

(kJ/mol)

H O GDC 	↔ H O GDC  0.01 0.0 -19.2 

GDC 	 O GDC_sb ↔ O GDC GDC_sb  1×1013 0.0 -9.2 

  

H O GDC ↔ H O GDC 2e  1×109 0.4 -18.48 

H Ni O GDC ↔ OH GDC Ni e  2×109 0.3 -9.66 

H Ni OH GDC ↔ H O GDC Ni e  4×109 0.3 3.5 
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The reactions involve both H2 electro-oxidation on GDC surface and charge-

transfer reactions at Ni/GDC interface. This allows the reaction to occur over a finite 

region of the GDC electrode surface beyond the TPB. Initial kinetic parameters are 

acquired by fitting the overpotentials / currents relation at 570 °C, provided in Table 

4.4. It should be noted that the activation energy (Ea) is set to 0, thus the forward 

reaction rate coefficients (kf) values are equal to A in the table. At 620 °C, the best 

fitting for A is 12.5 time of values at 570 °C, which is consistent with the ratio 

calculated based on activation energy (Ea = 3.2 eV) of the Ni/GDC charge-transfer 

reactions obtained from the fitting in Figure 4.3. 

 

Preliminary simulation results are presented below with the proposed GDC 

mechanism and kinetic parameters. The simulation results are compared with 

experimental data presented in the previous chapters. Figure 4.4 shows overpotentials 

of Ni/GDC interface as function of currents at PH2 = PH2O = 0.2 Torr, T = 570 and 

620°C and PH2 = 0.2 Torr/PH2O = 0.04 Torr, T = 620°C.  
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Figure 4.4. Comparison of model results on Ni/GDC interface overpotentials as 

function of currents with XPS mapped surface electric potentials at different 

temperatures and PO2. 

 

Consistent with the experiment observations, the model results further confirm 

better performance of GDC electrode on H2O electrolysis. At baseline condition (PH2 

= PH2O = 0.2 Torr, T = 620 °C), the model results show 0.079 V overpotential at 

electrolysis current -0.55 mA, while overpotential on H2 oxidation current at 0.46 mA 

is 0.098 V. At high PH2/PH2O ratio, both H2 oxidation and H2O electrolysis reactions 

are enhanced at the Ni/GDC surface that overpotential is approximately half of those 

at baseline condition at the same current. At the lower T = 570 °C, overpotentials of 

the Ni/GDC electrode for both reactions are significantly increased. 
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The enhanced performance at more reducing environments (lower effective 

PO2) and higher T is partly due to further reduction of Ce4+
 on the GDC surface. 

Experimental studies have shown increase in Ce3+ polaron concentration change as 

function of current and/or oxygen partial pressures on undoped ceria electrode [60, 

61]. In addition, the concentration of Ce3+ increases with higher positive voltages and 

may explain the lower overpotentials on the GDC electrode for H2O electrolysis than 

H2 oxidation at the same current magnitudes. 

 

The model with elementary reaction steps is able to capture all species 

involved in the reactions. Figure 4.5 depicts the surface vacancy model fraction as a 

function of current density for varying temperature and PO2. The GDC surface is 

dominated by vacancies at much higher concentrations than observed in  bulk thin-

film GDC at similar temperature and PO2 [55]. Study on thin-film Sm0.2Ce0.8O1.9 

(SDC) under similar environment has revealed that the surface partial molar enthalpy 

and entropy are elevated from bulk values by 96.5 kJ/mol and 115.8 J/mol-K, 

respectively [62]. XPS study on undoped ceria with similar electrode design has also 

suggested that the free energy of reduction at the ceria near-surface region is 2.09-

2.20 eV lower than in the bulk. Also, observed surface Ce3+ are more than two orders 

of magnitude larger than the bulk equilibrium values [60]. 

 

GDC surface vacancy concentrations change with reaction direction 

(oxidation or electrolysis) or cell bias (Vcell) as demonstrated in Figure 4.5. The 

vacancy concentrations increase as H2O electrolysis current increases, and decrease 
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as H2 oxidation current increases. In general, the vacancy concentrations change more 

significantly with current at higher T and/or lower PO2. This may be due to the 

increased electrochemical activity of the GDC surface with the higher electron 

mobility at these conditions.  

 

 

Figure 4.5. Model predictions on GDC surface vacancy percentage as a function of 

temperature and PO2. The figure also show surface vacancy percentage change as a 

function of current at each working environment. 

 

The model predictions on vacancy concentrations are not yet calibrated 

against experimental data on ceria spectra due to limited access to XPS facilities at 
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ALS. Further study and comparison the change of vacancy concentration could 

improve the model’s accuracy.  

 

 Intermediate surface species (OH-) associated with the H2/H2O reaction is 

further compared between model prediction and information extracted from XPS 

measurement as shown in Figure 4.6. During the H2 oxidation reaction (Vcell < 0), the 

OH- concentration on is smaller than at equilibrium (Vcell = 0). Measurable 

decrease/increase in OH- concentration for H2 oxidation/H2O electrolysis suggests 

that OH- participates in the rate-determining step for both directions. As illustrated in  

 

 

Figure 4.6. Comparison of model predictions on surface OH- concentration of 

Ni/GDC interface plotted in area percentage of the total O1s spectra with XPS results 

as function of Vcell at different operation conditions. 
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Table 4.4, the two-step charge-transfer reactions at the Ni/GDC interface create and 

destroy surface OH-
.  Specifically, the production rate of the OH- (GDC) is slower in 

the first step of the reaction, but consumed rapidly in the second step. 

 

The relation between OH- concentrations and the reaction rates is further 

studied. OH- area percentages from model prediction are plotted versus current in 

Figure 4.7. Slopes of OH- concentration change on H2 oxidation are sharper than 

changes on H2O electrolysis. The most significant drop at the same current magnitude 

is observed on PH2 = PH2O = 0.2 Torr at T = 570 °C.  Lower vacancy concentrations 

and mobility at GDC surface limit charge transfer at the Ni/GDC interface.  

 

Figure 4.7. Comparison of surface OH- concentration as a function of reaction rate 

from model results at tested PH2/PH2O ratio and temperatures. 
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Overpotenitals across the GDC/YSZ interface result from the oxide ion 

exchange at the two phases interface, and these overpotentials must be captured in a 

model. The oxide ion exchange is modeled simply as a single-step O2- charge transfer 

at the two-phase interface with reaction parameters shown in the Table 4.5. Initial 

forward reaction rate coefficient (A) is given in Table 4.5 for fitting the GDC/YSZ 

overpotential at 570 °C. For higher temperatures, ratios of forward reaction rate 

coefficient are used with Ea = 1.53 eV fitted from GDC/YSZ overpotential results in 

Figure 3.11b. 

 

Table 4.5. Initial GDC reaction mechanism and baseline kinetic parameters (570°C) 

Reaction 
A 

(mol, cm,s) 
 

∆  

(kJ/mol)

O YSZ GDC 	↔ YSZ O GDC  2×10-5 0.6 -97.4 

 
 

The model results on GDC/YSZ interface overpotential are similar to the 

analysis from the XPS O1s spectra as compared in Figure 4.8. Setting the charge-

transfer coefficient  = 0.6 can get the best fit to experimental data. This confirms 

that incorporating oxide ion from YSZ to GDC is relatively easier than in the opposite 

direction. It is clearly shown on the figure that slightly larger GDC/YSZ overpotential 

associated with H2O electrolysis at the same current magnitude, despite better overall 

electrolysis performance. Furthermore, slope of the overpotential curve of PH2O = 0.04 

Torr is lower than that of PH2O = 0.2 Torr at 620 °C. Even though effect of PO2 on 
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YSZ chemistry is minimal, further reduction of GDC bulk according to the lower PO2 

results in lower overpotentials on both directions. 

