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SUMMARY 

Solid Oxide Fuel Cells (SOFCs) are demonstrated energy conversion devices which 

directly convert chemical energy into electrical energy through high temperature 

electrochemical oxidation of fuels. Although more efficient than current energy production 

methods, there remain serious obstacles before these devices can be fully implemented into 

the modern energy infrastructure. Lowering SOFC operating temperatures to less than 600 

°C would expand the application of SOFCs while dramatically reducing system complexity 

and cost, but performance of these devices remains prohibitively low, and many corrosion 

mechanisms are exasperated under these conditions. Critically, the operation of SOFCs 

directly on hydrocarbon fuels has the highest potential for technological impact, but 

activity of state-of-the-art materials toward these fuels is relatively low compared to 

hydrogen, and SOFCs can quickly degrade due to the deposition of solid carbon (coking).  

To address these obstacles, this work focuses on two key issues in SOFC 

technology development: improvement of SOFC materials and advancement of SOFC 

characterization techniques. To address the first issue, a high performing SOFC is designed 

and demonstrated, uniquely suited for low temperature direct methane operation through 

the addition of an internal reforming catalyst layer. In situ spectroscopy was used 

extensively to evaluate the defect and surface structure of the reforming catalyst, directly 

relating the material structure to device performance. The second issue is addressed 

through the development of a testing platform for quantitative comparison of different 

anode surface coatings, as well as the design and fabrication of in situ equipment which 

increases the current testing capability of the SOFC community. 
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The key conclusions made in this work are that Ru and Ni can be substitutionally 

doped into a CeO2 host lattice, resulting in unique defect structures that enable a high-

performance, low-temperature SOFC internal reforming layer. Through the combination 

of in situ Raman spectroscopy and DFT simulation, the role of each dopant in the material’s 

performance was analyzed, with ionic Ru enhancing the defect structure and steam 

activation of the host lattice, and ionic Ni providing preferred sites for C-H bond activation. 

Through the fabrication of a patterned model cells, a new testing platform for Ni-SDC 

anode development was realized, allowing the quantitative comparison of catalytic and 

electro-catalytic activities of different materials coated on the anode surface under SOFC 

operating conditions. The applicability of this platform was demonstrated by validating a 

number of key assumptions, and comparison of several candidate anode coating materials.  

These conclusions build upon the current SOFC literature, and provide clear direction for 

future research. The Anode Reforming Layer (ARL) component has clearly shown it’s 

potential, and should be considered for more widespread SOFC application in lower 

temperature direct hydrocarbon SOFCs. The study of precious metal doped CeO2 for use 

in low-temperature SOFCs is warranted by the high performance achieved in this work, as 

well as the demonstration of in situ Raman spectroscopy as an effective tool for 

investigating these materials. Most interesting is the application of these materials not just 

as an anode reforming layer, but as an infiltrated catalyst layer, where they are likely to 

improve not only reforming reactions, but also electrochemical reactions. The embedded 

mesh Ni-SDC model cell, described in this work, is well-suited for both screening 

candidate catalyst coating materials and investigating mechanisms of electrode reactions 

using in situ analysis. By using model cells to optimize and study these infiltrated materials 



 xx 

first, the eventual application to anode-supported button cells will be less empirical and 

more efficient, as these model cells will provide more rigorous understanding of the effect 

of the material compared to traditional button-cell testing.  
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CHAPTER 1. INTRODUCTION 

1.1 Motivation of Work 

Modern energy production is transitioning away from traditional gas and coal fired 

plants to more efficient alternative forms of energy. There are clear incentives from an 

environmental, ethical, and commercial stand-point to develop new technologies which 

burn less fossil fuels, more efficiently, until renewable sources of energy can replace the 

current energy infrastructure. Fuel cells have high chemical to electrical conversion 

efficiency, with the potential to produce zero emissions (other than H2O). Solid Oxide Fuel 

Cells (SOFCs) are especially attractive, since they provide a transition technology, with 

the ability to run on the hydrocarbon fuels that power our current infrastructure, as well as 

the hydrogen fuel poised to be the foundation of the future energy infrastructure. Although 

the technology has already been implemented in the current marketplace, wide-spread use 

is limited by the relative cost. This cost is primarily caused by the high operating 

temperatures required by these devices (~800 °C – 1000 °C), which leads to several 

disadvantages such as expensive housing materials, accelerated corrosion, and slow start-

up times. This is especially disadvantageous for small-scale energy generation, or 

distributed generation, wherein large power plants are replaced by a larger number of 

smaller systems to reduce transmission losses, placed directly at the point of use 

(residential building or industrial campus). As distributed generation is expected to 

dominate the future energy landscape, there is a clear commercial and technological need 

to lower the operating temperatures of these devices, while retaining fuel flexibility and 

high performance. 
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This is fundamentally a materials science problem, as new SOFC materials must be 

designed with higher conductivity, stability, and activity at these proposed lower 

temperatures (<600 °C). Functional electrode coatings are an effective strategy to improve 

SOFC performance by increasing power output (catalytic activity, conductivity, surface 

area) as well as stability (physically isolate sensitive components from poisons, catalyze 

the chemical removal of poisons). Use of electrode coatings also accelerates device 

development, as the base architecture and manufacturing of the cell is left unchanged and 

only a single infiltration step is added to the process. SOFC development has been 

relatively slow, with commercial materials largely unchanged for decades. This is due to 

the chemical complexity of SOFC operation, wherein performance is affected by numerous 

competing factors in addition to material properties, including microstructure, material 

compatibility, temperature management, gas distribution, sealing, and fabrication. This 

leads to technological advancement largely through empirical evidence, rather than 

fundamental understanding and rational design of these systems. Therefore there is a 

critical need for improved characterization and cell testing techniques to better understand 

SOFC materials under operating conditions. Model testing platforms for isolating specific 

processes and interfaces are required to enable more targeted experimentation, and to use 

the more fundamental results to rationally design new materials for improved SOFC 

performance.  

1.2 Research Objectives  

1.2.1 Engineering Objectives 
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• Design and fabricate high performing direct methane SOFCs for lower temperature 

operation, focusing on new anode reforming layer materials 

• Demonstrate a model cell testing platform for intermediate temperature SOFC, 

focusing on the anode surface and anode surface coatings 

• Develop advanced operando characterization capability 

1.2.2 Scientific Objectives 

• Form structure-property relationships for high performing anode reforming layer 

material (co-doped Ru-Ni-CeO2) 

• Validate key assumptions of model cell testing platform, and use this platform to 

quantify fundamental properties of SOFC anode materials. 

1.3 Description of Dissertation Structure 

This dissertation consists of three main sections. First, Chapters 2 and 3 contain the 

relevant background information required to provide adequate context for the work, as well 

as descriptions of the technical approaches used in the described experiments. The second 

section, Chapter 4, describes the design and testing of a high performing SOFC which 

exhibits high performance on direct methane fuel at low temperatures, enabled by a novel 

catalyst layer composed of Ru and Ni doped CeO2. The third section, Chapter 5, describes 

the development of new characterization and testing capabilities for SOFC materials, 

namely a model cell for investigation of new catalysts on Ni-SDC anode surfaces, and the 

fabrication of an operando Raman testing chamber which enables testing of full SOFC 

button-cells. Finally, there is a brief section (Chapters 6 and 7), which contains the key 

conclusions and recommendations for future work, followed by an appendix which 
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includes preliminary data which was beyond the scope of the dissertation but may be useful 

to future PhD students continuing along this research direction.  
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CHAPTER 2. BACKGROUND 

2.1 Solid Oxide Fuel Cells (SOFCs) 

Fuel Cells are electrochemical devices that produce energy through oxidation and reduction 

reactions. The principle of operation is very similar to that of a conventional battery, the 

key difference being that the reactive species are continuously fed to the system, as a fuel, 

rather than being a limited and self-contained supply. Fuel cells are poised to replace 

traditional combustion based heat engines for energy production. They have no moving 

parts, produce clean exhaust products and are not bound by Carnot’s theorem and can 

therefore achieve very high efficiencies at low temperatures. 

There are a variety of fuel cell types available, as illustrated in Figure 1. This work focuses 

on Solid Oxide Fuel Cells (SOFCs), defined by their solid-state oxygen conducting ceramic 

electrolyte. SOFCs traditionally operate at higher temperatures (650 °C – 1000 °C) due to 

the high activation energies required for diffusion of oxygen ions through ceramic 

electrolytes. These temperatures add complexity and cost to these devices; components 

must be able to withstand these conditions and the accelerated corrosion that comes with 

it. Despite the extreme operating environment, SOFCs remain one of the most attractive 

class of fuel cells because of their all solid state construction, low-cost electrode materials 

requirements (Pt-free), and most importantly, fuel flexibility. Hydrocarbon fuels can be 

directly fed to SOFC anodes to create electrical energy, immediately applicable in the 

modern hydrocarbon fuel infrastructure. 
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Figure 1 – Anodic and cathodic reactions, standard reaction temperatures and 

diffusing species involved in the basic operation of common fuel cell classes. Figure 

adapted from Gur et al.1 

 

2.1.1 Operating principles 

For SOFCs to produce electrical energy, redox reactions must be coupled between the 

anode and cathode sides of the electrolyte. The fuel is oxidized at the anode, producing 

electrons and exhaust products (H2O in the case of H2 fuel). These electrons flow through 

a circuit to the cathode, where they reduce O2 to O2- anions within the ceramic lattice. The 

oxygen anions then flow through the electrolyte to the anode, where they react with the 

fuel and circuit continues. This flow of electrons can be harnessed to produce useful work. 

The cathodic and anodic reactions are written as 
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 1

2
O2 + 2e− →  2O2−  

(1) 

and 

 𝐻2 + O2− →  2e− +  𝐻2𝑂 (2) 

These devices are limited by their Nernst potential, the maximum reversible cell potential 

between the fuel and the oxidizing streams for a given composition. This potential is 

derived from the thermodynamic definition of work for a purely electrical system:  

 𝑊𝑒𝑙  =  𝛥𝐺 =  −𝑛𝐹𝐸 (3) 

Where Wel is the electrical work, ΔG is the change in Gibbs Free energy for the global 

oxidation reaction, n is the number of electrons transferred, F is Faraday’s constant (the 

charge associated with one mol of electrons), and E is the electrical potential of the cell. 

We can relate the Gibbs energy change to the fugacities of the reacting species by the 

relation:  

 

Where ΔG° is the free energy change at standard state pressure, R is the universal gas 

constant, T is temperature and 𝑓𝐷
𝛿 represents the fugacities and stoichiometries of the 

example reaction, αA + βB = cC + δD.  

By combining Equations 3 and 4 we arrive at the Nernst potential for this reaction 

 𝛥𝐺 = 𝛥𝐺0 + 𝑅𝑇𝑙𝑛(
𝑓𝐶

𝑐

𝑓𝐴
𝛼

𝑓𝐷
𝛿

𝑓𝐵
𝛽

) (4) 
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 𝐸 = −
𝛥𝐺 

𝑛𝐹

0

+
𝑅𝑇

𝑛𝐹
𝑙𝑛(

𝑓𝐴
𝛼

𝑓𝐶
𝑐

𝑓𝐵
𝛽

𝑓𝐷
𝛿

) (5) 

Or more generally, 

 

 𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

∏ 𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐹𝑢𝑔𝑎𝑐𝑖𝑡𝑦𝑣

∏ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐹𝑢𝑔𝑎𝑐𝑖𝑡𝑖𝑒𝑠𝑣
 (6) 

Applied to the anodic and cathodic reactions here, and assuming ideal gas behaviour, pH2 

 

 𝐸 = 𝐸0 +
𝑅𝑇

2𝐹
𝑙𝑛

𝑝𝐻2 ∗ √𝑝𝑂2

𝑝𝐻2𝑂
 (7) 

 

This value E is equivalent to the theoretical Open Cell Voltage (OCV) of the cell, the 

potential when no current flows through the cell (before the circuit is completed). 

Theoretical OCV can be calculated for different gas compositions and temperatures, based 

on the different electrochemical reactions that are taking place. For an SOFC operating in 

humidified H2 (3% H2O) fuel with ambient air (21% O2) as the cathode, the voltage at 600 

°C is calculated as 1.16 V.  

Once a circuit is completed and current begins to flow, the actual operating voltage is 

decreased by several irreversible losses, i.e. polarization. These losses are described by the 

overpotentials associated with various phenomena such as ohmic resistance to ion and 
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electron conduction, activation barriers for reactions at the anode or cathode, and mass 

transfer limitations. Polarization losses can also result from other, non-standard, issues 

such as poor lead connections, current leakages, or inadequate sealing between anode and 

cathode atmospheres. These losses can be summarized as: 

 

 
𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 − 𝜂𝑎𝑐𝑡,𝑎𝑛𝑜𝑑𝑒 − 𝜂𝑎𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝜂𝑜𝑡ℎ𝑒𝑟 

(8) 

The primary goal of the SOFC engineer is to maximize the power density of these devices 

by systematically identifying each cause of polarization and then designing new materials 

and architectures to decreases these losses.  

2.1.2 State-of-the-art SOFCs 

The state of the art SOFC is composed of three basic sections: porous anode support, dense 

electrolyte, and porous Cathode. The anode consists of a porous ceramic-metal composite 

(cermet) of nickel and Yttrium Stabilized Zirconia (YSZ). The nickel phase acts as the 

hydrocarbon reforming and hydrogen oxidation catalyst as well as the electronic conductor. 

YSZ is an oxygen conducting ceramic with reasonable ionic conductivity at temperatures 

above 800 °C and good stability while operating in syngas and hydrogen fuels. A dense, 

thin layer of YSZ also acts as the electrolyte. The porous anode is the thickest section of 

the device, providing high surface area and mechanical integrity in so-called anode 

supported cells. The state of the art cathode is a Mixed Ionic-Electronic Conductor (MIEC) 

Perovskite, e.g. LSCF ((La0.60Sr0.40)0.95Co0.20Fe0.80O3-δ)) which has high activity toward the 
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oxygen reduction reaction and does not require a secondary electron-conducting phase. A 

basic schematic of an anode supported SOFC is given in in Figure 2.  

 

Figure 2 – Modern SOFC anode supported cell architecture, operating in Hydrogen. 

Fuel enters the porous anode support (~700 μm thick), then as it reaches the 

electrochemically active regions near the electrolyte, the fuel is oxidized. The 

electrons produces from the oxidation of the fuel then flow through a circuit 

towards the cathode, where they reduce O2 to O2- lattice anions. These O2- anions 

flow through the electrolyte to the anode, and the circuit is complete. 

 

2.1.3 Intermediate and low temperature SOFCs 

The high operating temperatures of traditional Ni-YSZ based SOFCs make these energy 

systems inherently complex and expensive, requiring high temperature compatible housing 

and restricting their entry into the modern energy infrastructure. Significate effort has been 

directed toward Intermediate Temperature cells (IT-SOFCs), operating between 650 °C 
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and 850 °C and, more recently, Low Temperature cells (LT-SOFCs), which operate below 

650 °C.2 

Enabling these lower temperatures are new ceramic electrolytes with higher ionic 

conductivities. Gd and Sm doped CeO2 (GDC and SDC) represent the workhorse of this 

field due to their high conductivity, stability and ease of processing.3 A relatively new class 

of proton conducting perovskites, such as Yttrium doped Barium Cerates (BCY) or Barium 

Zirconates (BZY), have also shown promise for intermediate and low temperature SOFCs.4 

The activation energy required for proton diffusion is much lower than that for oxygen and 

therefore the ionic conductivity of these electrolytes is not as affected by decreasing 

temperatures. Of course, utilizing proton conduction modifies the fundamental reactions 

taking place at the electrodes. Rather than a flux of oxygen anions flowing toward the 

anode surface, hydrogen protons are instead drawn from the anode and water is formed on 

the cathode side. Interestingly, these materials have exhibited promising performance in 

hydrocarbon fuels at low temperatures, showing remarkable tolerance to coking and sulfur 

poisoning and therefore are the subject of intense research.5-7 Significant amounts of steam 

must be added to the fuel to enable coking resistance with proton conducting systems, in 

order to provide a source of oxygen required to form volatile oxidation products of carbon 

(CO2). 

Although great advancements have been made in IT-SOFC technology, operating 

temperatures remain prohibitively high, and power densities prohibitively low, for many 

applications.8,9 Therefore this remains a significant and competitive area of research for the 

energy community.  
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2.2 Characterization of SOFCs and SOFC materials 

2.2.1 Electrochemical testing 

Linear voltammetry is the most common technique for testing SOFC devices. The 

critical performance metric for these devices is the peak power density supplied by the cell. 

A well-engineered cell will have minimum polarization losses, resulting in a higher power 

output and a more effective device. In addition, the I-V-P curves (plots of voltage and 

power density as a function of current density) can illustrate the contribution of different 

polarization losses to cell performance under different current density regimes (Figure 3). 

 

 

Figure 3 – Predicted I-V (a) and I-V-P (b) describing the polarization behavior of 

SOFC devices. Figures adapted from Gur and Ghoniem et al1,10 
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For a galvanic system there are typically three polarization regimes. At relatively low 

current densities, the reaction rate is limited by the charge transfer polarization, 

representative of the activation energy barrier of the oxidation or reduction reaction. At 

higher current densities, the overpotential is sufficient for the charge transfer reaction, but 

as the current is increased the polarization due to ohmic losses also increases (by Ohm’s 

Law Vloss = I*Rohmic). Ohm’s law is a linear function, and therefore as this polarization 

dominates the I-V curve becomes linear. As the cell reaches peak possible current, the 

polarization due to mass transfer begins to dominate, as the reaction is occurring at a faster 

rate than the reactants and products can diffuse to and from the reactive sites, respectively.   

These regions are modeled by the well-known Butler-Volmer equation: 

 𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝛼𝑎𝑛𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑐𝑛𝐹𝜂

𝑅𝑇
)] (9) 

Where I is the applied current, η is the developed overpotential, I0 is the exchange current 

density, and αa and αc are the anodic and cathodic charge transfer coefficients, 

respectively.11,12 The number of electrons exchanged in the rate limiting step is represented 

by n, with F and R being Faraday’s constant and the ideal gas constant, respectively.  

Depending on the conditions of the cell, the Butler-Volmer relation can be simplified. For 

example, at low polarizations the exponential terms become linear (ex ~ 1+x as x→ 0) and 

a low-field approximation is made as 

 𝐼 = 𝐼0(𝛼𝑎 + 𝛼𝑐) (
𝐹

𝑅𝑇
) 𝜂 (10) 
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Additionally, if the overpotential is sufficiently large in one direction, one of the 

exponential terms becomes negligible, and the relation simplifies to: 

 ln (|𝐼|) = ln|𝐼0| + 𝛼
𝐹

𝑅𝑇
|𝜂| (11) 

In cases in which the mass transport of reactants and products to and from the active sites 

become rate limiting, the concentration polarization must be considered and the equations 

are modified as follows: 

 𝐼 = 𝐼0 [(1 −
𝐼

𝐼𝐿,𝑎
)𝑒𝑥𝑝 (

𝛼𝑎𝑛𝐹𝜂

𝑅𝑇
) − (1 −

𝐼

𝐼𝐿,𝑐
)𝑒𝑥𝑝 (

−𝛼𝑐𝑛𝐹𝜂

𝑅𝑇
)] (12) 

Where IL,a and IL,c are the limiting current densities for the anode and cathode reactions, 

respectively.  

Another crucial characterization technique is Electrochemical Impedance Spectroscopy 

(EIS), which provides more detail on the specific sources of polarization occurring in the 

system. Briefly, a small AC signal (~10 mV in amplitude) is applied to the cell and 

impedance is measured as a function of frequency. The phase of the sinusoidal current 

produced by the AC voltage will be shifted depending on the impedance of the cell. By 

separating the imaginary and real impedance values as a function of the signal frequency, 

one can deconvolute the capacitive and resistive type responses, which can yield 

information on the impedance contribution from different frequency dependent 

phenomena, reaction steps, ohmic resistances, or diffusion processes. Data are often 

presented in a Nyquist plot for this purpose, which plots the impedance value collected at 

each frequency as a vector on an imaginary coordinate plane. This results in one or more 
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loops or semicircles on the plot, which provides ready interpretation and deconvolution of 

the impedance. 

Circuit modeling can be applied to electrochemical systems by assigning proposed reaction 

steps to fundamental electrical components (e.g. resistors, capacitors, and inductors) 

arranged in a specific circuit. The most commonly used circuit model is a simplified 

Randles cell (Figure 4), in which a solution resistance RS is placed in series with a parallel 

combination of a capacitive element (either electrical double layer or a constant phase 

element) and a resistive element assigned to charge transfer. In addition, a resistive 

diffusion element (Warburg impedance) can be added in series with the charge transfer 

element, which represents polarization resulting from the flux of reactants to, and products 

from, the reaction sites. It’s important to note that there is no single unique equivalent 

circuit model that describes each spectrum so empirical models with the fewest elements 

possible often yield the most useful conclusions.  

 

Figure 4 – (a) Simulated impedance spectra of a simple Randles cell, illustrating the 

locations of the ohmic resistance (high frequency intercept of the x-axis), and the 

polarization resistance (difference between the high and low-frequency intercepts of 

the x-axis, (b) circuit diagram of Randles cell simulated in (a). 
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As the specific impedance resulting from various electrochemical processes are defined, 

EIS can be used to calculate activation energies for each process by collecting impedance 

spectra at various temperatures and applying the values to an Arrhenius relation in the form 

of: 

 R𝑝 = 𝑅𝑝,0exp (
−𝐸𝑎,𝑅𝑝

𝑅𝑇
) (13) 

 

2.2.2 Raman spectroscopy 

Raman Spectroscopy is a vibrational spectroscopy technique that relies on inelastic 

scattering of light correlating with the polarizability of the electrons in a molecule. As light 

interacts with a material, molecules are excited to higher energy states. Usually the 

molecules relax back to the same ground state (Rayleigh scattering), but some will relax to 

a slightly higher energy state than ground level (Stokes scattering), as illustrated in Figure 

5. This results in scattered light with a shift from the original wavelength to a higher 

wavelength (lower energy). By placing an edge filter between the scattered light and the 

detector, you remove the incident wavelength and only allow the shifted (higher 

wavelength, lower energy, Stokes shift) light to reach the detector. This is the Raman 

signal.  
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Figure 5 – Schematic of the change in vibrational energy states that result in Raman 

scattering (Stokes and Anti-stokes).13 

The intensity of the Raman signal is dictated by the polarizability of the molecule or bond 

scattering the light. Certain molecular vibrations will distort the electron cloud, allowing 

the electrons to interact (exchange energy) with the electric field of the incident light. 

Symmetric vibrations, such as C=C bonding, are very polarizable (distort the electron cloud 

during vibrations) and therefore often show very strong Raman bands. On the other hand, 

most asymmetric vibrations, such as the C=O bonding in CO2, do not distort the electron 

cloud during vibrations (are not polarizable) and therefore show weak or no Raman bands.  

Raman spectroscopy can theoretically be used with any laser wavelength, since it is the 

shift in frequency that correlates with the vibrational mode, rather than the specific 

adsorption frequency (as in IR spectroscopy). Still, the laser used does have significant 

effects on the Raman signal. The Raman signal intensity directly depends on frequency of 

the laser, as seen by the relation: 
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𝐼 ∝ 𝑁(𝜈0 ± 𝜈)4 ∑|𝛼𝑖𝐸𝑗|

2
 

(14) 

Where I is the Raman intensity, N is the number of molecules, νo is the incident light 

frequency, ν is the vibration frequency, α is the polarizability, and E is the electric field 

strength of the bond. The relatively large exponential term on the frequency variable 

predicts that even small changes can drastically increase the measured intensity, and 

therefore lasers with lower wavelength beams are often most attractive for Raman 

spectroscopy. High frequency (low wavelength) lasers can have drawbacks though, such 

as induced fluorescence and sample damage.  

There are many advantages of Raman spectroscopy compared to similar optical techniques 

(such as IR absorption). Transmission through the sample is not required, as the scattered 

light from a sample surface can easily produce enough signal. The flexibility in laser 

wavelength allows analysis through glass, enabling in situ and operando experiments. In 

addition, the very small spot sizes of modern lasers provide very high spatial resolution, 

critical for mapping experiments of sample surfaces.  
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CHAPTER 3. TECHNICAL APPROACHES 

3.1 SOFC device fabrication and testing methods 

3.1.1 Fabrication methods used for SOFC devices 

3.1.1.1 Tape-casting 

Tape-casting was used to fabricate large tapes of green ceramic (anode or cathode) using a 

doctor blade to control thickness. Slips were made by adding powders to Menhaden Fish 

Oil, Graphite (pore former), Xylene, ethanol, polyalkylene glycol (plasticizer), butyl 

benzul phthalate (plasticizer), and polyvinyl butryl (binder) in a 10 : 0.36 : 1 : 4 : 4 : 0.66 : 

0.34 : 0.62 ratio, where solvents were measured by volume and remaining components by 

mass. The slip was degassed in a vacuum oven for 10 min to avoid bubble formation before 

pouring the slip on the moving tape before the doctor blade. After drying at room 

temperature for >12 h the sheet was punched into the required size for the circular 

electrode. Cathode tapes were sinter-bonded to the electrolyte by depositing 30 μL of SDC 

suspension (1:4:20 ratio by mass of powder, V006 binder, and acetone), allowing to dry 

for 10 min, then softly pushing the tape against the electrolyte. The green tapes were fired 

to 1060 °C for 2 h to bond the electrode to the electrolyte. A similar process was also used 

for fabricating anode supports, firing the unsupported green Ni-cermet tapes to 1000 °C 

for 2 h. An image of the tape-caster and representative optical image of a green tape are 

shown in Figure 6. 
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Figure 6 – Optical images of (a) tape-caster used for anode support and cathode 

green body fabrication, (b) top-down image of tape after drying at room 

temperature for 12 h. (image courtesy of Dr. Yu Chen).  

 

3.1.2 Button-cell assembly and testing 

Button cells are the work horse of SOFC materials development. A large scale, 

commercially viable SOFC system is composed of a stack of planar or tubular SOFCs, 

which requires complex current collection, temperature management, and gas distribution 

systems. A button-cell is a small circular SOFC fabricated by dry-pressing or tape-casting, 

often between 10 mm and 25 mm in diameter. These cells can be easily sealed to the end 

of a similar diameter ZrO2 or Al2O3 ceramic tube, creating a controlled atmosphere on the 

anode side of the cell (inside the tube). These tubes are mounted into a simple compression 

fitting and can therefore can support and provide fuel to a single cell within a standard lab-

scale furnace. Silver wire is guided along the tube and connected to each electrode using 
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silver or nickel based conductive pastes. A simple compression fitting tee is used to provide 

input and exhaust to the cell, using a smaller diameter ceramic tube to provide fuel input 

directly at the anode surface. A schematic and example of the button-cell fixtures used in 

this work are shown in Figure 7.  

 

Figure 7 – (A) schematic of button-cell testing set up and (B) photograph of testing 

setups used in this work, including the Swagelok fittings which hold the input and 

exhaust lines.  

Although this is the simplest technique for testing SOFCs, there are some drawbacks. Fuel 

utilization is inherently low compared to stack-level systems, as not all of the fuel gas is 

confined to flow through the porous anode, and therefore not all of the fuel interacts with 

the active sites. Ambient air within the furnace is used for the cathode of the cell, which 

can yield lower power compared to flowing a controlled atmosphere over the cathode, 

especially if pure oxygen is used rather than the ~21% O2 present in air. Still, these devices 
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are the most simple and cost/time efficient strategy for testing new SOFC designs without 

the complications and cost of stack testing.  

3.2 Material synthesis and deposition 

3.2.1 Combustion synthesis 

In addition to standard solid state reactions of precursor powders, combustion synthesis 

was also used to make small batches of powders and doped catalysts. In this method, metal 

nitrate precursors are dissolved in an aqueous solution of a suitable chelating agent, e.g. 

Citric Acid, EDTA, or Glycine. This agent forms metal organic complexes with the cations, 

increasing their solubility. As the solution is heated a gel is formed and once a critical 

temperature is reached a violent combustion reaction is ignited. Since the nitrate species 

act as the oxidant, and chelating agents as fuel, the combustion can quickly each 

temperatures well above 1000 °C. 14 These brief, but extreme, high temperatures facilitate 

the formation of complex doped oxides without the use of high temperature furnaces and 

slow solid state reactions. Correct phase formation is assisted by the homogenous 

distribution of the cations within the gel, as well as the normalizing the decomposition 

temperatures of the metal precursors. If only metal nitrates are dissolved in solution, nitrate 

salts will simply precipitate during heating. Different Nitrates have dramatically different 

decomposition temperatures in air, therefore oxides will be formed at different times and 

multiple phases will be produced rather than a pure doped phase.15 Powders formed 

through this method have relatively high surface areas and nanoscale pore features and 

crystal sizes which makes them very effective for catalysis and low temperature sintering 
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Figure 8 – Simple illustration summarizing (a) the basic steps of combustion 

synthesis and (b) the solution infiltration of a combustion precursor solution 

Although well-controlled systematic investigations are rare, the most important factors 

controlling product morphology and phase purity are: choice of chelating agent, cation to 

agent ratio, and fuel to oxidant ratio.14,16 _ENREF_15Chelating agents with stronger 

affinity to all of the cations present, and those which can form complexes with multiple 

cations, provide the most phase pure products. The fuel to oxidant ratio controls the local 

temperatures reached during the combustion. According to propellant chemistry, fuel-lean 

and fuel-rich mixtures will be kinetically limited and will not allow for the rapid self-

promoting combustion that a stoichiometric mixture will have, and therefore will not reach 

the high temperatures necessary to form doped oxides.17 For the purposes of this work, an 

excel spreadsheet was used to calculate the required chelating agent to cation ratio for the 

ideal fuel-oxidant ratio, following the approach of Jain et al to calculate and balance the 

oxidizing and reducing power of each precursor. 18  

3.2.2 Solution Infiltration 
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Solution infiltration is a useful and popular technique for coating porous anode and cathode 

electrodes with functional metals and metal oxides. Readily available metal oxide 

precursors (e.g. Nitrates) and complexing agents (e.g. Citric Acid, Glycine, EDTA) are 

dissolved in a suitable solvent (in an identical approach as for combustion synthesis 

solutions) and deposited on the porous electrode. Often, a surfactant is added (e.g. 0.1% 

wt% Triton-X 100) to lower the surface tension of the solution and promote the complete 

wetting and infiltration of the porous structure. After drying, the infiltrated electrode is 

calcined to form the desired phase of the coating. 

 

Figure 9 – Porous electrode backbone (a) is wetted with solution of metal precursors 

and complexing agents (b). After calcination two coating morphologies are possible: 

discrete particles (c) and an interconnected film (d).Figure reproduced from Ding et 

al19 
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Although this may appear like a very straightforward technique, the structure and 

morphology of the film can depend on a number of factors. Phase purity, crystallite size, 

and porosity are determined by the kinetics of the decomposition of precursors during 

calcination. Coating morphology will depend on number of infiltration cycles, method of 

infiltration (submerged, vacuum assisted, injected), contact angle and solution viscosity. 

The performance of these infiltrated coatings is directly related to the structure and 

therefore deposition by infiltration must be well optimized in order to achieve high 

performances and great care must be taken in controlling morphology when comparing 

different chemistries.20-23 A representative coating morphology of one coating of 0.1 M 

infiltration solution is shown in Figure 10. 

 

 

Figure 10 – Cross-section SEM image of Ni-BZCYYb anode backbone near 

electrolyte showing the presence and morphology of doped ceria catalysts after 

infiltration and calcination of Nitrate precursor solution (Citric acid, 1.0 Fuel:Ox 

ratio). Catalyst are present as small nanoparticles as defined by the red arrows in 

the right-hand image 
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3.2.3 Physical Vapour Deposition 

Sputtering is a common thin film deposition technique that uses the combination of a low 

vacuum (~10-3 mbar) and high voltage to create a plasma over a target material. The ionized 

gas, typically argon, bombards the target material ejecting high energy free atoms. The 

vacuum conditions increased the mean free path of the ejected atoms, allowing a relatively 

conformal deposition of the target material on the substrate of interest. Both DC and RF 

voltages were used, for conductive and insulating target materials, respectively.  

A sputtering system custom built in the Liu group was used in this work, which has both 

DC and RF power supplies, as shown in Figure 11. Vacuum conditions are controlled 

through the combination of roughing pump, turbo (capable of 10-7
 mbar), and a mass flow 

controller. After pumping the chamber down, the MFC is used to set the appropriate 

amount of Ar to produce a strong plasma while controlling the mean free path of the ejected 

atoms. A lower pressure is often advantageous for sputtering of dense films, while higher 

pressures will introduce porosity and more roughness. For the conditions used in this work, 

the material deposition was uniform within ~4” diameter circle, which provided enough 

space for up to six samples to be sputtered simultaneously. Samples were generally coated 

while at room temperature, which is more likely to produce amorphous films, and therefore 

all coatings were annealed at 750 °C for 4 h before testing to ensure a crystalline phase had 

formed.   
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Figure 11 – (a) schematic of RF/DC sputtering system (b) optical image of 

sputtering chamber used in this work.  

 

3.3 In situ Raman spectroscopy 

3.3.1 Description of Raman system and Harrick in situ chamber 

A Renishaw RM1000 spectroscopy system equipped with both 633 nm and 514 nm laser 

sources was used in this work. Laser was focused on the sample through a Leica DM series 

microscope paired with a Prior Procscan II motorized stage. Several objectives were used, 

but primarily the 50x and 20x Olympus SLMPlan and LMPlan FL series, respectively, due 

to their relatively high numerical aperture and long working distance. The minimum spot 

sized achieved through the 50 x objective is ~1-2 um. A photograph of the beam path 

system is shown Figure 12.   
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Figure 12 – Photograph of Renishaw RM1000 used in this work with key optical 

components and beam highlighted.  

For in situ measurements, a Harrick Praying Mantis® high temperature testing chamber 

was used. This chamber provides a controlled atmosphere and direct heating of the material 

of interest, with a quartz window for optical access. Temperature of the sample was 

controlled via thermocouple and benchtop PID controller. A diagram of the device is 

shown in Figure 13. 
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Figure 13 – Schematic of Harrick Praying Mantis ®, showing input and output 

fittings, water cooling channels, and connections for thermocouple and heating 

element. Image adapted from Harrick product manual.  