 

Information derived above provides a means to model the entire 

electrochemical cell performance. One of uncertainties of the GDC/YSZ 

overpotential fitting is that significant voltage jump from the GDC surface to the YSZ 

surface as shown in Figure 3.7. It is unclear how much the voltage change between 

two phases contributes to the charge-transfer reaction associated with the GDC/YSZ 

interface.  

 

 

Figure 4.8. Comparison of model results on Ni/GDC interface overpotentials as 

function of currents with XPS mapped surface electric potentials at different 

temperatures and PO2. 



 

 113 
 

Simulation results of thin-film GDC electrochemical cell performance are 

further compared to electrochemical characterization results in the experimental 

studies, as shown in Figure 4.9. The model result is able to capture effect of 

temperature on the overall electrochemical performance.  

 

 

Figure 4.9. Comparison of full thin-film SOFC model results with experimental 

IRbulk-corrected V-I curves at PH2 = PH2O = 0.2 Torr, at 570, 600 and 620 °C. 

 

In addition to Ni/GDC kinetic model on H2/H2O electrochemistry, effect of 

presence of carbonaceous species on the H2 oxidation rate is further studied below. 

The CO oxidation/CO2 electrolysis reaction rates are much slower than H2 

oxidation/H2O electrolysis as observed and discussed in the experimental sections, 

that H2 oxidation/ H2O electrolysis dominates the charge-transfer reactions. 

 



 

 114 
 

Presence of CO/CO2 lowers H2 oxidation or H2O electrolysis reactions rate 

because carbon-based species cover the active surface site for the reactions. In the 

XPS measurement, it is observed that CO3
2- is much depleted on the GDC surface 

while significant amount exists at the Ni/GDC interface. Thus, it can be deduced that 

stronger interaction of Ni with CO and CO2 mainly contributes to the decrease rate. In 

order to account for the competitive surface adsorption on the Ni surface, 

heterogeneous reaction mechanisms of CO and CO2 on Ni surface are further 

incorporated in addition to the H2/H2O kinetic model, as described in Table 4.6.  

 

Table 4.6. Heterogeneous reaction of CO and CO2 on Ni surface 600 °C [9]. 

Reaction A or  
Ea 

(kJ/mol) 

∆  

(kJ/mol) 

CO Ni ↔ CO Ni  0.5 0.0 -50 

CO Ni ↔ CO Ni  1×10-5 0.0 52.9 

CO Ni Ni ↔ CO Ni O Ni  3.2×1023 86.5 -61.1 

 

Similar to Ni surface heterogeneous chemistry, CO/CO2 reactions on Pt 

surface involve elementary reaction steps. A comprehensive surface reaction 

mechanism on Pt has been studied by Mhadeshwar and Vlachos describing H2 

oxidation, CO oxidation, and water-gas shifts reaction on the Pt catalyst [140]. The 

current study assumes H2/H2O reactions dominate the Pt/YSZ charge-transfer 

reaction and presence of CO/CO2 mixture only competitively adsorbs on the Pt 

surface, which lower the charge-transfer reaction rates at Pt/YSZ listed in Table 4.2. 

Surface heterogeneous reactions are incorporated, as described in Table 4.7. 
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Table 4.7. Heterogeneous reaction of CO and CO2 on Pt surface at 600 °C [140]. 

Reaction A or  
Ea 

(kJ/mol) 

∆  

(kJ/mol) 

CO Pt ↔ CO Pt  1 0.0 -42.6 

CO Pt ↔ CO Pt  0.195 0.25 69.8 

CO Pt Pt ↔ CO Pt O Pt  1.68×1019 110.5 34.2 

 

Figure 4.10 shows the model predicted results on CO/H2O reaction at 600 °C 

considering surface coverage effect on the charge-transfer reactions. Discrepancies 

between model predictions and experimental results are observed at large 

overpotentials. Discrepancies may be due to the model not capturing the WGS 

reaction. Other explanations may include contributions of  the Pt/YSZ interface, but 

limited data does not provide adequate measures for these phenomena. 

 

 
Figure 4.10. Comparison of initial model results with experimental IRbulk-corrected 

V-I curves at PH2 = PH2O = 2 Torr and PCO = PH2O = 2 Torr, T = 600 °C. 
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4.4 Conclusions 

In this chapter, elementary charge-transfer reaction pathways of H2/H2O 

reaction on the Ni/GDC electrode are established in order to understand the 

fundamental behavior of the GDC anodes in the IT-SOFC environments. A 1-D 

kinetic model based on elementary reactions is developed with incorporated 

thermodynamics properties and initial kinetic parameters. Results on both GDC 

surface species concentration and interfacial overpotentials are compared with 

experimental measurements. Consistency of model prediction with experimental 

result demonstrates that the kinetic model with proposed reaction pathways and fitted 

kinetic parameters is able to describe H2 oxidation and H2O electrolysis on GDC 

electrode between 570 °C and 620 °C.  

 

Effect of surface coverage carbon-based species on the H2 oxidation/H2O 

electrolysis is also studied. The model incorporated with the surface coverage of 

small carbon species predicts similar performance as in the experiment. Conclusions 

drew from this initial study is limited due to the small data sample, but a preliminary 

model for CO electrochemical oxidation developed in this chapter provides a 

framework for further exploring GDC electrode kinetics on CO oxidation. However, 

the slow CO electrochemical oxidation rates, which are around an order of magnitude 

slower than H2 electrochemical oxidation on GDC at temperatures of interest, may 

not be critical for multi-dimensional SOFC modeling where significant H2 is 

available either through direct H2 feeds or internal reforming of hydrocarbon feeds. 
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Chapter 5:  Three-dimensional Modeling of SOFCs with 

Ni/GDC Anodes 

 

The previous chapters investigated the fundamental kinetics of H2 oxidation 

on an idealized thin-film GDC electrode at typical IT-SOFC operation temperatures. 

The results suggest that the role of hydrogen spillover from the active Ni catalyst to 

GDC promotes charge-transfer reactions under low-temperature conditions when 

electron mobility of the GDC surface is low. In practical Ni/GDC SOFCs, the anode 

functional layers (AFLs) employ porous Ni/GDC composite structures that provide 

sufficient gas/Ni/GDC TPB to enhance fuel oxidation. The path through the porous 

anode support structures to active Ni/GDC AFLs supplies the fuel reactants and 

allows the removal of the oxidized products. The thicker porous support layer masks 

the electrochemically active functional layer from visual or spectroscopic 

measurements. Nonetheless, information on both the anode support and functional 

layers can be used to build multi-scale SOFC models that incorporate the physical 

transport in the gas and solid electrolyte phases and the chemical processes on various 

electrode surfaces.  