These devices have been heavily used in the Liu group to study SOFC materials, most 

notably in the study of carbon and sulfur poisoning of Ni and Ni-YSZ cermet materials 

under SOFC relevant conditions. 24-26. Although critical insights have been gained from 

these works, these studies were limited to in situ conditions of temperature and atmosphere 

(H2 or hydrocarbon fuels). In order to observe phenomena occurring under true SOFC 

operating conditions, operando experiments are required which require a full cell to be 

mounted as a membrane assembly between the fuel and air. Under these conditions, a 

natural chemical potential is established and drawn current density will bring a flux of 

oxygen into the anode chamber, which is expected to modify the behaviour of the materials. 
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This possibility will be discussed further in Chapter 5, in the design and fabrication of a 

novel operando Raman chamber.  
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CHAPTER 4. DOPED CEO2 AS AN EFFECTIVE REFORMING 

CATALYST FOR DIRECT METHANE SOLID OXIDE FUEL 

CELLS 

This chapter outlines the design and development of a state-of-the-art SOFC capable 

of direct methane operation at temperatures as low as 500 °C. A critical component of the 

SOFC design was found to be a highly active Anode Reforming Layer (ARL), which 

enhanced the internal reforming in the anode, enriching the fuel with H2 and CO as it 

entered the electrochemically active regions of the anode support. The ARL was composed 

of CeO2 particles doped with ionic Ru and Ni, representative of a class of catalysts which 

show very high activity at relatively low temperatures by making use of precious metals 

stabilized in a cationic state within a CeO2 lattice. Special focus is given to the 

characterization of Ru and Ni doped CeO2 by Raman spectroscopy, and the effect of these 

dopants on the defect structure of the catalyst under operating conditions. Structure-

property relationships observed through in situ spectroscopy are used to support proposed 

reaction models. 

4.1 Introduction 

4.1.1 Hydrocarbon fuels in SOFCs 

One of the primary advantages of SOFCs over other fuel cells is their fuel flexibility.1 

Whereas Pt-based Polymer Electrolyte Membrane (PEM) fuel cells are quickly poisoned 

by the presence of CO, SOFCs can efficiently oxidize CO to CO2 without degradation. 
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Therefore, many current SOFC systems are run in series with an external reforming unit, 

where the hydrocarbon fuel is mixed with steam at high temperatures (~750 °C) to create 

H2 and CO, which is then piped into the SOFC stack. Alternatively, SOFCs have the 

potential to internally reform the hydrocarbon fuel, utilizing the H2O and CO2 exhaust 

products of the electrochemical reactions to drive the reforming reactions. Nickel is the 

primary component of the cermet anode and, in addition to being an excellent H2 oxidation 

catalyst, is very active for various reforming reactions. Compared to external reforming 

SOFCs, internal reforming SOFCs are more commercially attractive as they avoid the 

significant cost of the pre-reforming unit and water management system, and allow very 

high concentrations of hydrocarbon fuel to the be directly fed to the device without dilution.  

Due to its large domestic supply and developed infrastructure, natural gas (primarily 

methane) is the ideal hydrocarbon for internally reformed SOFCs. There are several 

possible reforming reactions for methane, such as Steam Reforming, Dry Reforming, 

Water Gas Shift, or Methane Pyrolysis: 

 
𝐻2𝑂 + 𝐶𝐻4 = 3𝐻2 + 𝐶𝑂 

(15) 

 
𝐶𝑂2 + 𝐶𝐻4 = 2𝐻2 + 2𝐶𝑂 

(16) 

 
𝐶𝑂 + 𝐻2𝑂 = 𝐻2 + 𝐶𝑂2 

(17) 

 
𝐶𝐻4 = 𝐶(𝑠) + 2𝐻2 

(18) 

The reforming products, CO and H2, can then electrochemically oxidized, by: 
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𝐻2 + 𝑂2− = 𝐻2𝑂 + 2𝑒− 

(19) 

 
𝐶𝑂 + 𝑂2− = 𝐶𝑂2 + 2𝑒−) 

(20) 

 
𝐶(𝑠) + 2𝑂2− = 𝐶𝑂2 + 4𝑒− 

(21) 

Although a number of reactions can be written for the direct electrochemical 

oxidation of CH4, these reactions are thought to be only minor pathways relative to the 

oxidation of H2.
27 Kinetics play an important role within the anode, the driving forces (ΔG) 

for the electrochemical oxidation of CH4 and CO are much lower than that of H2 and the 

H2 reaction is much faster, with less steps (oxidation of CH4 would theoretically be an eight 

electron process). Much of the surface area of the porous anode will also interact with the 

fuel before reaching the electrochemically active sites, increasing the probability that the 

methane is largely converted to H2 and CO before it reaches an electrochemically active 

site. For these reasons, it is common practice to expect the voltage of an internally reformed 

SOFC, regardless of fuel, is that established for the hydrogen equilibrium.  

The nickel component of the anode cermet can provide adequate reforming 

catalysis, but is prone to degradation by carbon deposition and is less active as the operating 

temperatures are lowered. The same properties that make nickel an effective reforming 

catalyst make it an excellent catalyst for the deposition of carbon by equation (18). The 

growth of solid carbon decreases the number of active sites, inhibits gas flow, and causes 

substantial mechanical stress on the cell. These affects have been mitigated by increasing 

the levels of steam in the fuel, towards compositions in which Carbon formation is not 

thermodynamically favored, but the excessive steam required (e.g. 3:1 Steam to Carbon) 
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comes with the unattractive drawbacks of fuel dilution and system complexity. Therefore, 

considerable work has been done in studying the carbon deposition mechanisms and 

identifying different materials which inhibit this growth and are therefore able to tolerate 

low steam gas compositions.  

The incorporation of reforming catalysts that can efficiently convert fuels to 

hydrogen, with higher activity and stability than the Ni component already present in the 

cermet anode, is an interesting strategy for direct methane SOFCs. Vernoux et al were the 

first to propose the strategy of Gradual Internal Reforming (GIR): adding a anode 

reforming layer optimized for hydrocarbon reforming before the porous anode support 

(Figure 14).28,29  

 

 

Figure 14 – Diagram showing the operating principle of gradual internal reforming 

by an Anode Reforming Layer (ARL). Products of electrochemical reactions diffuse 

into ARL layer where they drive reforming reactions. In this design, hydrogen 

should ideally be the only species reaching electrochemically active region. (Figure 

reproduced from Klein et al)30 
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The Ni-based anode is protected from coking due to large concentration gradient that is 

established across the anode and catalyst layers; the locally high concentration of steam 

produced near the electrochemically active regions prevents low steam:carbon ratio 

atmospheres from being established over the Ni component of the cell. Zhan et al generated 

renewed interested in this approach by demonstrating high performance and stability while 

operating dry octane fuels. This was accomplished by placing a layer of CeO2 supported 

Ru on top of a conventional anode supported SOFC.31,32 The anode reforming layer was 

effective enough to achieve power densities of 0.6 W/cm2 at 770 °C without significant 

coking, even with a relatively large hydrocarbon, octane, as fuel. A Ru/CeO2 reforming 

layer has since been utilized in a number of other direct hydrocarbon SOFC designs, where 

the ARL is consistently found to be critical for power density and cell stability.33-38 This 

strategy has demonstrated impressive internal reforming performance and the addition of 

active anode reforming layers to anode support cells is likely a requirement for next 

generation direct methane SOFCs.  

There are fundamental reasons that methane fueled SOFC exhibit higher performance at 

high temperatures. Relevant reforming reactions, as well as their Gibbs free energy 

changes, are given in Table 1, and the Gibbs free energy changes and equilibrium constants 

for each reaction are plotted in Figure 15.  
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Table 1 – Calculated Gibbs free energy changes for various methane reforming 

reactions, calculated with HSC 5.1 software.  

Name Reaction 

ΔG 

@200°C 

(kJ) 

ΔG 

@500 ° 

C (kJ) 

ΔG @ 

700 °C 

(kJ) 

Partial Oxidation (PO) CH4 + 0.5O2 = CO 

+ 2H2 
-118 -175 -214 

Boudouard Reaction (BR) 2CO = C(s) + CO2 -89 -35 0 

Water Gas Shift (WGS) CO + H2O = CO2 + 

H2 
-21 -10 -4 

Methane Pyrolysis (MP) CH4 = C(s) + 2H2 35 5 -16 

Reverse Bosch (RB) 
C(s) + 2H2O = CO2 

+2H2 
46 15 -4 

Steam Reforming (SR) 
CH4 + H2O = CO + 

3H2 
102 30 -20 

Dry Reforming (DR) 
CH4 + CO2 = 2H2 + 

2CO 
124 40 -16 
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Figure 15 – Gibbs free energy (a) and Equilibrium Constant (b) of relevant 

reforming reactions as a function of reaction temperature. Lines marked with ‘x’ 

represent gas phase reactions, lines with ‘o’ represent reactions occurring between 

solid carbon and the gas phase. SR= Steam Reforming, DR= Dry Reforming, 

WGS=Water Gas Shift, PO=Partial Oxidation, BR=Boudouard Reaction, 

MP=Methane Pyrolysis, RCGS=Reverse Coal Gas Shift or Reverse Bosch 
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It’s important to note the critical temperature near 650 °C, where the energy changes for 

many reactions reverse sign. The primary reactions which produce hydrogen from methane 

in internally reformed SOFCs (Steam Reforming, Dry Reforming, and Methane Pyrolysis) 

are only thermodynamically favored at high temperatures (>650 °C). This clearly 

demonstrates the inherent challenges facing internal reforming LT-SOFCs and acts a clear 

delineating temperature between intermediate and low temperature hydrocarbon SOFCs. 

 

At first glance, these calculations suggest that internal reforming of methane at these 

temperatures is very difficult, if not impossible. In fact, the well-known Sabatier process 

utilizes Ni catalysts to form methane from H2 and CO at ~350 °C, the exact opposite 

reaction desired in internally reformed SOFCs.39 Fortunately, in an operating SOFC 

chemical species are in flux through a membrane. Oxygen is added to the system through 

the SOFC electrolyte and the subsequent oxidation of H2 to H2O or CO to CO2. This will 

shift the equilibrium quotient, driving the reaction as long as the flux of oxygen remains 

sufficiently high, (by LeChetlier’s Principle). Modern catalytic membrane reactors have 

demonstrated this affect, by selectively removing the product from the reactor, the steam 

reforming reaction can indeed be driven to near completion at 500 °C (ΔG of +30 kJ).40  

In addition to different reforming conditions, the deposition of coke is also affected by 

decreasing temperatures. Traditionally, carbon deposition occurs in SOFCs by Methane 

Pyrolysis (eq 18), but the Boudouard reaction becomes favored at below 650 °C, and excess 

CO in the system may cause coking by: 
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2𝐶𝑂 = 𝐶𝑂2 + 𝐶(𝑠) 

(22) 

Carbon deposited at low temperatures is also expected to have a different structure than the 

graphite, carbon nanotubes and carbon fibers commonly seen at standard operating 

conditions. Deposited Carbon has been reported as encapsulating polymers at low 

temperatures, and materials that show coking tolerance at high temperatures may not 

possess the same resilience to coking by CO disproportion and polymeric carbon.41,42 

Identification of coke structure and deposition kinetics is critical to engineering coking 

tolerant anodes, therefore the relative lack of knowledge regarding low temperature carbon 

deposition in SOFC is a significant obstacle to LT-SOFC design.43 

Based on this thermodynamic analysis, the efficient transfer of species across the 

electrolyte and introduction into the gas phase is a critical requirement for internal 

reforming SOFC at low temperatures. Cathode activity and electrolyte conductivity must 

be high enough to facilitate this flux and shift the equilibrium in order to convert high 

percentages of the methane fuel. Once this high flux of oxygen is established in must be 

paired with a highly active reforming catalyst that can effectively utilize the flux of oxygen 

containing electrochemical reaction products in order to keep H2 and CO concentrations 

high enough for the cell to operate efficiently.  

4.1.2 Ionic precious metals as ARL catalysts 

Reforming catalysts have been identified for SOFC applications largely through traditional 

thermal catalysts techniques, such as flowing reactive gases through a fixed bed reactor 

and quantifying conversion and selectivity through Mass Spectrometry and Gas 
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Chromatography. Unfortunately, this does not represent the actual operating environment 

of the catalyst in a SOFC, especially at low temperatures where reforming reactions are not 

favored and therefore maximum methane conversion is limited by fuel gas equilibrium. By 

evaluating ARL performance during SOFC operation, the thermodynamic limitations on 

the catalysis are shifted by the flux of oxygen into the system or hydrogen out of the system. 

Drastically different conversion and reforming rates are expected during SOFC operation, 

and the gas composition near the active sites is expected to be much different than that of 

the final exhaust stream.  

At lower temperatures, it may be possible to make use of ionic precious metals, singly 

dispersed or doped within a CeO2 support. In contrast to the metal nanoparticle active sites, 

the ionic precious metals (e.g. Ru, Pt, or Pd) are present as single atoms, ionically bound 

to the Ce and O surface species or substitutionally doped into the CeO2 support bulk. Metiu 

et al found that ceria doped with 5% Ru was competitive with the best catalysts for 

methanation (the formation of CH4 from syngas), and proposed that the reaction occurred 

on the reduced Ce-Ru-O site. In addition, the dopant dramatically enhanced the Ce4+/Ce3+ 

reduction at lower temperatures relative to un-doped-ceria.44,45 M.S Hegde pioneered the 

work on what he has dubbed “Noble Metal Ionic Catalysts” wherein very small amounts 

of oxidized noble metals are doped into support lattices, including PtxCe1-xO2, PdxCe1-xO2, 

and RuxCe1-xO2.
46,47 He has shown that this class of catalysts can drastically increase the 

oxygen storage capacity of ceria, as well as introduce new active sites due to the highly 

electrophilic nature of oxidized noble metals and the mobilized oxygen vacancies near 

these dopants. Most interesting is the possibility of a synergy between the co-dopants, 

which would provide optimal performance with the least amount of the precious metal 
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dopants, which are often cost-prohibitive.48,49 Understanding the role of these dopants in 

the anode reforming layer will enable further improvements and facilitate the transfer of 

this relatively new class of catalyst into the SOFC field. 

4.1.3 Rationale of observed solubility of precious metals in CeO2 

The claim that precious or noble metals (e.g. Pt, Pd, Au, Ru, Ni) can be substitutionally 

doped into the CeO2 lattice requires explanation and verification, as most of these metals 

do not show any bulk solid solubility according to respective phase diagrams. Therefore, 

several works have reported extensive structural characterization of these materials to 

confirm that these atoms are indeed doped into the material, although the exact mechanism 

is still debated. Hegde et al was one of the first to report the ionic state of noble metals in 

CeO2, which was confirmed by combination of XRD, XPS, HR-TEM, and XANES 

analysis.50 They proposed that the mechanism for the observed solubility was due to an 

electronic interaction between the metal dopant and ceria redox couples, Mn+/M0 and 

Ce4+/Ce3+ respectively. In addition, they suggested that the relatively large difference in 

valence band energy between CeO2 and the ionic dopant limit the ability of electron 

exchange between the two species, effectively stabilizing them in the as-synthesized 

oxidation state. Several works by Acerbi et al and Metiu et al have supported similar 

explanations, in which the electronic interaction between the redox couple of the CeO2 and 

the noble metal stabilize the dopant in an ionic state under conditions which would 

normally cause it to reduce and precipitate as a metal.51 52 Interested readers can find more 

detailed explanations of this observed solubility in these references, as the specific 

mechanism for this stabilization was beyond the scope of this work.  
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4.2 Design of high performing low temperature direct methane SOFC 

From the above analysis, a high performing SOFC fueled directly by methane at 500 °C 

requires several components. First, in order to effectively reform the methane at the anode, 

the flux of oxygen to the anode compartment (baseline current density in H2) must be very 

efficient and therefore a thin electrolyte with high O2- conductivity must be used. In 

addition, the low operating temperatures will slow the kinetics of the oxygen reduction 

reactions occurring at the cathode, so a highly active cathode must be selected to overcome 

this cathodic polarization. The anode support must be able to remain stable under very low 

steam:carbon ratio atmospheres where coking reactions are favored. Once these factors are 

addressed, the cell must then be paired with a highly active anode reforming layer that will 

take advantage of the high oxygen flux to internally reform the methane into a H2 rich fuel. 

A schematic of the proposed design is given in Figure 16.  
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Figure 16 – Schematic of Low Temperature Direct Methane SOFC design. AFL, 

ASL and ARL represent Anode Functional Layer, Anode Support Layer, and 

Anode Reforming Layer, respectively. Figure adapted from publication, generated 

by Dr. Bote Zhao.53 

 

A highly engineered nanofiber cathode was fabricated according to recent advancements 

in low temperature SOFC cathodes done within the Liu group.54-56 An electrospun mat of 

PBSCF (PrBa0.5Sr0.5Co1.5Fe0.5O5+δ) fibers was chosen as the cathode material. PBSCF is a 

highly active double perovskite with high ionic and electronic conductivity at relatively 

low temperature (low activation energy for ORR and conduction), and recent studies 

performed in the Liu group have demonstrated the efficacy of the nanofiber architecture.57 

Sm-doped CeO2 (SDC) was chosen as the electrolyte material, due to its high ionic 

conductivity at low temperatures and commercial availability (it is a standard material for 

state-of-the-art IT-SOFCs). A significant drawback from using SDC as an electrolyte is the 

possibility of electronic conduction under reducing conditions, which can lower the OCV 
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of the cell to leakage current. To address this issue, the SDC electrolyte was paired with a 

Ni-BZCYYb (BaZr0.1Ce0.7Y0.1Yb0.1O3-δ) anode support material. The BZCYYb is well-

known to provide additional coking tolerance to hydrocarbon fueled cells and has the 

additional benefit of reacting with SDC during sintering temperatures to form a thin 

electron-blocking layer at the anode-electrolyte interface. 5,58,59 This blocking layer enables 

the cell to reach suitable OCV values and removes the deleterious effects of SDC 

electrolyte reduction. Due to the aggressive coking conditions at the anode, a Ni-BZZYB 

cermet was further protected with an infiltrated coating of SDC particles, which enhances 

the coking tolerance of Ni-based SOFC anodes. 