 

This chapter focuses on the development of and results from a three-

dimensional, non-isothermal SOFC model using computational fluid dynamics based 

in the COMSOL Multiphysics platform. The model utilizes simplified anode fuel 

oxidation kinetics based on Butler-Volmer expressions derived from the studies 
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presented in the previous chapters for the Ni/GDC composite electrodes. The 

performance of IT-SOFC with Ni/GDC-based anodes operating on H2 and CH4 

reformate fuels is evaluated. Effects of operating conditions, electrolyte thickness, 

and CH4 internal reforming on the cell performance are explored by studying a unit 

cell incorporating a single anode and cathode channels around an MEA with a porous 

Ni/GDC anode, a dense GDC electrolyte, and a porous LSCF/GDC cathode. 

Simulation results are used to evaluate stack performance by providing detailed local 

information such current density, temperature, and gas composition. Modeling studies 

on the GDC-based stack provide essential information for designing IT-SOFCs stacks 

[142]. 

 

5.1 Stack Model Development 

3-D stack model for a planar anode-support SOFC is developed and 

implemented in COMSOL Multiphysics (version 4.3a). The model simultaneously 

solves mass, species, momentum, electric charge, and energy balances in the porous 

anode and cathode, the dense electrolyte, and the gas-flow channels.  

 

To make the 3-D GDC-based SOFC simulation computationally efficient, a 

unit cell for the model domain, as illustrated in Figure 5.1, is defined which consists 

of single channel flows in each electrode with symmetry planes on the side surface.  

For the current study, the anode and cathode flows are arranged in co-flow. Some 

common assumptions are made for the model as listed here 

 external heat loss limited to the inlet and outlet planes; 



 

 119 
 

 ideal gas behavior; 

 uniform porous structures for the anode functional layer, the anode support 

layer and the cathode; 

 electrochemical reactions confined to anode functional layer and cathode; 

 electrochemical reactions modeled with single Butler-Volmer expression. 

 

5.1.1 Model Geometry 

The modeling for the GDC-based IT-SOFC stack used 10-20 μm thick 

GDC10 (Ce0.9Gd0.1O1.95) electrolytes which are effective for operation up to 650 °C. 

The model cell has Ni/GDC-based anode, and an LSCF/GDC composite cathode, 

schematically shown in Figure 5.1. A porous metal mesh layer is added between each 

electrode and interconnects in order to model stack in the experimental study using 

metal mesh for better current collection. In this study, the co-flow channel length is 

fixed at 100 mm equivalent to an actual stack size (10 cm × 10 cm). The channel 

length/width and length/height ratios are a typical size for an SOFC stack. Table 5.1 

provides information on key geometric parameters for both cathode and anode that 

are used in this study. Microstructure parameters are chosen from multi-dimensional 

SOFC modeling studies [143-145]. 
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Figure 5.1. Schematic of the single channel model used in current modeling study. 

 

Table 5.1. Geometric properties of the model cell electrodes. 

Geometric Parameters Anode Cathode 

Total porous electrode thickness 600 μm 20 μm 

Functional layer thickness 15 μm N/A 

Porosity 0.35 0.35 

Pore tortuosity 3.5 3.5 

Average pore radius 0.5 μm 0.5 μm 

Specific catalyst area 1×105 m-1 1×105 m-1 

Interconnect rib height 0.75 mm 0.75 mm 

Interconnect rib width 1.2 mm 1.2 mm 

Channel width 1.2 mm 1.2 mm 

Channel height 0.6 mm 0.6 mm 

Metal mesh thickness 0.7 mm 0.5 mm 
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5.1.2 Model Equations and Key Parameters  

In COMSOL modeling, the governing partial differential equations for species, 

momentum, charge and energy balances are applied to each subdomain. Each set of 

equations are solved numerically by applying appropriate boundary conditions.  

 

Gas transport and mass conservation 

The Maxwell-Stefan equation is used to describe mass diffusion and 

convection of the gases inside the fuel cell as follows [78, 146].   

∙ ∙
p
∙ ∙ ∙ 							 Eq. 5.1  

 
where  and  are gaseous species mass fraction and molar fraction respectively. Dkj 

is binary diffusion coefficient [147, 148].  is the source term. For H2 fuel, the 

source term is coupled with charge-transfer reaction in the AFL and the cathode, 

respectively. When CH4 reformate is fed to anode, the source term also attributed to 

internal reforming and water-gas shift reactions. 

  

In porous SOFC electrodes, the transport of gaseous reactants is also governed 

by porous microstructure properties. The effective binary diffusion coefficients in the 

porous media  are related to ordinary binary coefficient in the bulk as [149] 

 

																																																 Eq. 5.2  
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Momentum equations 

Momentum balance is considered in the flow channels and electrodes to 

account for depletion and generation of gaseous species during the reaction. The 

momentum equation is solved at these domains as follows [77, 78] 

∙ ∙
2
3

														 Eq. 5.3  

 
In the electrode, the momentum equation is modified in the form of the 

Brinkman equation, in order to account for transport phenomena in the porous media. 

∙
2
3

											 Eq. 5.4  

where K is permeability of the electrode. F is the volume force vector applied to the 

fluid due to the generation and depletion of the species during reactions. 

 

Heat transfer and energy balance 

During SOFC operation, some of the chemical energy is released as thermal 

energy during the electrochemical reactions in the electrode functional layers. Also 

non-electrochemical reactions such as internal reforming of methane in the anode 

support layer result in non-isothermal cell conditions, and thus thermal energy 

balances are necessary to solve the distribution of temperature T through the cell. 

Solving for T throughout the cell allows for the model to assess the effect of heat 

transferred through the cell boundaries to the environment. The general heat 

conduction equation is established to calculate the temperature distribution as follows 

, ∙ ∙ 																																 Eq. 5.5  
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where ,  and  are effective specific heat and thermal conductivity respectively 

of heat transfer media. Q is heat source within the cell.  

 

Heat generated during the fuel cell operation due to Ohmic, reversible and 

irreversible losses is referred as a source term in the heat equation. Regarding the 

negligible radiation heat exchange at IT-SOFC temperatures [150], the heat source is 

given to the anode functional layer, electrolyte, and cathode as  

	 ,

2
																																							 Eq. 5.6  

where ,  is the formation enthalpy of global H2 oxidation reaction. When CH4 

reformate is fed to anode, the heat source term also involves endothermic internal 

reforming and exothermic water-gas shift reactions. 

 

In the porous electrode, effective thermal properties are evaluated as 

∙ 1 ∙ 																																		 Eq. 5.7  

, ∙ , 1 ∙ , 																													 Eq. 5.8  

where g and s represent gas and solid phase respectively. Thermal parameters such as 

 and  are adapted from modeling studies on tubular SOFC and single-chamber 

SOFC [77, 147].  
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Electrochemical reactions 

During SOFC operation, H2 oxidation (R.1.3) and O2 reduction (R1.5) occur 

at the anode functional layer and cathode respectively. Concentration independent 

exchange current density expressions are derived from fitting button cell data [51]. 

The exchange current density expression are shown in Eq.5.9 and Eq.5.10 for anode 

and cathode respectively, 

, , ∗ exp
, 																																				 Eq. 5.9  

, , ∗ exp
, 																																		 Eq. 5.10  

The kinetics parameter for Eq. 5.9 and 5.10 are listed in Table.5.2. Exchange current 

densities from above expression and kinetic parameters are consistent with those in 

Duncan’s work ( ,  = 2.4 A/cm2 and ,  = 1.05 A/cm2 at T = 600 °C) [134]. 