By using the highest performing materials set available for the baseline SOFC 

performance, as described above, the current densities may be large enough to drive the 

reforming reactions at the ARL even at relatively low temperatures (500 C). The remaining 

challenge was then to design a highly active anode reforming layer catalyst. After initial 

screening tests conducted in Prof. Franklin Tao’s group at Kansas University, a 

Ru0.05Ni0.05Ce0.90O2-δ catalyst was chosen as the ARL. The presence of the Ni-Ru-doped 

CeO2 catalyst was observed to be a critical component for both power density and stability 

under direct methane operation, as outlined in the following sections, and therefore is the 

focus of this chapter. Inspired by the high performance of the cell, advanced 

characterization techniques were used to form more detailed structure-property 

relationships for the co-doped catalyst, as well as to support proposed reaction mechanisms 

responsible for the observed performance. Suggestions for further development are given 

at the conclusion. 

4.3 Key hypotheses 
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1. Through incorporation of a co-doped Ru-Ni-CeO2 catalyst into a highly active 

SOFC design, efficient and stable internal reforming performance can be achieved 

at low temperatures (500 C). 

2. The defect structure of CeO2 is modified by the presence of ionic Ni and Ru, and 

these modifications in structure affect the catalyst properties and operating 

performance. 

3. There exists a synergy between doped Ruthenium and Nickel sites, where the 

ability of the Ruthenium dopant to enhance CeO2 reducibility drives oxygen 

vacancy H2O activation, whereas the affinity of the Nickel dopant sitefor C-H bond 

enhances methane activation. 

 

4.4 Fabrication of SOFCs 

SOFC devices were fabricated using methods optimized in previous works.5,60 

BaZr0.1Ce0.7Y0.1Yb0.1O3–δ (BZCYYb) powder was made through solid-state reaction of 

stoichiometric amounts of barium carbonate, zirconium oxide, cerium oxide, ytterbium 

oxide and yttrium. oxide (Aldrich Chemicals). Powders were mixed by ball milling in 

ethanol for 48 h, followed by calcination at 1,100 °C in air for 10 h. After calcination, the 

powder was ball milled again for another 24 h, followed by another calcination at 1,100 °C 

in air for 10 h. Ru and Ni doped CeO2 nanoparticles were synthesized according to a 

protocol adapted from Mai et al.61 In a typical synthesis, stoichiometric aqueous nitrate 

precursors were added dropwise into a 6 M NaOH aqueous solution with vigorous stirring. 
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Precipitation occurred immediately as solutions mixed, forming an opaque slurry. After 30 

min the slurry was transferred to PTFE lined Stainless-steel autoclaves and heated to 100 

°C for 24 h. After cooling to RT, the solid product was separated by centrifugation and 

washed with dH2O water until a neutral pH was observed. The product was then dried at 

80 °C for 12 h, ground into a fine powder in an agate mortar, then calcined at 400 °C for 2 

h in ambient air. 

Cell fabrication was accomplished by first tape-casting the anode support (50:50 wt% Ni: 

BZCYYb), as described in section 3.1.1. The green tape was fired at 1000 °C for 2 h, then, 

a higher surface area Anode Functional Layer (AFL) of NiO–BZCYYb (50:50 wt%) and 

an SDC electrolyte were sequentially deposited on the anode support by a particle 

suspension coating process followed by co-sintering at 1,400 °C for 5 h to densify the 

electrolyte and bond the anode support to the SDC. Electrospun PBSCF nanofibers were 

mixed with a V006 ink vehicle (Heraeus®) to form the cathode paste.57 After printing the 

cathode on the electrolyte surface, the cell was fired again at 950 °C for 2 h. SDC was 

infiltrated on the anode by dropping 20 μL of 0.1 M SDC nitrate aqueous solution. After 

drying, a single layer of the Ni0.05Ru0.05 Ce0.9O2 (similarly mixed with V006) was painted 

on the anode outer surface, forming an ~ 15 um thick layer after calcining. Finally, a 5 μL 

volume of 0.1 M Praseodymium Nitrate aqueous solution was infiltrated onto the fiber 

cathode surface. The cell with the anode infiltrate (SDC), ARL and cathode infiltrate 

(PrOx) was then co-fired at 800 °C for 2 h in air before mounting and testing on a standard 

button cell rig (as described in section 3.1.2).  
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An SEM cross-section of the final SOFC after fabrication is shown in Figure 17. The 

thickness of the electrolyte, cathode, and anode reforming layer were near the target 

thicknesses of 15 um, 50 um, and 40 um respectively.  

 

 

Figure 17 – SEM cross-section of (a) the anode/electrolyte/cathode interface and (b) 

of the ARL/anode interface (b). Figure adapted from publication.53 

 

4.5 Electrochemical performance of SOFC 

At the target temperature of 500 C, the optimized device achieved a peak powder 

density of 0.4 W/cm2
 at 0.5 V in H2, and 0.37 W/cm2 in CH4 (3% H2O). In addition, long 

term stability testing at 0.75 V showed complete return to baseline H2 performance after 

exposure to nearly dry CH4, and stable operation in CH4 for 10 days. The basic device 

performance is described in Figure 18. 
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Figure 18 – (A) P-I-V curve for representative SOFC in H2 and CH4 fuels. (B) Long 

term potentiostatic testing at 0.75 V including multiple fuel transitions from H2 to 

CH4. Figure adapted from publication.53 

 

This result represents a significant contribution to the current SOFC technology. The 

performance reported by a selection of recent works testing under similar conditions is 

shown in TABLE 
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Table 2 – Comparison of low temperature direct methane SOFC performance to 

similar works 

Cell Design 

(ARL/Anode/Electrolyte/Cathode) 

Fuel 

Composition 
Temp. (°C) 

Power 

Density at 

0.75 V 

(Wcm-2) 

Testing 

Time 

(h) 

Reference 

RuNiCeO2/ 

Ni-BZCYYb/ 

SDC/ 

PBSCF 

97%CH4-

3%H2O 
500 0.28 400 

This 

work53 

CeO2/ 

Ni-GDC/ 

LSCF-GDC  

20%CH4-

80%H2O 
500 0.12 NA 62 

Ru(1.5%)/ 

Ni-BZCYYb/ 

BZY20/ 

BCFZY 

28.6%CH4-

71.4%H2O 
500 0.1 200 7 

SDC-Ni0.95La0.05O/ 

SDC/ 

SDC-SCC 

97%CH4-

3%H2O  
500 0.15 0.75 63 

Ni-YSZ/ 

YSZ/ 

GDC-LSCF 

97%CH4-

3%H2O 
650 0.08 4 64 

 

To determine the contribution of the Ru-Ni-doped CeO2 catalyst, a comparison was made 

between cells with and without the anode reforming layer (Figure 19). The I-V-P curve of 

the ARL-containing cell shows significant peak power density increase in CH4 fuel, 0.14 

W/cm2 compared to 0.10 W/cm2. In addition, the I-V curve of the ARL-containing cell 
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shows a significant polarization loss at low current densities compared to the cell with the 

ARL, suggesting significant anodic polarization for the ARL-free cell. Clear differences 

were observed in the long term stability of the cells in methane, with the ARL-free sample 

degrading steadily in methane over 60 h until the cell became inoperable, while the power 

density of the ARL coated sample remained stable.  

 

Figure 19 – P-I-V curves (a) and long-term testing (b) of SOFCs with and without 

the Anode Reforming Layer. Figure adapted from publication.53 Note the difference 
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between data shown in fig 18 and fig 19 is due to the use of LSCF cathode rather 

than the electrospun fibers for the data shown in fig 19. 

Post mortem analysis of the high-performance cell confirmed that no carbon was deposited 

after long term testing. Figure 20 shows top-down SEM images of the high performing 

SOFC after 250 h of operation in CH4. Since the observation of coke can be subtle by SEM, 

a Ni-YSZ cell, representing the commercially available state-of-the-art anode material, was 

also run in CH4. After only 24 h of operation, the Ni-YSZ cell carbon fibers were clearly 

visible on the Ni phase of the cermet anode, whereas the ARL coated Ni-BZCYYb cell did 

not show any evidence of carbon deposition by SEM.  

 

 

Figure 20 – Cross-section SEM of ARL coated Ni-BZCYYb (a,c) and ARL-free Ni-

YSZ (b,d) after long term testing in H2 and CH4. Cross-sections were prepared from 

fractured samples. Figure adapted from publication.53 
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Raman analysis of the same two samples showed that the G band (1575-1620 cm-1) and D 

band (1355-1380 cm-1), indicative of graphitic carbon, were only observed on the Ni-YSZ 

samples after operation in CH4. The ARL coated high performing SOFC did not show any 

carbon peaks, in fact the spectra of an ARL coated high-performing SOFC was nearly 

identical whether the cell was operated in H2 or CH4.  

 

 

Figure 21 – Raman spectra collected from ARL coated Ni-BZCYYb (250 h) and 

ARL-free Ni-YSZ (24 h) anode support cross-sections after testing in H2 and CH4 

fuels. Figure adapted from publication.53 

As the anode reforming layer catalyst was identified as the critical component responsible 

for the high performance of the SOFC, and it is exposed to the most aggressive coking 

conditions (the lowest steam:carbon ratio occurs as the fuel enters the cell), coking on the 

ARL was a concern. Post-mortem XPS analysis of the catalyst (Figure 22) reveals two 
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important results. First, there was very little carbon signal (some adventitious carbon is 

expected for non-cleanroom samples) and the signal from the Ru and Ni active sites is 

clearly observed. If any carbon had been deposited at the active sites, the signal from the 

Ru and Ni would not be observed due to the high surface sensitivity of the soft-x-ray 

technique (only signal from the outermost 1-10 nm is detected by XPS). Therefore, the 

presence of clear Ru and Ni peaks confirm that no carbon was deposited during the cell 

operation. Second, the oxidation state of the Ru and Ni species remained cationic, even 

under the reducing conditions and relatively high temperatures of the anode; the oxidation 

state of the Ru and Ni will be further discussed in following sections.  

 

 

Figure 22 – High resolution XPS of the Ru0.05Ni0.05Ce0.90O2 anode reforming layer 

after 250 h of testing in CH4 fuel. (a) Carbon 1s region (b) Ni 2p region. Data 

collected by Yu Tang at Kansas University, figure adapted from publication.53 

 

Through SOFC device testing and basic post-mortem characterization, the following 

conclusions were made. First, this novel SOFC design (combination of PBSCF nanofiber 
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cathode, SDC electrolyte, Ni-BZCYYb anode, and Ru-Ni-CeO2 ARL) was indeed able to 

achieve remarkable SOFC performance for direct methane operation at the low temperature 

of 500 °C. Second, the most critical component was identified as the Ru0.05Ni0.05Ce0.90O2 

anode reforming layer, which dramatically enhanced both power density and long term 

stability. Third, there was no coking observed after testing on either the anode support or 

the ARL, which would experience the most aggressive steam:carbon ratio environment in 

the internally reformed cell. The performance of this device, and the critical nature of the 

ARL, necessitated the further characterization and mechanistic understanding of the Ru 

and Ni doped CeO2, which is the focus of the remainder of this chapter. 

4.6 Structural Characterization of Ruthenium doped CeO2 

4.6.1 Ex situ characterization of Ruthenium doped CeO2 

In order to understand the effect of each dopant the influence of Ru and Ni were 

investigated separately and compared. Ruthenium, being the most expensive dopant, and 

the most correlated with the high performance of the cell was investigated first. 

The crystal structure and phase purity of Ruthenium doped powder were first investigated 

by X-ray Diffraction of the powders, using a zero-background plate and a 10% mass 

loading of Tungsten powder as a convenient reference. A large window scan (Figure 23) 

shows broad peaks corresponding to a nanocrystalline Fluorite structure (CeO2) as well as 

very sharp peaks resulting from the tungsten reference (here marked with the ‘#’ symbol). 

The XRD data suggest a single-phase material is produced, due to the absence of RuO2 

(rutile) or Ru (HCP) metal peaks in the scans. A higher resolution scan of the 2θ region 

including the highest intensity peaks for RuO2 is also shown, with no evidence of RuO2 
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signal even at the relatively high 10% Ru doping composition. One would reasonably 

expect that there would be a peak shift after any substitutional doping, and therefore high-

resolution scans of the high 2θ region are included. Indeed, there is a small shift to higher 

angles as the Ruthenium content is increased. A shift to higher 2θ corresponds to a decrease 

in spacing (by Bragg’s law), which is expected from addition of the relatively small 

Ruthenium cation. The results of a Reitfeld refinement of (courtesy of Ryan Murphy) the 

spectra show a shift from 5.413 Å to 5.402 Å for 0% Ru and 10% Ru, respectively.  



 56 

 

Figure 23 – X-ray Diffraction spectra of RuxCe1-xO2 collected using zero-

background sample holder and tungsten reference powder (10% by mass loading, 

indicated by “#”). Low (A) and High (B) resolution scans of Ru0.10Ce0.90O2, showing 

the presence of Fluorite (CeO2) peaks, with no observation of RuO2 rutile phase 

(35.0 °2θ). (C) High angle peak shifting as a function of Ru content, normalized to 

W peak position. 
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TEM analysis was also used to probe the composition and structure of the RuxCe1-xO2 

particles. As shown in Figure 24, the majority of the particles were present as nanocubes, 

with the (100) facet exposed, although several smaller polycrystalline aggregates were also 

observed. Most importantly, no metallic Ruthenium or rutile RuO2 secondary phases were 

observed on any of the particles. Energy Dispersive Spectroscopy (EDS) mapping shown 

in Figure 24(b-d) shows a homogeneous distribution of Ru throughout the particles, further 

suggesting the successful substitution of Ruthenium into the CeO2 fluorite structure.  

 

Figure 24: (A,B) representative TEM images of Ru0.05Ce0.95O2 particles, (C, D) EDS 

spectrum and corresponding map collected from particle in (B), the green color in D 

is indicative of Ruthenium signal. Note that the Cu signal is from the Cu grid TEM 

support, not the sample. All scale bars are equivalent to 10 nm. 
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XPS analysis of the as-synthesized Ru doped CeO2 sample is shown in Figure 25. Clear 

peaks corresponding to Ce, O and Ruthenium are easily observed on the sample surface, 

as well as a small peak from the Silicon substrate which was used to reference the peak 

positions. The adventitious carbon peak at 284.6 was not chosen as a reference due to the 

overlap from the Ruthenium 3d electron signal. The ratio of Ce:Ru atoms for a 5%-doped 

sample was measured as 83:17, which suggests an enrichment of Ru atoms near the surface 

of the particles.  

 

Figure 25: X-ray photoelectron Spectroscopy analysis of Ru0.05Ce0.95O2 samples, 

(A) survey spectra of Ru0.05Ce0.95O2 sample (B) High resolution scan of Ru 3p region 

(C) overlay of Ru0.05Ce0.95O2 3d scan and reference 3d for Ce4+ (D) high resolution 

scan of O1s region, deconvoluted to show contribution of metal-oxygen bonding 

(red) and metal-hydroxyl bonding (blue).   
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The oxidation state of the Ru is clearly ionic, with a Ru3p binding energy 2.9 eV higher 

than metallic Ruthenium (464.1 eV compared to 461.2 eV, see Figure 25b). According to 

Morgan et al,65 this value is most similar to the Ru3+ oxidation state present in Ru(OH)3 

(see values in Table 3). 

Table 3: Measured and reference values for Ruthenium electron binding energies 

 

High resolution scans of the Cerium 3d peak shows that the Cerium atoms are largely in 

the 4+ oxidation state (Figure 25c). This will be referenced in later Raman analysis 

explaining the presence of intrinsic oxygen vacancies observed in the material. The O 1s 

peak shows two distinct features: the peak at 529.5 eV corresponds to the Metal-Oxygen 

bonding, and the presence of a broad peak at 532.35 eV suggests the presence of strongly 

bound H2O and OH groups. This suggests the Ru-doped material shows a strong affinity 

toward water, as the H2O is not desorbed even under UHV conditions (<10^-8 Torr).  

The cationic state of the Ruthenium dopant remained stable under operating conditions. In 

situ XANES and XPS spectra of the Ruthenium dopant, collected under steam reforming 

atmospheres (97% CH4 3%H2O) are shown in Figure 26. Clearly, the local bonding of the 

Ruthenium is dissimilar to that of the metallic reference, and the binding energy is 

significantly higher than that reported for the metallic state. Note that the shift in binding 

energy between 200 °C and 450 °C is due to the removal of bound hydroxyl species.  
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Figure 26 – (A) XANES spectra of Ruthenium doped CeO2 and reference 

Ruthenium metal foil collected 200 °C under 97% CH4 3%H2O directly after testing 

at 500 °C. (B) Ambient Pressure XPS spectra of Ruthenium 3p collected at various 

temperatures under 97% CH4 3%H2O, with the B.E. of Ruthenium metal indicated 

by the dotted red line. Data collected by Yu Tang at University of Kansas, figure 

adapted from publication.66 

 

4.6.2 Raman analysis of Ruthenium Doped CeO2 

Raman is ideally suited for the study of CeO2 based materials due to the well-

defined and highly active vibrational modes present, and the sensitivity of these vibrational 

modes to the CeO2 defect structure. The peak assignments used in this work rely heavily 

on the analysis of Nakajimi et al, who provided one of the initial and most highly cited 

fundamental analyses of the Raman spectra for CeO2.
67 The most intensive signal, a peak 

at 465 cm-1, originates from the F2G mode of M4+O8 vibrations within the fluorite lattice, 

representing the oxygen atoms around a Ce4+ cation with Oh symmetry. Two other 

important peaks originate at slightly higher wavenumbers resulting from defects in the 

fluorite structure; the α-peak is due to VO
**

 formation and a VO
**O6-type configuration (also 
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Oh symmetry), and the β-peak results from the Mn+O8-configuration which does not include 

an oxygen vacancy but includes a cationic dopant where n is less than four. As CeO2 is 

reduced to CeO2-δ, VO
**

 and Ce3+ species are formed, therefore the combination of the α 

and β peaks are commonly referred to as a broad ‘Defect’ peak, which is used as a 

measurement of the defect density of the CeO2, as a ratio normalized to the F2G peak 

intensity.68,69 Trivalent dopants (e.g. Sm3+, Y3+, Gd3+) are often added to increase the 

concentration of extrinsic oxygen vacancies in CeO2, as the concentration of these dopants 

increases, the intensity of α and β peaks will increase, since each M3+ dopant requires the 

formation of an oxygen vacancy to satisfy the electroneutrality of the lattice. A 

representative Raman spectrum is shown in Figure 27 of CeO2 and 20% Sm-doped CeO2, 

in order to illustrate these fundamental Raman peaks.  
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Figure 27: Representative spectra for polycrystalline CeO2 (black) and 

Sm0.20Ce0.80O2 (red) powders with illustration of key vibrational modes. The 

deconvolution of the characteristic defect “D-band” into it’s constituent α and β 

peaks is highlighted in (B). 

 

The Raman spectra for CeO2 particles with increasing Ruthenium dopant concentration are 

shown in Figure 28. In addition to the F2G peak and α/β defect peaks, there are several new 
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spectral features observed as Ruthenium is added. at ~329 cm-1, ~702 cm-1, and ~970 cm-

1. These features are not consistent with any possible secondary Ruthenium oxide phase, 

such as RuO2 (522 cm-1, 635 cm-1, 703 cm-1), RuO3 (822-881 cm-1), or RuO4 (380-440 cm-

1).70,71 In addition, a reference RuO2 spectra was collected and compared to the Ru-doped 

CeO2 spectra (under identical conditions) and intensities measured for the RuO2 reference 

were negligible compared to the Ru-doped CeO2 associated peaks. Therefore, the 

additional peaks present in Ruthenium doped CeO2 can be assigned to structural distortions 

caused by the introduction of the Ruthenium into the CeO2 fluorite lattice.  
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Figure 28 – Raman spectra collected for CeO2 nanoparticles with Ruthenium 

dopant concentrations ranging from 0 to 10%. Spectra collected with 514 nm laser 

at 14 mW and normalized to the F2G peak maximum. Spectra represent the average 

of signal from at least four separate locations on the powder sample. 

 

These peaks have also been observed in the few other works which have used Raman 

spectroscopy to analyze Ru-doped and CeO2 supported Ru catalysts showing Strong Metal 
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Support Interaction (SMSI).72-75 These works have attributed these bands to bonding 

between the Ruthenium and Ceria, the band near 700 cm-1 is ascribed to the asymmetric 

stretching of Ru-O-Ce bonds, which occur when Ruthenium is substitutionally doped into 

a Ce4+ site or supported as a single atom on the CeO2 surface. The Ru associated peak 

between 940 and 980 cm-1 is not well defined but has been associated with the formation 

of surface peroxide groups, which can be stabilized at mobile oxygen vacancies or bridged 

between surface Ce and Ru cations. It is possible that the peak at ~700 cm-1 is related to 

the CeO2 β peak, since the relatively lower mass of the Ru3+
 cation would be expected to 

shift the M3+O8-type vibration to higher wavenumbers, compared to Ce3+ or the heavier 

trivalent dopants (e.g. Sm3+) mentioned above. The observation of a D band (α and β peaks 

between 540 cm-1 and 600 cm-1 concurrent with the 700 cm-1 and 980 cm-1 shows that the 

presence of Ruthenium in the lattice results in the formation of extrinsic oxygen vacancies, 

suggesting that the oxidation state of the Ruthenium is less than four, or that the presence 

of Run+ in the lattice causes the reduction of Ce4+
 to Ce3+. For the remainder of this work, 

the Raman band at ~700 cm-1 will be labeled as “Ru(x+),” and the band at ~980 cm-1 will 

be labeled as “surface oxide” or “SO” representing the presence of Ru-O-Ce bonding 

present in the doped CeO2 catalyst.  

The dependencies of the Ru(x+) and SO peaks on Ruthenium doping concentration are 

quantified in Figure 29. In order to consistently compare the relative contribution of 

different peaks, all intensity values were normalized to the CeO2 F2G peak, following the 

approach of similar works.67,72,74 Clearly the presence of Ruthenium dopants affects the 

Raman spectra of the CeO2 based catalyst, and these affects scale with amount of dopant. 

As Ruthenium is added, the peaks associated with oxygen vacancies and Ru-O-Ce bonding 
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increase. Further discussion of these peak assignments will be included along with the new 

information gathered from the experiments detailed in further sections.  

 

Figure 29 – Chart of Defect (D), Ru(x+) (ionic Ruthenium), and Surface Oxide (SO) 

peak ratios for samples with varying dopant concentration. Values were collected 

from spectra normalized to the F2G peak of CeO2. Error bars represent one 

standard deviation of data collected from at least four samples.  

Clearly, the presence of these peaks is dependent on the amount of Ru doped into the lattice, 

and the presence of Ru(+) and SO peaks are associated with an increase in oxygen 

vacancies in the CeO2 lattice (D:F2G ratio).  

To form a basic structure-property relationship between these Ruthenium dopant features 

and catalyst activity, a steam reforming experiment was conducted. RuxCe1-xO2 samples 

were placed in a fixed bed flow reactor coupled to a gas chromatograph, courtesy of Yu 

Tang in Prof. Tao’s group at the University of Kansas (Figure 30).  
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Figure 30: Conversion of methane over a fixed bed of Ru-doped CeO2 with 3:2 

H2O:CH4 fuel stream. 50 mg of sample was mixed with 300 mg of purified quartz 

and effluent stream was monitored via gas chromatography. (Data collected by Yu 

Tang at Kansas University) 

Although CeO2 itself is a well-known hydrocarbon oxidation catalyst, the addition of the 

Ruthenium dopant dramatically improved the steam reforming performance, and the 

activity scaled with the concentration of Ruthenium dopant. Therefore, there is a clear 

correlation between the amount of ionic Ruthenium and ionic Ruthenium associated 

defects (observed by Raman spectroscopy) and steam reforming performance in this 

system. 

 

The combination of XRD, TEM, EDS, XPS and Raman experiments support the following 

claims made for this Ruthenium doped CeO2 material. First, Ruthenium was 

substitutionally doped into the Fluorite structure and created extrinsic oxygen vacancies 

and is therefore in an oxidation state greater than zero and less than four. Second, the 
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amount of Ruthenium dopant was directly associated with the relative number of observed 

defects in the CeO2 fluorite structure (e.g. intrinsic oxygen vacancies, surface peroxides, 

and Ru-O-Ce bonding). The remaining sections focus on the dynamic behavior of these 

Raman active features, and relationships between these features and observed performance 

of the catalyst. 

 

4.6.3 In situ Raman analysis of Ruthenium doped CeO2 

In situ experiments are critical for understanding the structural influence on catalytic 

performance under operating conditions. In this section, in situ experiments are used to 

show that the defect structure and surface chemistry of Ru-doped CeO2 is dynamic under 

operating conditions, and that these changes are directly related to the catalytic 

performance of the material.  

4.6.3.1 Enhanced in situ generation of vacancies due to Ru-O-Ce bonding 

Raman spectra collected at 500 °C (the target operating temperature of the high performing 

SOFC) under H2 atmosphere is shown in Figure 31. Under these conditions, the 

characteristic peaks for Ru-O-Ce bonding and surface oxygen species (bands at 640-740 

cm-1 and between 960 and 980 cm -1, respectively) are removed. In addition, there is a slight 

shift of the F2G peak from 457 to 448 cm-1 (-9cm-1), and the ratio between the D and F2G 

peaks, both representative of the formation of intrinsic oxygen vacancies, are increased.  
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Figure 31: in situ Raman spectra for Ru-doped (A,C) and un-doped (B,D) CeO2 

nanoparticles. Red lines represent spectra acquired while holding the stage at 500 

°C in 40 sccm H2 humidified with 3%H2O. All spectra are normalized to the F2G 

peak. Dotted lines are shown to guide the eye to changes in key peak positions and 

relative intensities 

 

The shifting F2G peak and increased defect band are expected for non-stoichiometric CeO2-

δ as Ce4+ is reduced to Ce3+ but the degree to which the Ru-doped catalyst is reduced is 

much greater than the pure CeO2 case both at room temperature and in H2 at 500 C. This 

affect is quantified in Figure 32. The intensity ratio (D:F2G) of the Ru-doped sample is 

much larger than the undoped sample. In addition, the shift of the F2G peak under H2 for 
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the CeO2 sample is 460.2 to 454.7 cm-1 (-4.5 cm-1), which is half the magnitude of that 

observed for the Ru-doped samples. The greater F2G shift and lower peak ratios are 

measures of enhanced reducibility at this temperature, and a greater concentration of 

oxygen vacancies formed by H2 exposure. 

 

Figure 32 – (A) Chart of Defect (D), Ru(x+) (ionic Ruthenium), and Surface Oxide 

(SO) peak ratios for a 10% Ru doped sample collected at room temperature and at 

500 C under H2. (B) Comparison of D:F2G ratios at RT and 500 C in H2 for undoped 

and 10% Ru-doped CeO2. Values were collected from spectra normalized to the F2G 

peak. Error bars represent one standard deviation of data collected from at least 

four samples. 
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The amount of Ruthenium dopant determines the degree of this enhanced reduction. As 

shown in Figure 33, the ratio (ID:IF2G) under reducing atmosphere at 500 °C is lower for 

the 5% Ru sample than the 10% Ru sample. 

 

Figure 33: In situ analysis of Ru-doped CeO2 at 500 °C in humidified (3%H2O) H2 

atmosphere. The spectra in are presented in A, the D:F2G peak ratios are 

quantified in B. Error bars represent one standard deviation of ratios collected over 

four positions on the powder samples.  
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This in situ analysis clearly shows that the initial presence and relative magnitude of the of 

the Ru-O-Ce associated peaks predicts the presence and magnitude of CeO2-δ defect species 

under in situ conditions (H2 atmosphere, 500 C). It is likely that the Ru-O-Ce bonding 

reduces to Ru-[VO]-Ce under hydrogen, forming active oxygen vacancy sites. The activity 

and role of these active sites will be discussed in a later section along with DFT simulation 

results.  

4.6.3.2 Thermal stability of Ru-O-Ce bonding and relation to performance 

Although enhanced reducibility is well-known predictor of catalytic activity for 

several CeO2 supported catalysts, direct relationship between the observed Ru-O-Ce 

structural features and catalytic properties must be made. The previous section showed that 

the presence of Ru-O-Ce bonding predicts enhanced reducibility of the CeO2 support, but 

questions remain concerning the presence and role of any metallic Ru0 NPs which are 

reasonably expected to form at elevated temperatures. Raman analysis supports the 

stability of the ionic Ru, and its ability to enhance the reduction of the CeO2 bulk, at 500 

°C, but at higher temperatures it is reasonable to expect exsolution of the Ru to the surface 

and the precipitation of metallic Nanoparticles. As Ruthenium cations are converted to 

metallic ruthenium nanoparticles, the concentration of Ru-O-Ce type bonding will decrease 

(limited only to the interface between the Ru particles and the CeO2 support). Therefore, 

with the goal of producing two samples with identical composition but different surface 

chemistry (different concentrations of Ru-O-Ce bonding), Ru0.05Ce0.95O2 powder was 

treated to two separate brief high temperature reductions 900 °C, 2 h, 4% H2/Ar, and 500 

°C, 2 h, 4% H2) and these two groups were  
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Indeed, after the high temperature reduction the CeO2 particle morphology was relatively 

unchanged, but several Ruthenium nanoparticles exhibiting metallic (HCP) crystal 

structure were observed on the sample which were not observed on samples tested at 500 

°C, as shown by high resolution TEM and EDS mapping of each sample (Figure 34). 
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Figure 34: Aberration corrected HRTEM of the Ru0.05Ce0.95O2 sample after 

exposure to (A) 500 C, 4%H2/Ar, 2 h and (B) 900 C, 4%H2/Ar, 2h. A STEM image 

and the corresponding EDS maps for the 500 C and 900 C samples are shown in (C) 

and (D) respectively. 

In addition to the newly observed metallic nanoparticles on the surface, the chemical state 

of the Ruthenium was altered by the higher temperature treatment as well. As shown in 
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Figure 35, the reduction treatment shifts the B.E. of the Ruthenium 3p electrons ~1.55eV 

(464.1 eV – 462.56 eV). Although metallic Ruthenium was observed in the HR-TEM 

images, the observed BE on the sample were still higher than that expected for pure Ru0 

(461.2 eV). This can possibly be explained by an electronic interaction which remain 

between the CeO2 support and metallic Ruthenium NPs, due to the relatively high number 

of Ru/CeO2 interface that exists between the precipitated Ruthenium nanoparticles and the 

CeO2. Regardless, there is a significant shift in both the Ru 3p and 3d peaks towards a 

lower BE for precipitated Ru/CeO2 compared to the as-synthesized Ru-doped sample. 

 

Figure 35: XPS analysis of Ru 3p peak for a Ru0.05Ce0.95O2 sample before (black) 

and after (red) exposure to high temperature reduction treatment (900 °C, 

4%H2/Ar) . Both peaks are referenced to the elemental Si 2p peak (powders were 

placed on a Si wafer for this reason). 

 

In addition, the Raman spectra affiliated with the Ru-dopant are absent in the high 

temperature treated, Ru-precipitated sample. A comparison between the room temperature 
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Raman spectra of Ru “doped” (treated to 500 C in H2) and Ru “precipitated” (treated to 

900 C in H2) samples are compared in Figure 36. There is a small defect peak, as expected 

for CeO2 exposed to these conditions, but the features at, ~700 cm-1 and ~980 cm-1 are 

absent after the high temperature reduction.  

 

Figure 36 – Raman spectra collected at room temperature in ambient air 

Ru0.05Ce0.95O2 samples as synthesized (red) and after a previous reduction treatment 

to form Ru0 particles on the surface (black). Data shown has been normalized to the 

F2G peak 
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The presence of precipitated Ru0 nanoparticles also affected the Raman spectra observed 

in situ, relative to the Ru-doped samples. Samples with exclusively ionic Ru species, 

showed much higher D:F2G peak ratios, and therefore showed increased formation of 

oxygen vacancies and Ce3+ (Figure 37). As before, the ionic Ruthenium associated bands 

(640-740 cm-1) and surface oxygen bands (960-980 cm-1) were removed as the sample was 

heated in H2, while the D band increased, relative to the main F2G CeO2 peak. The sample 

with the precipitated Ruthenium particles showed little evidence of ionic ruthenium 

associated bands, and a much lesser degree of reduction upon heating to 500 °C.  
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Figure 37 – (A) Raman spectra collected at 500 °C in H2 for Ru0.05Ce0.95O2 samples 

as synthesized (red) and after a 900 C reduction treatment (4%H2/Ar) to form Ru0 

particles on the surface (black). (B) Peak ratios collected from at least four locations 

on each sample, error bars represent one standard deviation. 

Next, while the Ru-doped and Ru-precipitated samples were held at 500 °C, the atmosphere 

was cycled between H2 and Ar, both humidified to 3% H2O. A clear difference was 

observed between the Ru-precipitated and Ru-doped samples, in that the Ru-O-Ce bands 

(640-740 cm-1) and associated surface oxygen band (960-980 cm-1) were regenerated in the 

Ru-doped sample when exposed to the oxidizing humidified Ar, whereas these bands were 

entirely absent in the Ru0 precipitated sample and only the D band was variable with the 
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atmosphere (Figure 38). Only the doped material was able to regenerate the Ru-O-Ce 

bonding through reaction with the steam, whereas the bands were irreversibly removed in 

the sample with the precipitated metallic Ru nanoparticles.  

 

Figure 38 – Raman spectra collected at 500 °C while cycling between 3% H2O 

humidified H2 and Ar atmospheres. Spectra in (a) were collected from the as-

synthesized, Ru0.05Ce0.95O2 powder, whereas spectra in (b) were collected from an 

aliquot of that powder that had been exposed to 4%H2 at 900 °C for 2 h, forming 

metallic Ru nanoparticles on the CeO2 surface. The powders were equilibrated for 

30 min in each atmosphere before spectra were collected.  
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From this experiment several claims can be made. First, the spectral features assigned to 

Ru-O-Ce are largely removed by exposure to a short high temperature reduction treatment 

(2 h in 4% H2 at 900 °C) which causes the precipitation of metal Ru nanoparticles on the 

surface of the RuxCe1-xO2 material. Second, the lack of Ru-O-Ce associated Raman features 

was correlated to a lower relative intensity of the CeO2 defect peak when under operating 

conditions (500 C, H2). Therefore, metallic Ru nanoparticles are not as effective as ionic 

Ruthenium dopants in enhancing the formation of oxygen vacancies in CeO2. This analysis 

suggests that the more Ru-O-Ce bonding that is present in the material, the more reducible 

the material will be at intermediate temperatures, and the more effective the catalyst. 