 

Table 5.2. Kinetics parameter of exchange current density expression 

Kinetic Parameters Anode Cathode 

Exchange current density 

coefficient (A0) 
3.76×109 A/m2 3.52×1013 A/m2 

Exchange current density activation 

energy (E0) [135, 151, 152] 
0.9 eV 1.65 eV 

 
 

In the stack model, H2 and O2 concentrations decrease along the channel due 

to the electrochemical reaction at each electrode. Both catalyst surface heterogeneous 

chemistry and charge-transfer reactions depend on reactant concentration in the mass-
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action kinetic [9]. Exchange current densities on anode and cathode are rate-limited 

by the surface species at each electrode. Therefore, the exchange current densities are 

modified as concentration-dependent expression as follows for the anode [78, 150]  

,
,

.

,

.

exp
1.5

exp
0.5

				 Eq. 5.11  

and cathode 

,
,

. 0.5 0.5
									 Eq. 5.12  

 

Steam reforming and WGS reactions 

When SOFCs are fed with small hydrocarbons – most notably CH4 as part of a 

reformate feed, internal reforming of the CH4 (R.5.1) inside SOFC porous anodes 

enables the conversion of CH4 into H2 and CO. The CO can further react with H2O to 

form CO2 and H2 in the water-gas shift (WGS) reaction (R.5.2) 

CH H O 3H CO                                        (R.5.1)    

CO H O H CO                                          (R.5.2)  

              

Ni catalytic activity for the reforming reaction is well known, but the role of 

GDC on the steam-reforming and WGS reactions remain an active area of research. 

Study of the CO/CO2 reaction on thin-film Ni/GDC electrodes in Chapter 3 suggests 

that CO electrochemical oxidation is significantly slower than H2 oxidation. With the 

fast rates of WGS expected on Ni-containing catalysts, it is expected that CO will be 
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converted via WGS, and thus H2 oxidation will be the dominant electrochemical 

reaction in the Ni/GDC electrode. 

 

In this initial modeling, the anode internal reforming rate and forward reaction 

rate constant for R.5.1 are given in Eq. 5.13 and Eq.5.14. The reverse reaction rate 

constant can be determined from the equilibrium constant, which is defined as 

function of temperature [153]. The reforming rate can be expressed as 

, ∗
,

																				 Eq. 5.13  

where forward reaction rate coefficient 	 ,  is 

 	 , 	2359 ∗ exp 										  (Eq. 5.14) 

and equilibrium constant is 

, 1.027 10 exp 0.251 0.367 0.581 27.134 3.277  

           (Eq. 5.15) 

where 

	
1000
	

1																																							 Eq. 5.16  

And the WGS reaction (R.5.2) is also modeled with a forward rate and a 

reverse process based on the equilibrium constant 

, ∗
,

																				 Eq. 5.17  

where forward reaction rate coefficient 	 ,  is 
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, 0.0171 ∗ exp
103191

																						 Eq. 5.18  

and equilibrium constant is 

, exp 0.294 ∗ 0.635 ∗ 4.179 ∗ 0.317 						 Eq. 5.19  

 

The experimental study of CO/H2O reaction in Chapter 2 suggests that 

electrochemical oxidation of H2 slows with the presence of carbon-based species. 

Relatively slow CO oxidation on Ni surface results in significant surface site fractions 

of carbon species (ex. CO(Ni), CO2(Ni)) [103, 143]. The presence of carbon-based 

fuel, can lead to carbon deposition on the Ni catalyst surface although the presence of 

ceria-containing materials around the Ni has been shown to significantly mitigate this 

risk [154-156].  

 

Although little is known about how surface carbon species affect H2 oxidation 

rate, it is clear that charge-transfer reaction for H2 oxidation on Ni strongly depends 

on surface coverage of hydrogen, H(Ni). The availability of active catalyst surface as 

shown in Janardhanan and Deutschmann‘s work suggests a multi-step heterogeneous 

reaction mechanism for Ni catalysts. Most of the expressions are expressed in 

Arrhenius rate form and are dependent on the surface coverage [143]. Therefore, in 

this study, anode exchange current density is modified as 

, ∗ ∗ exp , 																														 Eq. 5.20 	 

where  is surface coverage of H on the Ni surface.  
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The surface coverage of H on the Ni surface can be calculated through 

elementary heterogeneous reaction mechanism as described Zhu et al [9]. In order to 

capture the surface coverage while maintaining computational efficiency, the model 

uses a simplified empirical expression by fitting the elementary heterogeneous 

chemistry predictions over the relevant range of experimental conditions given as 

follow 

	
/ /

1 / / 																													 Eq. 5.21 	 

where K1 and K2 are fitting parameters. The expression values are consistent with full 

CH4 chemistry results shown in Figure 5.2 with fitted parameters in Table 5.3. 

 

Figure 5.2. Comparison of simplified expression fitting to full CH4 chemistry in Zhu 

et al. [9]. 
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Table 5.3. Fitting parameters K1 and K2 in empirical expression for H surface 

coverage on the Ni surface. 

Temperature (°C) K1 K2 

550 4.050 38.000 

600 3.026 22.826 

650 2.649 17.856 

 

5.1.3 Leakage Current Modeling 

Although as an electrolyte material, GDC has good ionic conductivity 

between 550 °C and 650 °C, GDC also shows significant electronic conductivity at 

these temperatures when exposed to SOFC anode environments with PO2 < 10-20 bar. 

The electron flux through the GDC from the anode toward the cathode short circuits 

the oxidation reaction and drops the open-circuit voltage (OCV), thereby decreasing 

the cell efficiency [92, 157-159]. Modeling studies on the OCV drop with GDC 

electrolytes calculated the OCV drops with overpotentials from anode and cathode 

[134, 135]. Additionally, recent experimental studies have observed that H2 oxidation 

occurs with this internal circuit even at OCV conditions (iext =0) [160].  

 

The mixed ionic and electronic transport in bulk GDC impacts the voltage 

drop from theoretical OCV as well as electrochemical reactions. The model in this 

work captures the leakage current phenomena. Specifically, at OCV condition (iext 

=0), oxide ion fluxes from cathode to anode in the GDC phase while charge-transfer 

reactions take place at both anode and cathode and resulting electron (polaron) fluxes 

in the opposite direction as shown in Figure 5.3.  
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Figure 5.3. Schematic of the leakage current model: charge-transfer reactions take 

place at anode and cathode, oxide ion and electron flux internally at iext = 0. 