Indeed, the steam reforming performance of the precipitated Ru/CeO2 sample is markedly 

decreased compared to the doped, Ru0.05Ce0.95O2 sample (Figure 39).  

 

Figure 39: Methane conversion (A) and % Yield to Hydrogen (B) under steam 

reforming conditions (3:2 H2O:CH4 ratio) comparing Ru-doped and Ru-

precipitated samples. (Data collected by Yu Tang at Kansas University) 
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It’s important to note that high temperature treatments are commonplace in SOFC 

fabrication (e.g. sintering Ag paste connections, sintering glass seals, NiO reduction, and 

electrode sinter-bonding), so this result has immediate relevance to the implementation of 

ionic Ruthenium catalysts in SOFCs. To preserve the high activity ionic species, the 

catalyst must be added to the assembly after such high temperature treatments, or the 

processing temperatures may need to be lowered for optimized ARL performance.  

 

4.7 Synergistic effect of Nickel co-dopant in RuxCe1-xO2 

4.7.1 Thermal catalysis of RuxCe1-xO2, NixCe1-xO2, and RuxNiyCe1-x-yO2 

During initial steam reforming screening experiments conducted by collaborators at 

Kansas University, it was observed that a combination of Ruthenium and Nickel dopants 

was more effective than a molar equivalent of pure Ruthenium or Nickel doped into the 

CeO2 catalyst. Figure 40, shows that the catalytic performance, as quantified by CH4 

conversion and Turn-over-frequency (per Ni and Ru atom) of the Ruthenium doped CeO2 

is higher than that of the Ni doped CeO2, and made higher still by replacing half the 

Ruthenium atoms with Nickel dopants. 
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Figure 40 – (a) CH4 conversion with selectivity to H2 and CO, and (b) Turn-over-

frequency of steam reforming reaction for singly doped and co-doped Ru-Ni-CeO2 

catalysts with molar equivalent doping concentration. (Data collected by Yu Tang at 

Kansas University), figure adapted from publication.53 

In addition, the activation energy of the catalysts was variable between the Ru, Ni, and co-

doped catalysts, with the lowest Ea for the co-doped case (Figure 41). Even though the Ni 

doped catalyst showed only modest activity on its own, it was able to significantly promote 

the activity of the Ruthenium doped catalysts (as measured by CH4 conversion, TOF, and 

Ea). The remainder of this section explores this promotion effect, keeping in mind the 

results of the previous analyses of the Ruthenium doped case.  
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Figure 41 – Arrhenius plot of H2 production rate, with activation energy (calculated 

from linear fit slope), for singly doped and co-doped Ru-Ni-CeO2 catalysts. Data 

collected by Yu Tang at Kansas University, figure adapted from publication.53 

4.7.2 Materials Characterization of Ni and Ru-Ni co-doped CeO2 

First, in a similar fashion to that used for the Ruthenium doped CeO2 analysis, a basic 

materials characterization was made for the substitutional doping of Ni cations into CeO2. 

Again, there was no evidence of secondary phase formation (Figure 42). Significant peak 

shifting observed in XRD suggests that the Ni is indeed substitutionally doped into the 

CeO2 bulk, contracting the lattice CeO2 parameter. Similarly, XPS analysis of the Ni 

dopant shows that the Ni is clearly non-metallic, and most similar to a (II) oxidation state. 

TEM analysis of the particles confirmed that only single-phase nanoparticles were present, 

with no evidence of metallic Ni or secondary NiO.  
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Figure 42 – (a) XRD pattern collected for 10% Ni doped CeO2. (b) high resolution 

scan of high angle peaks highlighting the contraction of the CeO2 lattice due to the 

substitutional doping of the Ni cations. (c) High resolution XPS spectra of Ni 2p 

region showing the binding of the 10% Ni doped sample, the location of metallic Ni 

is shown to highlight the fact that the Ni in the sample exhibits a higher BE and 

therefore is in a non-metallic state. (D) TEM image of Ni-doped CeO2 particles 

 

The cationic state of the Nickel dopant remained stable under operating conditions. In situ 

XANES and XPS spectra of the Nickel, collected under steam reforming atmospheres 

(97% CH4 3%H2O) are shown in Figure 43. Clearly, the local bonding of the Ruthenium 

is dissimilar to that of the metallic reference, and the binding energy is significantly higher 

than that reported for the metallic state.  
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Figure 43 – (A) XANES spectra of Ni doped CeO2 and reference Ni metal foil 

collected 200 °C under 97% CH4 3%H2O directly after testing at 500 °C. (B) 

Ambient Pressure XPS spectra of Ni 2p collected at various temperatures under 

97% CH4 3%H2O, with the B.E. of Ni metal indicated by the dotted red line. Data 

collected by Yu Tang at University of Kansas, figure adapted from publication.66 

 

Raman analysis was used to determine the effect of the Ni-dopant on the CeO2 defect 

structure (Figure 44). In contrast to the Ruthenium dopant, the affect was subtler for the Ni 

addition, as Ni content increased there was only a slight increase in the D band, 

representative of oxygen vacancies (α peak), and with lower valence dopants (β peak). The 

presence of both α and β peaks confirms that these peaks are indicative of Ni cations doped 

into the structure, and the formation of oxygen vacancies to accommodate the (II) valence 

of the Ni cations, although the magnitude of the effect was less than that observed for Ru. 

The β peak could also be explained by the presence of Ce3+ cations, but this is not likely 

since the XPS analysis of these samples showed Ce primarily in the (IV) oxidation state. 

This observation is in agreement with a number of DFT works of ionic Ni in CeO2, which 
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concluded that the incorporation of Ni2+ into the CeO2 lattice resulted in the creation of 

oxygen vacancies without requiring the reduction of Ce4+
 to Ce3+.76 76,77.  

 

Figure 44 – (a) Raman spectra of CeO2 with varying Ni dopant content, (b) chart of 

D:F2G intensity ratio as a function of Ni dopant concentration. Error bars represent 

one standard deviation of the data collected from four locations on the sample. 
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It was also observed that the characteristic D band (made up of α and β peaks) included a 

distinct shoulder or peak between 610 cm-1 and 640 cm-1, which was directly correlated 

with the presence of ionic Ni dopant. This observation has not been discussed specifically 

in the literature, although similar widening of the D peak with Ni doping can be seen in the 

spectra of other works.78,79. Andriopoulou et al, through a rigorous in situ Raman analysis 

of various rare earth dopants in CeO2, observed a similar peak near 650 cm-1 which they 

attributed to highly detachable oxygen species located at interstitial sites, accessible due to 

structural distortions caused by the inclusion of the various rare earth dopants.80 The 

presence of these Frenkel defects in CeO2 has also been proposed by Mamontov et al, who 

correlated the presence of these oxygen interstitials to the activity and oxygen storage 

capacity of doped CeO2.
81 

Here, this additional shoulder will be labelled as the “Ni(+)” peak, and tentatively assigned 

to Ni-O-Ce bonding, analogous to the Ru-O-Ce case discussed earlier, although the 

presence of the Frenkel defect remains a possible assignment. It is clear that this peak is 

directly related to the amount of ionic Ni doped into the structure, as well as with extrinsic 

oxygen vacancies in the CeO2 lattice, although a specific vibration assignment is not 

detailed in this work. Further discussion on the assignment of this peak will be included in 

the conclusion of this chapter, in light of the new information gained through the included 

experiments.  

4.7.3 In situ Raman analysis of Ni doped CeO2 

Under in situ conditions (500 C, H2), the Ni dopant showed a subtler effect on the Raman 

spectra, relative to that of the Ruthenium dopant (Figure 45). The D:F2G peak ratio of Ni-
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doped CeO2 was similar to the undoped case, although though the band associated with 

ionic Ni-O-Ce was largely removed. In contrast to the behaviour of the Ruthenium doped 

samples, the presence of ionic Ni in the CeO2 did not seem to significantly enhance the 

reducibility of the catalyst under in situ conditions.  

 

 

Figure 45 – (a) Raman spectra collected from 10% Ni doped CeO2 at Room 

temperature and at 500 °C in H2. (b) Chart of values comparing D and Ni(x+) peak 

intensity values at room temperature and at 500 °C in H2. Error bars represent one 

standard deviation of data collected from four locations on the sample. 
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The degree of reduction was also not dependent on the concentration of Ni dopant. Figure 

46 shows that the in situ D:F2G  ratio is similar for 0%, 5% and 10% Ni dopant. Although 

the presence of ionic Nickel increases the extrinsic oxygen vacancies measured at room 

temperature, the amount of vacancies formed under reducing conditions was similar to that 

of undoped CeO2. 

 

Figure 46 – (A) Raman spectra collected at 500 C in H2 for varying concentrations 

of Ni doped in CeO2 (B) Chart of D:F2G ratios measured from the spectra shown in 

(A), error bars represent one standard deviation of data collected from four 

locations on the sample.  
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4.7.4 In situ Raman comparison of Ru, Ni, and co-doped CeO2 

Now that the in situ Raman behaviour of Ni and Ruthenium doped cases has been 

described, these observations will be used to better understand the behaviour of the co-

doped case. Although H2 testing revealed several dynamic structural changes, the true 

operating conditions of the catalyst is under methane fuel, therefore in situ Raman 

experiments were continued under this condition and compared to the information gained 

in previous sections.  

The Raman spectra of undoped CeO2 and samples with direct equivalent total 

dopant concentration level (10% Ni, 10% Ru, 5%Ru+5%Ni) under ambient, 500 C H2, and 

500 C CH4 (3% H2O) are shown in Figure 47. The co-doped sample shows similar peaks 

as those observed in both the singly doped cases, including a relatively high extrinsic 

oxygen vacancy peak as well as the bands associated with Ni and Ru ionic bonding, as 

described in earlier sections. As before, after the co-doped sample is heated to 500 C in 

reducing H2 condition, the bands associated with the ionic dopant are largely removed, and 

the D band is increased.  
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Figure 47 – Raman spectra collected at room temperature, 500 °C in H2, and 500 °C 

in CH4, for (A) undoped CeO2, (B) 10% Ru doped CeO2, (C) 10% Ni doped CeO2, 

and (D) 5%Ru 5%Ni co-doped CeO2  

 

When the atmosphere is switched from H2 to humidified methane, several 

interesting comparisons can be made. First, the D:F2G ratio of the undoped CeO2 sample is 

dramatically reduced when after switching from H2 to humidified CH4. It’s likely that the 

decrease in intrinsic defect concentration is due to the relative inertness of methane at these 

temperatures compared to H2 and resulting in a less reducing atmosphere. The Ruthenium 
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doped samples showed similar behavior as the undoped samples when switched from H2 

to CH4, in that the D:F2G peak was reduced, although to a much lesser degree. In contrast, 

the Ni doped samples showed a slight increase in defect density during the switch to CH4. 

In addition, the intensity of the ionic Ni band increased in methane relative to H2, whereas 

the intensity of the ionic Ruthenium band was stagnant. The co-doped sample shows the 

largest change between H2 and CH4, with a dramatic increase in D:F2G ratio as well as an 

increase in the ionic Ni band intensity. These results are quantified in Figure 48, and an 

alternative presentation of Figure 47 is given in Figure 49, plotting each composition 

together under the three different conditions (Room Temp, 500 °C H2, and 500 °C CH4).  
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Figure 48 – Ratios of (A) Defect to F2G, (B) Ru(+) to F2G, and (C) Ni(+) to F2G peaks 

observed for CeO2, 10% Ni doped CeO2, 10% Ru doped CeO2, and 5%Ru 5% Ni 

co-doped CeO2, as sample was heated from room temperature to 500 °C in H2, and 

after switching to CH4 at 500 °C. Error bars represent one standard deviation of the 

data. 



 94 

 

Figure 49 – Alternative presentation of Figure 47 in which each doping variation is 

compared under the same temperature and atmosphere, rather than following each 

doping variation individually through each atmosphere and temperature conditions. 
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Although the 10% Ruthenium sample showed the highest in situ oxygen vacancy 

concentration (D:F2G) in H2, the concentration of the co-doped sample was highest in CH4. 

This could be explained by a possible higher activity of the Ni site for the activation of 

methane. Under the current testing condition, the steam:carbon ratio was very low (3:97), 

to simulate the most aggressive conditions that would be encountered in an operating 

SOFC. Under these conditions, the ability of the ionic Ni site to crack the C-H bond would 

correlate with increased reducing power of the atmosphere; i.e. a more active catalyst is 

more likely to be reduced through the oxidation of methane.  

The in-situ Raman analysis shows that the presence of a Ruthenium cationic dopant 

dramatically enhances the reducibility of the CeO2 lattice, whereas the Ni-dopant provides 

enhanced activity for the C-H bond in methane. This possibility will be discussed further 

in the next section, with the help of DFT computational analysis of the system.  

 

4.8 DFT Analysis of Ru and Ni doped CeO2 

To better understand the possible reaction mechanisms at play in the co-doped 

catalyst, and how these mechanisms relate to the materials defect structure, DFT was used 

to simulate the surface of Ru and Ni doped CeO2 under steam reforming conditions. A 

periodic slab model (periodic six-layer model with three inner layers fixed and three 

surface layers relaxed) of the (100) CeO2 surface of CeO2 was used through the Vienna ab 

initio simulation program (VASP) with a generalized gradient approximation (GGA). 

There are strong correlation effects for the partially filled 4f orbitals in CeO2, therefore a 

Hubbard parameter was used to estimate the coulombic interaction (DFT+U). The 



 96 

adsorption geometry of reactive molecules was optimized used using a force-based 

conjugate gradient algorithm, and their transition states by a constrained minimization 

technique. These calculations were carried out with the help of Dr. Ziyun Wang and Dr P. 

Hu at Queen’s University Belfast, whose experience was invaluable in collecting and 

analyzing these results.  

The Ru-O-Ce and Ni-O-Ce surface site geometry was first determined by a free 

energy minimization of each surface. The resulting, most stable, site is shown in Figure 50, 

with a Coordination number of three for Nickel and four for Ruthenium. The calculated 

bond lengths were shorter for Ni-O than Ru-O, at 1.89 A and 2.15 A, respectively. Next, 

the energy barrier for the initial CH4 disassociation step was calculated for the ionic Ru 

and Ni sites, 2.01 eV and 1.88 eV, respectively. This suggests that the ionic Ni is the 

primary active site on the co-doped catalyst, since the initial dissociation of CH4 is often 

the rate-limiting step for steam reforming reactions.  
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Figure 50 – Thermodynamically favored sites for (a) Ni and (b) Ru cations 

substitutionally doped into the surface layer of CeO2. DFT calculations provided by 

Dr. Ziyun Wang at Queen’s University of Belfast, figure adapted from publication.53 

Fundamentally, steam reforming of methane requires four dehydrogenation steps 

and a carbon oxidation to fully activate the methane reactant. Two possible reaction paths 

were considered after the initial dissociation step, dehydrogenation of CH3 to CH2 + H and 

oxidation of CH3 to CH3O. In the Nickel doped case the activation energy for 

dehydrogenation and oxidation were 1.39 and 1.33 eV, respectively. In addition, the 

calculated enthalpy change for the dehydrogenation and oxidation were 0.5 eV and -0.03 

eV, respectively. Therefore, it is highly likely that over the ionic Ni site, the oxidation of 

CH3 to CH3O occurs after the initial CH4 activation. In contrast, the dehydrogenation step 

is more favored over the ionic Ruthenium site, with activation energies of 1.73 eV and 0.6 

eV for dehydrogenation and oxidation, respectively, with enthalpy changes of 2.22 eV and 

0.58 eV. Therefore, the two sites have distinctly different reaction pathways, with oxidation 

occurring immediately after the initial activation for the ionic Ru site, and dehydrogenation 

for the Ni site. The following reaction steps between CH4 → CO were similarly calculated 

and are listed in Table 4. 
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Table 4 – Activation energy and Free energy changes associated with CH4 oxidation 

over ionic Ru and Ni sites (calculations provided by Dr. Ziyun Wang at Queen’s 

University of Belfast) 

Ni-doped CeO2 Ru-doped CeO2 

Reaction Step Ea (eV) ΔG (eV) Reaction Step Ea (eV) ΔG (eV) 

CH4(g) + 2*↔CH3* + H* 1.88 0.94 CH4(g) + 2* ↔ CH3* + H* 2.01 1.86 

CH3*+O*↔CH3O* + * 

(CH3*+*↔CH2* +H*) 

1.33 

(1.39) 

-0.03 

(0.50) 

CH3*+*↔CH2* +H* 

(CH3*+O* ↔CH3O* + *) 

1.73 

(2.22) 

0.06 

CH3O*+*↔CH2O*+H* 1.52 1.04 CH2*+O*↔CH2O*+* 1.30 -0.33 

CH2O*+*↔CHO*+H* 0.01 -0.03 CH2O*+*↔CHO*+H* 0.48 0.44 

CHO*+*↔CO*+H* 0.17 -0.20 CHO*+*↔CO*+H* 0.00 -1.29 

CO*↔CO(g)+* 0.07 0.64 CO*↔CO(g)+* 0.12 -0.13 

 

From this analysis it’s clear that the ionic Ni site provides a lower activation energy for the 

initial methane dissociation step, and generally shows lower Ea values for the remaining 

steps relative to the Ruthenium doped case. Therefore, the ionic Ni site seems to be more 

active towards the conversion of CH4 to CO, but recall that steam reforming requires the 

presence of steam to provide the lattice oxygen used in these reactions so a similar 

simulation was conducted investigating the activation of water over each site.  
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When the CO* is removed as CO(g), there must be an oxygen vacancy left in the lattice. 