 

Oxide ion and electron transports within GDC electrolyte phase are governed 

by Nernst-Plank equation, which is the species conservation in the solid phase, 

∙ ϕ 																					 Eq. 5.22  

where  is concentration of three charge carrier V  (+2), Ce  (-1) and Gd (-1) in 

the GDC electrolyte.  is the source term due to charge-transfer reaction at 

anode/electrolyte (R.5.3) and cathode/electrolyte (R.5.4), respectively 

H 2Ce O ↔ H O V 2Ce 																						 R. 5.3  

2Ce O ↔
1
2
O V 2Ce 																										 R. 5.4  

In Eq.5.22,  is diffusion coefficient (m2/s) and	  is mobility (m2/V-s).   and ,  

are related as follows: 

	 																																																	 Eq. 5.23 	 
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Mobilities of ion and electron within GDC bulk phase are given by [53] 

, ∗ 10 . 	
																														 Eq. 5.24  

, ∗ 10 . 	
																											 Eq. 5.25  

Charge neutrality of the electrolyte phase is maintained at each electrolyte location by 

0																																															 Eq. 5.26  

 

Oxygen vacancies V  are created in conjunction with the ceria redox reaction 

in reducing environments, as indicated in R.5.3. Boundary condition of non-

stoichiometry of GDC is given by Eq.5.27 fitting to the bulk oxygen non-

stoichiometry data in Bishop’s work [55]. 

∆ ln 0																															 Eq. 5.27  

where ∆  is calculated based on the NASA polynomials calculated from enthalpy 

and entropy values. a and b are fitting parameters. The fitted expression is shown as 

follows  

log	 0.28log	
∆
4.11

																											 Eq. 5.28  

Initial results are compared with Bishop’s non-stoichiometry study, shown in Figure 

5.4. The fitted expression is able to capture the oxygen deficiency at the boundary of 

GDC electrolyte. The slight difference from the experimental results may due to 

defect interaction when degree of Ce4+ increases. 
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Figure 5.4. Comparison GDC non-stoichiometry from fitted expression for boundary 

condition with experimetnal result from Bishop’s wok. 

 
Modeling studies are performed for H2 fuel (97% H2 and 3% H2O) and CH4 

reformate (46.1% H2, 35.2% H2O, 4.4% CO, 8.3% CO2, and 6% CH4) at IT-SOFC 

operation temperature range (550 - 650 °C). The simulations study steady-state V-i 

relation, i.e. for a given external current (iext) through the boundary, a cell potential 

(Vcell) is calculated.  

 

Model simulations are performed in COMSOL MULTIPHYSICS using 

stationary solver to solve state space variables. The state variables include Yk (gas 

mass fractions), u (velocity field), P (gas pressure), T (temperature), (electrical 

potential in phase m), and Ci (concentration of charge species in the GDC).  
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Computational meshes are built up from 5 discretizations for each layer in the 

vertical y-direction, 10 discretizations across the width of domain in z-direction, and 

50 in the axial x-direction (coordination shown in Figure 5.1), all of which results in 

267518 state variables to solve. The computations are performed on a Windows Sever 

(24 GB RAM, 2.67 GHz, 64 bit, 8 processors). Total computation time for is 

approximately 1 h for each operating point (i.e. iext). 

 

 5.2 Model Results on H2 Fuels and Discussions 

5.2.1 Initial Results and Discussions 

Initial simulations with 97% H2 / 3%H2O under excess flow and isothermal 

conditions simulated button cell electrochemical performance at 550, 600, and 650 °C 

[51]. Model results on measured voltages at a selected external current density, shown 

in Figure 5.5, are consistent with the button cell tests at these conditions. The V-i 

curves for these conditions can largely be modeled as a straight line, but with OCV 

varying significantly at test conditions. Figure 5.5 demonstrates that the charge-

transfer reaction rate expression and proposed kinetic parameters is adequate to 

characterize GDC-based IT-SOFC performance. 



 

 134 
 

 

Figure 5.5. Comparison of electrochemical performance of the stack model with 

experimental V-i curves, at button cell conditions using excess H2 and air flows. 

 

The model further performs isothermal condition studies on OCV at 550, 600, 

and 650 °C to verify that the leakage current model is able to capture the electronic 

flux and OCV drops. The model inlet temperature, fuel composition and fuel 

utilization are listed in Table 5.4. 

 

Table 5.4. Baseline inlet condition of model simulation on H2 fuel 

Temperature 550 - 650 °C 

Composition 97% H2 and 3% H2O 

Stoichiometry Anode: 70% fuel utilization,   Cathode: λair = 4 at 1.0 A/cm2

 

3-D modeling results with H2 fuel are compared with detailed analysis of the 

GDC electrolyte OCVs as shown in Figure 5.6. The results suggest OCVs are 
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significantly lower than those of conventional YSZ-based high temperature SOFCs 

(>1.0 V), because the undesired leakage current in the GDC. The OCV of GDC cells 

exponentially decreases as the electrolyte gets thinner. Thinner electrolyte results in 

larger electrochemical potential gradient, driving oxide ion from cathode to anode, 

and electrons in the opposite direction. Increasing internal charge fluxes further 

increases overpotentials thus OCV drops.  

 

Figure 5.6. The leakage model is able to capture the open circuit voltage dope 

compared to Duncan’s work [135].  

 

For constant electrolyte thickness, higher temperature lowers OCV. This is 

because mobility of charges in the GDC bulk is largely enhanced by higher 

temperature, resulting in larger charge fluxes and higher degree of reactions at OCV. 

Another reason is that non-stoichiometry of GDC exposed to the anode increases, 

which further increases the electron flux. 
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Ionic current density (A/m2) vertically through the electrolyte is plotted in 

Figure 5.7. The study models GDC cell with 20 μm-thickness electrolyte at 600 °C at 

OCV condition. An average of 0.3 A/cm2 current density is shown on the electrolyte 

even with zero external load. OCV is thus lowered due to this Ohmic loss on ionic 

current as well as overpotential on the interface.  

 

Figure 5.7. Ionic current density (A/m2) across the electrolyte membrane, at OCV, T 

= 600 °C in the isothermal condition on H2 fuel. 

 

In addition to a lower OCV resulting in lower stack efficiency, the SOFC 

efficiency is deteriorated further by fuel consumption due to the leakage current. 

Figure 5.8 shows H2 molar fraction distribution along the cell and transverse the 

anode. Consumption of H2 is observed at the anode/electrolyte interface in the model 

prediction. Although there is no direct observation of H2 oxidization, measurable 

amount of water generation still evidences that the H2 consumption after nickel oxide 

is fully reduced. 
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Figure 5.8. 3-D plot of H2 molar fraction distribution in the stack anode, at OCV, T = 

600 °C in the isothermal condition on H2 fuel. 

 

The study is furthered to non-isothermal conditions in order to explore how 

both exothermic and endothermic reactions impact the temperature distribution and 

thus the stack performance. In addition to the reactions, the non-isothermal model 

also explores the effect of external heat transfer with an external heat-transfer 

coefficient hsurf up to 100 W/cm2/K at the channel ends. The non-isothermal model 

starts at inlet temperature Tin = 600 °C with H2 fuel. Again H2 molar fraction is 

plotted in Figure 5.9 at OCV condition. In comparison with the isothermal case 

(Figure 5.8), ~15% of H2 is consumed close to the electrolyte interface, which is 

much larger than the isothermal condition. Increasing H2 consumption suggests 

higher leakage current at non-isothermal condition, as shown in Figure 5.10.  
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Figure 5.9. 3-D plot of H2 molar fraction distribution in the stack anode at OCV, Tin 

= 600 °C in the non-isothermal condition.  