For the reaction to repeat itself, this vacancy must be filled through the dissociation of an 

H2O molecule (the oxidizing reactant in steam reforming). After H2O adsorbs onto the 

oxygen vacancy site, two hydroxyl species are formed on the surface. The dissociation of 

a water molecule onto an oxygen vacancy had no energy barrier for either the Ni or Ru 

doped cases, although a significant difference in free energy change was calculated, 0.11 

eV and -1.00 eV for Ni and Ru sites, respectively. After the vacancy has been filled by the 

dissociation of H2O, the lattice oxygen has been replenished, but the hydrogen must be 

coupled and desorbed before the oxidation step of the CH4 intermediate 

(CH3*+O*↔CH3O* + * for the ionic Ni and CH2*+O*↔CH2O*+* for ionic Ru) can 

occur. The energy associated with this step was then calculated for each site, with 

activation barriers of 1.96 eV and 0.65 eV, and free energy changes of 0.63 eV and 0.26 

eV, for ionic Ni and Ru, respectively. The thermodynamic values are summarized in Table 

5. 
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Table 5 – Activation energy and Free energy changes associated with H2O 

dissociation at ionic Ru and Ni sites, calculations provided by Dr. Ziyun Wang at 

Queen’s University of Belfast. 

Ni-doped CeO2 Ru-doped CeO2 

Reaction Step Ea (eV) ΔG (eV) Reaction Step Ea (eV) ΔG (eV) 

H2O(g) + VO* ↔ O* + 2H* 0 0.11 H2O(g) + VO* ↔ O* + 2H* 0 -1.00 

2H2*↔ H2(g) 1.96 0.63 2H2*↔ H2(g) 0.65 0.26 

 

The basic conclusions from this DFT analysis is illustrated schematically in Figure 51. The 

results support the following basic conclusions: First, the ionic Ni site shows the higher 

activity toward methane activation than ionic Ru; second, the ionic Ni and Ru sites likely 

have two different reaction pathways; third, the ionic Ru site is much more active for the 

dissociation of H2O and coupling of H2; and fourth, the presence of ionic Ruthenium 

significantly lowers the Ea for oxygen vacancy formation. It is proposed that the synergistic 

effect of the co-doped catalyst is due to the combination of a strong CH4 activating site and 

a strong water activating site (the oxygen vacancy). As CH4 is chemisorbed to the ionic Ni 

site it is oxidized by lattice oxygen to the CH3O* intermediate and eventually the oxygen 

is desorbed as CO(g). The role of the Ruthenium site is to ensure the efficient creation and 

refilling of the oxygen vacancies which result from the oxidation of CH4, through its higher 

activity toward H2O dissociation and H2 coupling, relative to the ionic Ni site.  
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Figure 51 –(a) Proposed reaction mechanism sequence over ionic Ru and Ni sites. 

Slow steps (as predicted by DFT simulation) are shown in red, whereas fast steps 

are shown in green. (b) Schematic of synergy occurring when Ru and Ni sites occur 

nearby on the doped CeO2 surface. calculations provided by Dr. Ziyun Wang at 

Queen’s University of Belfast, figure adapted from publication.53 

 

This DFT analysis provides a mechanistic explanation for the observed synergy in the co-

doped Ru-Ni-CeO2 catalyst. Considering the results of the in situ Raman analysis, it is 

proposed that the Ruthenium is enhancing the catalysis through multiple phenomena, first 

by enhancing the reducibility of the CeO2 lattice, and second by providing efficient 

dissociation of H2O and coupling of H2. Since the Raman analysis did not show that the 

presence of ionic Ni increased the number of oxygen vacancies formed under operating 
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conditions, it is proposed that the primary role of the Ni dopant in the catalysis is to provide 

a highly active site for CH4 oxidation.  

4.9 Conclusions 

Through the combination of experimental evidence presented in this chapter, several 

claims can now be made and supported.  

First, it’s been demonstrated that Raman spectroscopy is a powerful tool in the 

identification and characterization of Ru and Ni-doped CeO2. Evidence of α and β peaks 

with increasing dopant level, confirm that the substitution of these cations into CeO2 results 

in the formation of oxygen vacancies and other structural defects. Unique Raman bands 

were also observed, attributed to ionic Ru and Ni bonding. These modes were dependent 

both on testing conditions and pre-processing. Under reducing conditions, these Ru-O-Ce 

bonds are reduced to Ru-VO**-Ce bonds, and this band is removed as the Defect band is 

increased. Upon re-oxidation, the vacancies are filled and the Ru-O-Ce signal returns. The 

relative concentration of oxygen vacancies (as determined by the relative ratio of the D 

band) is dramatically enhanced by the presence of ionic Ruthenium, showing that the 

oxygen storage capacity and overall reducibility of CeO2 is enhanced by the presence of 

ionic Ruthenium, whereas this enhancement is not observed in Ni-doped CeO2.  

The dramatic enhancement in reducibility is unique to the case of ionic Ruthenium doped 

into the CeO2; a sample which had been pre-annealed at high temperature (900 C 4% H2, 

2h) and had precipitated its Ruthenium content as metallic nanoparticles on the surface did 

not show the characteristic Ru-O-Ce Raman peaks and did not show as high of 

concentration of oxygen vacancy defects during in situ measurements. In addition, by 
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comparing the steam reforming performance of the as-doped samples to precipitated 

samples (with identical Ruthenium loading), a clear connection was made between the Ru-

O-Ce bonding observed by Raman and the improved final catalyst performance. 

Raman is a relatively simple technique, which doesn’t require complex sample preparation, 

high vacuum, or beam-line access, therefore this study provides a more accessible strategy 

to other groups seeking to study ionic noble metal doped CeO2. This work has confirmed 

that Raman spectroscopy is able to predict whether these precious metals are successfully 

doped into the lattice or simply supported as metallic nanoparticles on the CeO2 particles 

and has revealed unique Raman bands resulting from the presence of noble metals 

stabilized in a cationic state in the CeO2 lattice. These bands remain poorly defined, and 

the results of this work warrant further analysis and more accurate assignments of Raman 

bands present in these materials.  

Second, a synergy was observed between ionic Ruthenium and Nickel dopants in CeO2 for 

intermediate temperature steam reforming. By combining information gained from in situ 

Raman spectroscopy and DFT simulations, a mechanism for the synergy was proposed: 

ionic Ni was found to be highly active for the activation and oxidation of CH4 to CO, 

whereas ionic Ru provided enhanced ability to dissociate H2O and couple H2. Both sites 

required the presence of mobile lattice oxygen and oxygen vacancies for the reactions to 

proceed, and the ionic Ruthenium was found to increase the number of these oxygen 

vacancies present under operating conditions relative to Ni doped or undoped CeO2. This 

mechanism of synergy suggests that a similar strategy may be used for the future rational 

design of other anode reforming layer materials, adding multiple dopants which each have 

a specific role in the reaction, such as increasing oxygen storage capacity, defect 
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concentration, and activity for different reactants. Ionic Ruthenium doped into CeO2 is a 

relatively under-studied catalyst, and further application of this material for intermediate 

temperature and low temperature reactions is suggested, especially in combination with 

highly active surface sites, due to its ability to simultaneously increase in situ vacancy 

concentration and surface activity. Although Ruthenium is a relatively expensive metal, 

the loading amounts used in the SOFC are small (0.005 mg/cm2, Ru), and the material cost 

of the Ruthenium is expected to be negligible relative to the bulk materials used in the 

SOFC and the various components required for balance of plant. Still, since a likely 

mechanism has been constructed for Ruthenium’s ability to promote the Ni-site, it is 

possible another, less expensive, dopant could be identified which also increases the 

formation of CeO2 defects and water activation with similar efficiency as the ionic Ru 

dopant.  

Finally, this work has directly contributed to the advancement of current SOFC technology, 

demonstrating that through the development of highly active materials direct methane 

operation is possible at low temperatures (500 °C). Through the advanced characterization 

of the critical Anode Reforming Layer (ARL) catalyst, a co-doped RuxNiyCe1-x-yO2, new 

strategies have been proposed for enabling the efficient internal reforming of fuels at low 

temperatures. The knowledge gained through this work has the potential to improve not 

only SOFC technologies, but CeO2 based catalysis for a number of possible processes, 

through the incorporation of ionic noble metal dopants and use of in situ Raman 

spectroscopy as a strategy to analyze and design these materials.  
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CHAPTER 5. FABRICATION AND VALIDATION OF NI-SDC 

MODEL SOFC ANODES 

5.1 Summary of chapter 

Due to the complicated processes required to fabricate small scale prototype SOFCs, 

and the large number of different factors that influence cell performance, it is difficult to 

rigorously compare the performance of different anode materials. A model cell was 

developed which limits the cell performance to the anodic processes, while providing an 

open architecture for simplified characterization of the electroactive anode surface. 

Through Electrochemical Impedance Spectroscopy (EIS), the activity of the anode can be 

quantified and normalized to the active triple phase boundary of a Ni-SDC anode. These 

cells were used to make basic comparisons between Ni-YSZ and Ni-SDC systems, and to 

evaluate the basic anodic behavior of the Ni-SDC anode system. The effect of several 

functional coatings on cell activity was evaluated, demonstrating the use of this platform 

for the quantitative screening of candidate materials for high performing SOFC anode 

coating materials. In addition, an operando Raman spectroscopy chamber was designed 

and fabricated, capable of button-cell testing and uniquely suited to further characterization 

of SOFC anode materials and model cells.  

 

5.2 Patterned Model Electrodes 

A solid oxide fuel cell is a complicated device, with several different materials and 

architectures working in unison to produce electricity. This implies that the relative 
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performance of a cell is dependent on several losses occurring throughout the cell, 

described by various overpotentials associated with phenomena such as ohmic resistance 

to ion or electron conduction, activation barriers for reactions at anode or cathode, and 

mass transport limitations. In addition, less obvious losses occur from the difficulties in 

assembling the cell, such as poor lead connections, current leakages, or inadequate sealing 

between the anode and cathode atmospheres. The objective of a model cell is to simplify 

the analysis of SOFC devices by focusing on just one of these losses. By limiting the 

number of active sites of the anode, relative to the cathode, the mass transport and 

activation losses occurring at the cathode can be disregarded when analyzing the cell 

performance. Similarly, by replacing the complicated porous anode with a two-

dimensional interface, diffusion limitations at the anode are also negligible. This results in 

a cell’s performance being controlled by only the ohmic resistance of the electrolyte, and 

the electrochemical reactions occurring on the anode.  

Using Electrochemical Impedance Spectroscopy (EIS), the anodic polarization can be 

separated from the ohmic polarization by applying a simplified Randles cell circuit model. 

The ionic impedance of the electrolyte will have no capacitive response, and therefore can 

be determined by the x-axis intercept of the Nyquist plot. By subtracting this ohmic 

impedance from the x-axis, the spectra can finally be reduced to a single representation of 

the anodic impedance. This is the main objective of the pattern model anode, to reduce the 

impedance contributions from every phenomenon except for the anodic reactions. This 

enables impedance spectroscopy to compare and analyze the anodic behavior of an SOFC 

under different temperatures, fuel compositions, and voltages, independent of complicating 

factors occurring on other cell components. 
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The electrochemical reactions occurring at the anode require a combination of electrons, 

ionic species (O2-) and gas species (H2) and therefore the reaction can only occur where all 

of these species coexist. This is defined as the Triple Phase Boundary (TPB), where the 

electronically conductive phase (Nickel), ionically conductive phase (ceramic electrolyte) 

and fuel meet, as illustrated in Figure 52. The length of the TPB, or LTPB, is the region of 

the anode that is electrochemically active, and therefore the performance of SOFC anodes 

scales with this length. This is one of the fundamental reasons why the SOFC architecture 

affects the performance, anodes with an optimized microstructure with greater TPB length 

will show higher performance independent of the inherent catalytic activity of the anode 

materials.  

 

 

Figure 52 – Macro and micro-scale illustrations of the Triple Phase Boundary (TPB) 

active site for a Ni-YSZ SOFC. Figure adapted from Bessler et al82 
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In order to control for these microstructural effects, the LTPB length in a model anode must 

be well-defined. By fabricating a controlled pattern of Ni onto an electrolyte, the LTPB is 

limited and easily quantified. By pairing a well-controlled, two-dimensional anode with a 

standard high surface area cathode, the cell can be tested in a simple two-electrode set up, 

using the counter electrode as the reference, as illustrated in Figure 53. Since the density 

of active sites is much greater on the porous cathode, the cathodic contribution to the total 

cell impedance is negligible.  This most resembles the operating condition of a true SOFC 

device and avoids the placement of reference electrodes on a solid electrolyte, which is 

highly sensitive to errors and a correct position of reference electrode remains a contentious 

topic. 

Previous work with patterned model anodes has increased the fundamental understanding 

of the reactions and processes occurring over SOFC electrodes. Mizusaki et al was the first 

to use this technique, using photolithography to deposit a Ni pattern on a polished YSZ 

substrate.83,84 They found that the impedance of the anodic reaction over Ni-YSZ produced 

one symmetric semicircle (on a Nyquist plot), and the activity of the cell was promoted by 

increased pH2O in the fuel, independently of the pH2. They confirmed that the activity of 

the cell was directly proportional to the triple phase boundary length (LTPB) and proposed 

a reaction mechanism in which the rate limiting step was the dissociative adsorption of 

hydrogen occurring over the Ni component, with significant contributions from surface 

diffusion. Similar work has been done with pattern anodes to build on this work, most 

notably by Bieberle et al and Besseler et al, confirming the TPB dependence as well as 

proposing mechanisms for the observed activity improvement in the presence of increased 

pH2O through hydrogen spillover from the Ni component to hydroxyl species on the YSZ 
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surface.85,86. Patterned model anodes have been largely been limited to the study of the Ni-

YSZ system, although more recent work done by Chueh et al has included the study of Ni-

SDC patterned anodes.87,88 Due to the mixed ionic and electronic conduction of reduced 

CeO2, the fundamental behavior of these anodes is different than that of Ni-YSZ, with 

evidence of rate-limiting reactions occurring on the ceramic phase several microns away 

from the TPB interface, as well as a lower dependence of the anodic activity on the LTPB.  

An attractive and relatively unexplored use for these patterned anodes is to study 

the effect of various surface modifications and coatings on the anode performance. 

Recently, Choi et al used solution based electrochemical deposition techniques to show 

that the addition of a porous, nanostructured SDC coating significantly improved the 

activity and stability of a patterned Ni-YSZ anodes.89 Although, the ability of infiltrated 

catalyst coatings to dramatically improve performance and stability of SOFC anodes has 

been well demonstrated in full cells, there is a need for suitable testing platforms to quickly 

and quantitatively compare and study candidate coating materials for real-cell application, 

without the complications of a porous microstructure and poorly defined architectures 

inherent to prototype button cell SOFCs. Application of these modifications on patterned 

Ni anodes on SDC is limited, and further exploration of this system needed, as Ni-SDC 

anodes exhibit dramatically improved stability and performance compared to Ni-YSZ 

anodes for intermediate and low temperature SOFC applications. 

 

5.3 Embedded Ni-mesh Model Cells 
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Deposition of Ni patterns by standard lithography techniques can provide very high levels 

of control, but cells fabricated in this manner require cleanroom processing and are plagued 

by a number of failure modes which can convolute the results.90-92 Under moderate 

temperatures, the thin Ni films can coalesce into several large particles, creating voids and 

disconnections in the pattern during testing. Delamination of the film is also common, due 

to the combination of CTE mismatch and to Nickel’s relatively weak ability to adhere to 

ceramic substrates. Grain coarsening is also a common artifact, as the temperatures 

increase the TPB length can increase as line-edge of the pattern is roughened by facet 

formation. Poor adhesion of the Ni to the electrolyte can lead to delamination and buckling. 

These challenges can be lessened by careful control of Ni film thickness, annealing above 

temperature of interest, and optimization of sputtering conditions. Other strategies have 

been proposed to avoid these issues, most commonly point electrodes. In this approach a 

single wire of Ni pressed against the electrolyte during testing, forming a single TPB site 

on the surface. This technique can yield important fundamental data but has its own 

drawbacks due to the low LTPB and difficulty in accurately estimating the LTPB resulting 

from the contact of the wire to the surface.  

An alternative strategy is to embed a section of nickel mesh within a pressed pellet of the 

electrolyte powder, sintering until dense, then polishing to reveal the Nickel surface. 

Features between 20 and 100 µm, readily available mesh sizes, are able to provide suitable 

LTPB for electrochemical measurements. The embedded mesh is mechanically supported 

within the electrolyte, and sintered to temperature well above operating, therefore the Ni 

pattern is very robust compared to those deposited by photolithographic techniques. In 

addition, these feature sizes are within the spatial resolution of standard optical 
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microscopes, and therefore are ideal for in situ and operando spectroscopy, as well as 

optical measurement of LTPB and post mortem characterization of the electrochemically 

active region. This strategy has been used in several works for in situ spectroscopy studies 

of Ni-YSZ as well as in fundamental investigations of Pt-BZZYb reaction mechanisms.93,94 

Recently, Blinn et al used the embedded mesh cell to relate the electrochemical impedance 

spectra of these embedded mesh cells to observed in situ Raman spectra, demonstrating the 

ultimate potential of this platform for true operando spectroscopy of the electrochemically 

active sites in SOFC anodes.95 

Therefore, the fabrication of embedded mesh Ni-SDC model cells was investigated in this 

work. This design, shown schematically in Figure 53, satisfies the major goals of this work, 

to find a suitable platform for investigating the inherent activity of Ni-SDC anodes, and to 

develop this platform for the screening and quantitative analysis of different functional 

coatings applied to Ni-SDC anodes. Through the development of this model cell, a novel 

tool for exploring active coatings can be achieved, providing a more rigorous testing bed 

for SOFC anode coating materials development than that provided through current button-

cell methods.  
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Figure 53 – Schematic of embedded Ni-mesh model cell, showing limited TPB sites 

on the polished planar anode and high surface area porous cathode. 