 

Figure 5.10 shows the polarization curve of the modeled stack in non-

isothermal conditions with cathode and anode inlet flows at 600 °C. Average 

electronic leakage current density (ie) at OCV condition (iext = 0 A/cm2) is close to 0.6 

A/cm2, twice the value at isothermal condition due to rise in temperature across the 

cell from heat release, which gives higher electronic conductivity of the GDC. The 

heat release is due to exothermic H2 oxidation with the OCV oxide ion flux to the 

anode. Figure 5.10 shows that increasing iext leads to lower leakage current densities 

ie.  When iext is 1.0 A/cm2, ie drops to 0 A/cm2. The decrease of leakage current is due 

to the vacancy decrease in the GDC electrolyte with the more rapid oxide ion flux 

across the cell as iext increases. This increases the effective PO2 in the GDC electrolyte 

resulting in lower electronic mobility. 
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Figure 5.10. External current density, ionic current density and electronic current 

density plotted in V-i curves for GDC stack with 20-μm-thickness electrolyte at Tin = 

600 °C. 

 

H2 and temperature distributions at 1 A/cm2 are plotted in Figure 5.11a and 

Figure 5.11b, respectively. At anode/electrode interface, H2 is almost depleted. Large 

H2 concentration gradient is shown transverse the anode. This may be due to low 

porosity and high tortuosity values used in this study as suggested DeCaluwe and 

coworker in their modeling work [73]. 

 

Temperatures rise ~65 °C down the channel is shown in Figure 5.11b. Even 

though increasing temperature promote gas transport and electrochemical reaction 

rate, thus the cell performance, large temperature gradients can increase thermo-

mechanical stresses on the cell layers and lead to delamination of interfaces or 
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cracking. CTE mismatches between the cathode and the electrolyte can leads to 

cathode degradation [161].  

 

 

Figure 5.11. 3-D plots of (a) H2 molar fraction distribution in anode and (b) 

temperature distribution (in K) in the stack, at iext = 1 A/cm2, Tin = 600 °C in the non-

isothermal model.  

 

5.2.2 Inlet Temperature and Electrolyte Thickness on OCV and Performance 

For SOFCs with GDC electrolytes, the OCV depends strongly on both the 
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operation temperature and the electrolyte thickness. Thus, the model is used to study 

the effects of inlet temperature Tin on electrochemical performance, as shown in the 

model V-i curves plotted in Figure 5.12. This figure shows the OCV drops to 0.86 V 

when Tin rises to 650 °C.  However, area specific resistance (ASR) is only 0.116 

Ω.cm2 at 650 °C, which is 1/3 of the ASR = 0.35 at 550 °C. 

 

Also it is clear from the figure that the ASR at 650 °C is lower than 600 °C, 

and the current density outperforms that at lower temperatures. Therefore, despite the 

higher leakage current at higher temperature that lowers the OCV, reducing Ohmic 

resistance by increasing temperature may deliver better performance at the high 

current density range. There is a trade-off between reducing Ohmic resistance and 

decreasing in lower OCV. 

 

Figure 5.12. Model prediction on electrochemical performance as V-i curves of the 

SOFC stack with 20 μm-thickness electrolyte, at Tin = 550, 600 and 650 °C. 
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The trade-off between reducing Ohmic resistance and decreasing OCV with 

reducing electrolyte thickness is shown in Figure 5.13. Reducing electrolyte from 20 

to 10 μm significantly lowers the OCV, but only slightly the ASR.  The reason for the 

small ASR improvement is that leakage current density ie increases significantly as 

shown in Figure 5.14. Even though the leakage current shrinks with increasing 

external current density, the leakage current is still approximately 0.5 A/cm2 at iext = 

1.0 A/cm2. 

 

Figure 5.13. Model prediction on electrochemical performance of different 

electrolyte thickness as plotted in V-i curves, at Tin = 600 °C.  

 



 

 143 
 

 

Figure 5.14. External current density, ionic current density and electronic current 

density plotted in V-i curves for GDC stack with 10-μm-thickness electrolyte at Tin = 

600 °C. 

 

5.3 Model Result on Methane-derived Fuels with Internal Reforming 

The stack model is also used to evaluate CH4 reformate (46.1% H2, 35.2% 

H2O, 4.4% CO, 8.3% CO2, 6% CH4) performance and compares it with 10 × 10 cm2 

GDC-based SOFC test results [160] as shown in Figure 5.15. Slightly lower OCVs 

are observed when compared to the H2 simulation with 20-μm-thickness electrolyte in 

Figure 5.12. The drop in OCVs may be due to either thinner electrolyte of the cell or 

slight leakage in this test. In order to capture the OCVs in the reformate tests, thinner 

electrolyte (12 μm) is used in the model simulation. Despite thinner electrolyte, the 

ASR is greater than that of H2 at the same temperature, possibly because the CO 

content in the anode functional layer, which lowers the activity of the anode catalyst 

as discussed in Chapter 4. Using surface coverage expression in Eq. 5.18 allows the 
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model to capture the effect of CO in the reformate stream on the electrochemical 

performance. 

 

Figure 5.15. Comparison of model prediction on electrochemical performance with 

experimental result of the 10 x 10 cm2 GDC-based cell using CH4 reformate feed at 1 

LPM fuel flow rate. 

 

The model is also used to predict the species distribution in the anode, as 

shown in Figure 5.16a and 5.16b for H2 and CH4 respectively, at Tin = 600 °C, iext = 

0.125 A/cm2. The H2 content decreases along the channel while the concentration 

gradient transverse the channel is relatively small. This is caused by constantly 

converting CH4 and CO into H2 by the internal reforming and WGS reactions in the 

anode support layer and function layer. Figure 5.16b shows that CH4 is almost 

depleted close to the electrolyte.  
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Figure 5.16. H2 and CH4 molar fraction distribution within the anode, at Tin = 600 °C 

and external current density iext = 0.125 A/cm2. 

 

With the leakage current increasing the fuel oxidation, fuel consumption is 

higher than the calculation from iext.  Figure 5.17 shows model prediction on exhaust 

composition compared with experimental measurement at iext = 0.125 A/cm2
.  

Measured H2 mole fraction in exhaust is lower than model prediction without 

considering fuel oxidation due to leakage current as suggested in (a) for H2 and (c) for 



 

 146 
 

CH4. Such discrepancies are enlarged at higher temperature because leakage current 

increases at higher temperature which increases fuel consumption. Including the fuel 

oxidation due to leakage current in the model provides much improved prediction of 

exhaust H2 and CH4 mole fractions as shown in (b) and (d). This further confirms the 

conclusion that charge-transfer reactions take place at OCV condition and the 

overpotentials associated with the reactions contribute to the OCV drop in addition to 

Ohmic losses. 

 

 

Figure 5.17. Comparison measured H2 and CH4 mole fractions in stack exhaust with 

model prediction. (a) and (c) without considering fuel oxidation due to leakage 

current. (b) and (d) considering fuel oxidation due to leakage current. 
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Temperature profiles for the entire cells operating with an anode inlet of 

reformate are shown for 600°C inlet flows. The results in Figure 5.18 show that 

temperature increase is small. Despite of lowering electrochemical performance using 

CH4 reformate, internal reforming alleviates the large temperature gradient as 

observed in H2 feed. The temperature slightly decreases and distributes evenly over 

the whole channel. 

 

Figure 5.18. Temperature (in K) distribution along the channel at Tin = 600 °C, iext = 

0.125 A/cm2 for CH4 reformate feed.  

 

5.4 Conclusions 

This chapter presents a 3-D IT-SOFC simulation with detailed physical and 

chemical processes for gas-transport, charge transport, interfacial reactions and other 

phenomena.  The model also incorporates variation of leakage current in electrolyte 

to predict GDC-based stack performance with H2 and reformate feeds. Initial results 

of the 3-D stack model show great consistency with experimental data and that the 
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leakage current modeling is able to capture the OCV drop from the theoretical value 

duel to the electronic flux across electrolyte membrane as well as fuel consumption 

due to the electronic current. The 3-D stack model can be used to investigate the 

species and temperature profile down the channel at different operation conditions 

from a cell and stack design point-of-view. 

 

The model results indicate the importance of operating conditions on the stack 

performance. Exploring temperature distribution in non-isothermal stack models 

helps to identify thermal management strategies to maintain good GDC electrolyte 

performance and to lower risk to thermo-mechanical degradation. The study also 

explores using reformate with internal reforming for maintaining relatively uniform 

temperatures across the length of the cell in order to achieve reduced temperature 

gradients and increased durability of IT-SOFCs long-term operations. The modeling 

framework provides a strong tool for exploring the potential of intermediate-

temperature SOFCs for operation on H2 and partially reformed CH4 through internal 

reforming. The model presented here establishes the basis for further detailed 

modeling studies on GDC-based SOFCs operating with a range of fuel composition 

and with various cell designs for stack performance assessment and eventually system 

design. 
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Chapter 6:  Conclusions and Outlook 

 

In this study, kinetics of H2 oxidation and CO oxidation on Ni/GDC 

composites as IT-SOFC anodes are investigated and applied in 3-D SOFC stack level 

modeling. The study provides a framework for continued study and design of GDC-

based anodes for IT-SOFC application. To this end, the study incorporates the 

following: 

 fabrication of thin-film GDC electrochemical cells and study electrochemical 

performances on H2/CO oxidation and H2O/CO2 electrolysis; 

 in operando AP-XPS to investigate change of surface potential and surface 

species concentration related to operation environments and working 

conditions; 

 development of a 1-D isothermal model to study kinetics of thin-film GDC 

electrode and comparison of model results with the experimental results to 

obtain thermodynamic and kinetic parameters for H2 oxidation on the GDC 

electrode; 

 implementation of a 3-D non-isothermal SOFC model to provide a framework 

for stack performance evaluation and design optimization. 

From these efforts, the role of GDC on fuel oxidation in Ni/GDC composite SOFC 

anodes is elucidated. The GDC surface catalytic activity largely depends on the 

polaron mobility on the GDC surface. With high polaron mobility, the GDC anode 

can extend fuel electro-oxidation to the surface region away from the Ni/GDC 
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interface. While for low mobility, the electrochemistry relies on synergic role of Ni 

surface which is limited close to Ni/GDC interface. 

 

6.1 Summary of Results 

6.1.1 Experimental Studies of Thin-film GDC Electrochemical Cells 

Chapter 2 describes the fabrication and electrochemical characterization of the 

thin-film GDC electrochemical cell at a range of PH2/PH2O and temperatures. The 

results from experimental studies suggest that catalytic performance of GDC surface 

is much enhanced at lower PO2, higher temperature, and cathodic current respectively 

due to increased surface vacancy concentrations. Comparison of polarization curves 

(IRbulk corrected V-I curves) between Ni/GDC and Au/GDC electrodes reveals that 

role of Ni on H2 spillover and charge-transfer reaction between Ni/GDC interface 

becomes more important when the GDC surface doesn’t have sufficient ionic and 

electronic motilities at T = 600 °C.   

 

Experimental study of the GDC electrode on CO/CO2 electrochemistry shows 

that CO/CO2 mixture delivers much lower performance, despite lower PO2 than 

H2/H2O mixtures with the same partial pressure ratio. This draws a conclusion that 

CO oxidation and CO2 reduction on GDC are much slower. Additional tests on 

CO/H2O mixture suggest water-gas shift reaction can quickly convert CO to H2 and 

enhance cell performance. However, presence of CO and CO2 still lowers rates of H2 

oxidation and H2O electrolysis. 
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Further studies are taken using ambient pressure X-ray photoelectron 

spectroscopy (AP-XPS) for simultaneous surface analysis and electrochemical 

characterization. The AP-XPS is a valuable technique for analyzing the GDC 

electrode surface during the electrochemical cell operation. Analysis of measurement 

provides qualitative and quantitative information on H2 oxidation and H2O reduction 

mechanisms of the thin-film GDC electrode. By analyzing the O1s spectra scanning 

across the Ni/GDC interface, GDC surface, and GDC/YSZ interface, changes of local 

surface potential associated with the reaction rate are acquired. The measurement of 

surface potential and interface overpotential relates charge-transfer reactions rate in 

term of current. Such a relation provides fundamental kinetic information on the 

H2/H2O reaction mechanism development. 

 

Plots of overpotential as measured by O1s peak shifts vs. current provide a 

basis for determining the nature of the H2 oxidation or H2O electrolysis. From these 

analyses, it is concluded that higher OH- concentration together with higher current 

on Ni/GDC interface than on Au/GDC at the same potential bias. This confirms that 

H2 dissociate adsorption on the Ni surface promotes the charge-transfer reaction. 

 

AP-XPS also initially characterizes CO/CO2 reactions on the Ni/GDC 

electrode. Analysis of the O1s spectra reveals much of CO3
2- concentration locates at 

Ni/GDC interface while the amount at GDC surface is small. The CO3
2- concentration 

at the interface suggests that charge-transfer reaction mainly occurs at Ni/GDC 

interface and CO3
2- is an intermediate species associated with the reactions. 
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6.1.2 Modeling Efforts in Assessing GDC Electrode in IT-SOFC Application 

Chapter 4 focuses on using simulation methods to develop a 1-D isothermal 

kinetic model for thin-film GDC electrode. Important kinetic parameters are 

estimated for H2 oxidation and H2O electrolysis on GDC electrode between 570 and 

620 °C. The results qualitatively agree with the experimental polarization curve. 

Reaction pathways and associated parameters are identified on the Ni/GDC interface 

and GDC surface. 

 

The kinetic model correctly predicts changes in electrochemical performance 

and surface OH- concentrations with varying PO2 and temperatures, which are 

consistent with those observed in XPS measurements. Consistent results verify the 

effectiveness of current kinetic model in describing H2/H2O reaction on Ni/GDC 

composite electrode. Furthermore, the model also predicts higher vacancy 

concentration at lower PO2 or higher T and increasing vacancy concentration with a 

positive voltage bias when H2O electrolysis occurs on the GDC electrode.  

 

Even though a more in depth understanding kinetics of the GDC interacting 

with CO/CO2 is not fully achieved in this study due to lack of quantitative XPS 

characterization, relation between surface coverage carbon-based species and 

exchange current density is proposed in this study. This relation is further formulized 

into an empirical expression that is used in 3-D stack modeling on CH4 reformate. 
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Chapter 5 extends this electrode kinetic study into SOFC anode application. 

Due to higher doping concentration (Ce0.8Gd0.2O1.9) in the kinetic study, the 3-D stack 

model employs more widely used GDC material (Ce0.9Gd0.1O1.95) with related kinetic 

parameters to perform stack simulation. The stack model provides a framework that is 

readily to input any kinetic parameter depending on component materials. 

 

The 3-D stack model with consideration of leakage current of the GDC 

electrolyte studies GDC-based stack performance with H2 and CH4 reformate feeds. 

Great consistency of model predictions with experimental data on OCV, V-i curves 

and exhaust compositions demonstrates effectiveness of the model. The model is able 

to investigate the species concentration and temperature profile down the channel at 

different operation conditions of the stack, rendering it a tool to evaluate the stack 

performance from a design’s perspective. 

 

6.2 Future Work 

A better understanding of effect of vacancy concentration change on electrode 

performance would further extend the scope of this study. AP-XPS has been proven 

to be a valuable technique for analyzing spectra of core-level elements. Thus, further 

studies are needed to develop a more quantitative AP-XPS measurement of surface 

reduction state of the GDC electrode.  

 

Furthermore, a good extension of current study involves the testing of a 

broader range of PCO/PCO2 and temperatures. The challenge faced in this study is 
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limited access to AP-XPS facilities. Data derived from these tests could be valuable 

to further study CO/CO2 and also expand the XPS studies to H2/H2O/CO/CO2 

mixtures to assess the impact of carbonaceous fuels on the behavior of GDC electrode 

in active electrochemical cells. Also, using higher beam energy to look at Ce3d and 

Gd3d spectra can obtain better quantitative information on the surface reduction state. 

 

EIS results on H2/H2O reaction at 600 °C suggest large impedance associated 

with low frequency, especially at lower temperature, high PO2 and H2 oxidation 

conditions. However, analysis of impedance spectra in current study is only limited to 

pull out Rbulk from the intercept of high frequency. Future study may use equivalent 

circuit model fitting to the impedance data to study kinetics of the thin-film GDC 

electrode. 

 

Other improvements to these experiments involve refining fabrication of the 

electrochemical cell. For example, XPS measurements indicate significant Si, likely 

coming from heating filament of MIT furnace or RF sputtering chamber, preventing 

the XPS measurement from obtaining high-resolution Ce4d spectra. Another 

improvement to these experiments is the Pt CE because Pt/YSZ interface in current 

study contributes a substantial overpotential portion of the total Vcell. 

 

While 1-D kinetic model predictions agree with experimental results to some 

extent, additional validation on simulated kinetic and thermodynamic parameters is 

needed to improve model accuracy. For example, the model results show high non-
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stoichiometry of ceria on the GDC surface and oxygen vacancy decreases 

significantly on anodic polarization. The discrepancies between surface reduction and 

bulk reduction of GDC are significantly affected by thermodynamics. The current 

study could be expanded by further comparing Ce3+ species concentration at related 

conditions. 

 

Moreover, one assumption made in the current kinetic model is that the only 

contribution of CO-related species is to cover active reaction site besides constantly 

converting to H2 and CO2 through WGS reactions. The CO oxidation/CO2 reduction 

is not well described in the model. Investigating CO/CO2 reaction kinetics is needed 

in the future. The combination of the H2 and CO mechanisms will represent an 

important milestone in developing hydrocarbons oxidation mechanisms in GDC 

anode of IT-SOFCs. 

 

As for the 3-D stack model, it provides detailed information on the local state 

variable during its operation. Parametric studies on the geometry (flow channel width 

and height), flow arrangement (counter flow or cross flow), flux rate (excess cooling 

air), etc. will provide more information on optimizing stack performance and 

operation stability. The stack information can be further used for component design in 

the power system. 
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Glossary of Symbols Used 

  Unit 
A Forward reaction rate coefficient parameter in Arrhenius 

form  
(mol,cm,s)

 Activity coefficients for species k  
 Standard-state activity coefficient for species k  
 Surface areas of the catalyst m2/m3 
 Permeability m2 
 Concentration of charge species mol/m3 
 Specific heat J/kg/K 

 Cerium on cerium lattice sites  
 One negative charge compared to normal cerium lattice  

 Charge diffusion coefficient m2/s 
 Binary diffusion coefficients m2/s 

 Electron  
 Exchange current density activation energy eV 

 Faraday constant C/mol 
∆ ̅  Standard-state Gibbs free energy of reaction kJ/mol 
∆ ̅  Partial free energy of formation (per mol oxygen atom) kJ/mol 
̅  Gibbs free energy of reduced ceria kJ/mol 
̅  Gibbs free energy of oxidized ceria kJ/mol 

̅  Excess free energy kJ/mol 
̅
@  Standard Gibbs free energy of oxygen kJ/mol 

Hsurf Heat exchange coefficient W/m2/K 

,  Hydrogen gas on anode  

,  Water in gas phase on anode  
 Exchange current density A/m2 

 External current density A/m2 
 Faradaic current density A/m2 
 Length of three phase boundary m/m3 

 Charge number association with charge-transfer reaction  

,  Gas-phase mass flux  
 Thermal conductivity W/m/K 
 Exchange current density coefficient A/m2 
 Backward reaction rate coefficient (mol,cm,s)
 Forward reaction rate coefficient (mol,cm,s)

,  Oxygen gas on cathode  

 Oxygen atoms on oxygen lattice sites  

,  Oxide ion in YSZ electrolyte on anode side  

,          Oxide ion in YSZ electrolyte on anode side  
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 Pressure Pa 
 Partial pressure of hydrogen Torr 

 Partial pressure of water Torr 
 Total pressure in the XPS chamber Torr 

 Standard state pressure bar 
 Effective partial pressure of oxygen bar 

 Heat source W/m3 
 Rate-of-progress of reaction i (mol,cm,s)
 Gas constant kJ/kmol/K 

 Bulk resistance ohm 

, ,  Gas-phase molar production rates per unit area  mol/m2/s 

 Temperature K 
 Stack operating temperature °C 

 Inlet temperature °C 
 Front and back surface temperature °C 

 Velocity m/s 
 Mobility of charge species m2/V/s 

 Cell voltage V 
 Open circuit voltage V 

 Theoretical open circuit voltage V 
 Oxygen vacancies  

 Oxygen vacancies concentration kmol/m3 
	  Malar fraction of gaseous species  

 Activity of species in the reaction  
	  Mass fraction of gaseous species  

 Charge number  
 
 

  

 Symmetric parameter of forward reaction  
 Symmetric parameter of reverse reaction  

 Symmetric parameter  

,  Surface species molar fractions  

,  Bulk species molar fractions  
 Overpotential associated with charge-transfer reaction V 
 Phase-shift angle  

 Fitting parameter of electronic conductivity S/m 

,  Electronic conductivity on anode side of electrolyte S/m 

,  Electronic conductivity on cathode side of electrolyte S/m 
 Ionic conductivity of electrolyte membrane S/m 

 Gas density kg/m3 
 Net stoichiometric coefficient of the reaction   
 Stoichiometric coefficient in backward reaction  
 Stoichiometric coefficient in forward reaction  
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 Frequency Hz 
 Viscosity of gaseous species Pa-s 
 Permeability of electrode m2 
 Porosity of electrode  
 Tortuosity of electrode  
 Electrical potential of phase m V 

Γ ,  Bulk density of solid phase (m) kmol/m3 
Γ ,  Surface density of solid phase (m) kmol/m3 

 Sticking coefficient  
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