 

5.3.1 Fabrication of Ni-SDC model cells 

Circles of Ni-mesh were first punched out of a sheet of Ni (alfa aesar 40 mesh 

woven from 0.13mm dia wire). To flatten the mesh, each circle was placed in a 13 mm 

pellet die and pressed to 1 ton. This created a simple 2D pattern and avoided any curvature 

inherent to the Ni-sheet after punching. After preparing the Ni patterns, 0.3 g of SDC 

powder was added to a 13 mm pellet die, then pressed to 1 ton and held for 1 min. This 

flattened the powder so that the Ni-mesh would lie flat. A pre-pressed Ni pattern was then 

placed in the center of the powder at the bottom of the die and then pressed again to 1.5 

ton and held for 1 min. This step embedded the SDC within the first half of the powder. 

The mesh pattern was then covered with another 0.3 g of SDC powder and then pressed to 

5 ton and held for 2 min. After ejecting the pellet, it was placed in an alumina crucible with 

a clean SDC powder bed. The pellets were then fired to 1400 °C according to the following 

schedule (1 C/min to 400 C, 30 min soak, 1C/min to 800 C, 30 min soak, 3 C/min to 1400 
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C, 10 h soak, 1 C/min to 1000 C, 3 C/min to RT). A reducing 4% H2 balance Argon gas 

was used to protect the Ni phase from NiO formation. Due to the reducing conditions, the 

pellets were calcined to 400 °C for 30 min in air after the sintering treatment, to remove 

the oxygen vacancies formed by the reducing atmosphere in the SDC electrolyte. The mesh 

was then revealed through systematic polishing. A 8 mm diameter LSCF cathode was 

applied to the opposite face through screen printing three layers of a commercially 

available ink (FuelCellMaterials ®) to reach ~ 50 um thickness after drying for 4 h in a 80 

C oven. Electrical connections were made using Ag wire and Ag paste before sealing the 

cell to the end of a 0.5” diameter alumina tube using Ceramabond 552 (Aremco), as 

detailed in section 3.1.2. A basic summary of the fabrication process is shown in Figure 

54, and the polishing protocol is detailed in Table 6. 
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Figure 54 – (a) illustration of embedded Ni mesh fabrication process (b) optical 

image of cell after polishing and addition of Ag wire connection (c) top-down SEM 

of Ni-SDC interface. (d) Cross-section of embedded mesh after sintering at 1400 °C, 

before polishing to reveal mesh. (e) Cross-section of embedded mesh after polishing 

to reveal mesh. Schematic in (a) is modified from that presented in Blinn et al95 
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Table 6 – Polishing protocol used to reveal Ni-mesh embedded in sintered SDC 

pellets 

Polishing 

compound 

Force (N) Cloth 

Platen RPM Sample 

RPM 

Time (s) 

Green Lube 9 

15 um 

Diamond 

Grid 

350 150 15 

6 µm 9 Diamat 350 150 60 

3 µm 4 Gold Label 350 150 240 

1 µm 4 
White 

Label 
350 150 120 

0.1 µm 4 Final A 350 150 120 

 

The embedded mesh method provides relatively fast fabrication, good thermal 

stability of pattern during in situ analysis, and has been used successfully in previous in 

situ spectroscopy work (using YSZ electrolytes). Unfortunately, there is an inherent lack 

of control over pattern morphology in this approach since it depends directly on the mesh 

patterns available, the alignment of the Ni mesh within the pellet and the degree of 

polishing. In addition, the standard sintering temperature for SOFC electrolyte materials, 
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such as YSZ, are 1450 °C, very near the melting temperature of Ni, 1455 °C, and pellets 

can fracture during sintering, likely due to the voids around the Ni mesh and the large 

thermal expansion associated with heating and cooling Ni to such temperatures. Pattern 

morphology and choice of material is limited in this approach, but the trade-offs are in final 

thermal stability and more robust embedded planar interface.  

The key assumptions of the model cell are that the polarization of the anode dominates the 

non-ohmic impedance of the cell (due to the asymmetry of surface area between cathode 

and anode) and that there are no mass transport limitation (due to the non-porous, planar 

architecture of the anode). These assumptions are tested in the following section. 

5.4 Electrochemical behavior of model cells 

The embedded mesh model cells were able to function as SOFCs, able to produce 

current and sustain a reasonable OCV under H2 fuel. The representative baseline open 

circuit voltage, impedance and I-V-P curves are shown in Figure 55. The overall 

performance of the cells is relatively low, as expected for a planar anode with limited triple 

phase boundary active sites. The observed voltage was consistently lower than the 

theoretical Nernst potential, due to the electronic conductivity of partially reduced SDC 

electrolyte. This result is not surprising, and the degree of leakage current is reasonable for 

these conditions. 
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Figure 55 – (a) Average measured OCV values for Ni-SDC model cells compared to 

theoretical OCV for 97% H2/3% H2O anode with ambient air cathode. (b) I-V-P 

curves collected between 550 °C and 650 °C for Ni-SDC model cells  

 

The most critical requirement for the application of the model cell is the relative 

impedance of the anode, which is assumed in this model to be much larger than that of the 

cathode or any mass transport limitations. Figure 56 shows the relative impedance of an 

analogous symmetric LSCF cell, overlaid with that of the representative Ni-SDC-LSCF 

model cell. The impedance contribution of the cathode is consistently less than 10% of the 

total impedance of the model cell, consisting of a single depressed arc, and therefore we 

can confidently disregard the contribution of the cathode in further analysis.  
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Figure 56 – (a) Representative impedance spectra of an embedded mesh Ni-SDC 

model cell and a symmetric LSCF/SDC/LSCF cell, measured at 600 C (b) Rescaling 

of the spectra in (a) highlighting the spectra from the symmetric cell.  

 

Due to the low active site density of the embedded Ni-mesh, it is important to avoid any 

other sources of anodic reaction that may effectively short the anodic impedance. Ag paste 

was required to form electrical connections to the cell, and may have some inherent activity 

toward H2 oxidation, obscuring the model cell measurement. To test this effect, cells were 

fabricated without a Ni-mesh component (only Ag paste on the SDC surface) and compared 

to two groups of embedded mesh cells, one with a bare Ag paste connection and another 

with the Ag paste covered by high temperature sealant used to affix the cells (Ceramabond 

552®). The impedance of these cells is shown in Figure 57.  

a)

b)
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Figure 57 – Representative impedance spectra of (a) embedded mesh Ni-SDC model 

cell with Ag paste connection covered by Ceramabond sealent (b) Ni-free model cell 

with Ag paste on a polished SDC surface, and (c) Ni-free model cell with brush 

painted Ag paste on a polished SCD surface, covered with Ceramabond sealant. 

Measurements were collected at 700 C with 60 sccm H2 flowing over anode and 

ambient air over cathode (screen-printed LSCF). 

 

a)

b)

c)
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The impedance of the Ni-mesh cell is considerably lower than that of the Ag paste only 

cell, although the Ag-paste cell was able to provide a reasonable OCV. (~926 mV at 600 

°C in H2). The OCV of the Ag paste cell with the Ceramabond sealant was effectively zero 

(-1.22 mV), which confirmed that the addition of the Ceramabond sealant to the Ag paste 

connection effectively separated the connection from the experiment. Under this condition, 

we can confidently assume that the contribution of the Ag paste is negligible in this cell 

and can be disregarded in further analysis. 

To make rigorous calculations of polarization between cells, it is critical that the cells are 

stable over the long periods of time and exposure to high temperatures required for these 

experiments. To demonstrate the stability of the embedded mesh architecture, cells were 

heated to 750 C under 60 sccm H2 and held for three days. Impedance spectra were 

collected at 4 h, 28 h, and 72 h, as shown in Figure 58. There was a slight change in Rp 

after the first 4 h, but the cell quickly stabilized at the spectra remained unchanged after 72 

h. This result demonstrates that there is no significant degradation of the cell during the 

relevant testing periods used in this work, and indeed no stability issues were observed 

during further testing of model cells in H2.  
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Figure 58 – (a) impedance spectra collected after heating the cell to 750 C under 60 

sccm H2 (3%H2O) with ambient air over the cathode. (b) Rp values of the cell 

collected at various times during the three day test.  

 

The contribution of any mass transport limitations was tested by varying the flow rate over 

a model cell from 15 to 120 sccm while collecting I-V-P curves and impedance spectra at 

operating potential (0.6 V). Current density and impedance at higher potentials were 

unchanged while decreasing flow rate from 120 sccm to 60 sccm, but there was some effect 

at lower flow rates. Similarly, the impedance spectra collected at 600 mV (-273 mV from 

OCV), was not strongly affected by flow rate until the flow was decreased below 15 sccm. 

Based on these results, flow rates above 60 sccm were used for all further testing to avoid 

any concentration polarization due to gas diffusion. . 
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Figure 59 – (a) Representative I-V-P curves for Ni-SDC model cell collected at 

increasing flow rates (b) impedance spectra collected 0.6 V at each of the flow rates 

shown in (a). Data was collected at 700 C while flowing humidified H2 (3% H2O) 

over the anode and ambient air over the cathode.  

 

Through these observations we can now make the following conclusions for the Ni-SDC 

model cell: Impedance contributions from cathodic processes are negligible, impedance 

contributions from mass transport limitations are negligible, and the presence of Ag-paste 

connections do not interfere or amplify the anodic processes over the Ni-SDC interface 
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With the assumptions of the cell validated, experiments were continued to analyze the 

baseline anode electrochemical behavior using the model cells.  

 

5.4.1 Analysis of embedded mesh impedance spectra 

Representative impedance spectra of Ni-SDC model cells are shown in Figure 60. 

Temperature has a clear effect on the shape of the impedance spectra, with a low frequency 

arc dominating at higher temperatures, and a high frequency arc contributing more to the 

spectra as the temperature is decreased. 

 

 

Figure 60 – Impedance spectra for Ni-SDC model cell collected between 500 °C and 

700 °C (a-e). 60 sccm H2 (3%H2O) was used as fuel with ambient air at the cathode. 

700 °C

650 °C

600 °C

550 °C

500 °C

a)

b)

c)

d)

e)



 124 

This behaviour is in stark contrast to that observed in the Ni-YSZ model cells, shown in 

Figure 61. The shape of the impedance curve is clearly made up of multiple arcs, but the 

general shape (relative contribution of LF and HF arcs) does not change dramatically as 

the temperature is decreased from 750 °C to 600 °C.  

 

 

Figure 61 – Representative impedance spectra for embedded mesh Ni-YSZ cell 

collected between 750 °C and 600 °C (a-d). 60 sccm H2 (3%H2O) was used as fuel 

with ambient air at the cathode 
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5.4.2 Voltage dependent electrochemical performance of model cells 

The embedded mesh model cell operates as a SOFC, in contrast to a symmetric cell, with 

two different atmospheres over the electrodes, therefore the application of voltage to the 

model cell provides a more realistic environment for analysis of the anode under operating 

conditions. Impedance and I-V-P curves were taken for both Ni-YSZ and Ni-SDC 

embedded mesh model cells. In the Ni-YSZ cells, the resistance of the cell decreases with 

increased applied potential, and produces the expected curvature transition from activation 

region (dominated by charge transfer) to the linear ohmic region (dominated by electrolyte 

resistance). Notice that there is no mass transfer limited region observed in the Ni-YSZ 

model cell, as expected for the 2D planar surface and 60 sccm flow rate used. In contrast, 

the Ni-SDC model cell shows an inverse curvature to that of the Ni-YSZ cell, with the 

impedance of the cell smoothly increasing with applied potential. Since the Rp does not 

decrease with applied potential, the impedance of the Ni-SDC model cell is likely not 

dominated by a charge transfer process. 
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Figure 62 – Representative I-V-P curves for Ni YSZ (a) and Ni SDC (b) model cells 

collected at 600 °C. Current density has been normalized by the length of the Ni-

Electrolyte interface (LTPB)  

 

This voltage dependency is also observed when collecting impedance spectra under applied 

potentials. For the Ni-YSZ case, the application of voltage decreases the anodic 

polarization, as expected, with no change in the ohmic polarization. In contrast, the Ni-

SDC model cells show an increase in both Rp and Rohmic as potential is applied to the 

cell, as shown in Figure 63. 
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Figure 63 – Impedance spectra collected from (A) Ni-YSZ and (B) Ni-SDC model 

cells as a function of applied voltage (OCV, 0.8 V, and 0.6 V), collected at 600 °C 

with 60 sccm H2 flowing over anode and ambient air over cathode. 

A common explanation for increased polarization with applied potential is that the 

impedance is due to concentration polarization, caused by insufficient flow of reactants to 

the active site on the Ni-SDC surface, but the effect of gas flow rate was previously shown 

to have no effect above 60 sccm, as shown earlier in Figure 59. One possible explanation 

for this behaviour is that there is a solid state diffusion limitation of the oxygen anions 

and/or electrons to the active sites. It has been hypothesized by several authors that reduced 

CeO2 and SDC have significant activity toward H2 oxidation, independently of the presence 

of the Ni component.87,88,96  In combination with the mixed ionic electronic conductivity 

of reduced SDC, this activity can effectively widen the triple phase boundary with a limited 

active double phase boundary near the Ni current collector. Chueh et al proposed that the 
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width of this double phase boundary site was found to be limited by the electronic 

conductivity of the reduced CeO2 near the Ni-SDC TPB sites, and that the majority of the 

H2 oxidation occurred on the SDC surface near the TPB interface.  

Although these proposed explanations may help explain the behaviour observed on the Ni-

SDC model cells, further mechanistic understanding of the Ni-SDC interface is not within 

the scope of this work. These observations are made primarily to set a baseline performance 

of the Ni-SDC model cell, for its potential use as a screening tool for different functional 

coatings, as will be described in later sections. By comparing these model cells, the 

fundamental differences in the anode behaviour are made clear: (i) Ni-SDC shows 

increased Rp as current is drawn, whereas Ni-YSZ shows decreased Rp, (ii) Rohmic 

remains constant with voltage in the Ni-YSZ cell, but is increased in the Ni-SDC cell. 

These observations suggest that the oxidation reaction is fundamentally different at the Ni-

SDC interface compared to the Ni-YSZ interface, and in order to effectively identify 

functional coatings for intermediate temperature SOFC anodes, a Ni-YSZ model electrode 

will not be sufficient. .  

5.4.3 Dependence of Rp on pH2 and pH2O 

Empirical reaction orders can be determined by plotting the measured activity as a function 

of the partial pressure of each component on a double logarithm diagram. Then a reaction 

order can be calculated by fitting the following equation: 

 𝑙𝑛 (
1

𝑅
) = 𝑙𝑛(1/𝑅0) + 𝑛 ∗ 𝑙𝑛 (𝑝𝑥) (23) 
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Where R represents the anode polarization, px represents the partial pressure of x 

component (H2 or H2O) and n is the empirical reaction order. The impedance spectra of 

Ni-SDC model cells were collected while independently varying the pH2 and pH2O 

composition of the gas over the anode. Three mass flow controllers were used to mix N2, 

3% H2O humidified N2, and H2, at 100 sccm total flow, with ambient air over the cathode. 

The n calculated for the pH2 variation was 0.24 (standard deviation of 0.04), whereas there 

was essentially no dependence of impedance on pH2O variation, with an n of -0.0017 

(standard deviation of 0.00007). The impedance spectra and logarithmic plots are shown 

in Figure 64. 

 

Figure 64 – Dependence of anodic polarization on pH2 (a,b) and pH2O (c,d). The 

slopes of the linear fits, representative of the reaction orders, in (b) and (d) are 0.24 

and -0.0017. with R2 values of 0.94 and 0.96, respectively. Impedance spectra were 

collected at 500 C while gas compositions over the anode was controlled by three 

mass flow controllers mixing N2, 3%H2O humidified N2, and H2 at 100 sccm total 

flow, with ambient air over the cathode.  
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The significant dependence of the impedance on the pH2 supports the assumption that the 

cell impedance is dominated by the anodic processes; impedance due to cathodic processes 

should not be effected by the gas composition on the anode side of the cell. Jung et al also 

observed that bare SDC model anodes showed a strong dependency on pH2 (0.72), with 

near negligible dependence on pH2O (0.09).97 They proposed that this dependency, in 

contrast to Ni-YSZ, suggested that the rate-limiting process for H2 oxidation occurred on 

the SDC surface near the TPB site, and that hydrogen spillover or proton transfer through 

adsorbed hydroxyl species were not likely mechanism. Although there are several reports 

reporting the reaction of SOFC anodes as calculated with various pH2 or pH2O, there is 

little agreement on what mechanisms are responsible for these orders, and therefore 

assignment of specific reaction mechanisms over Ni-SDC was determined as outside of the 

scope of this work. This observation is primarily presented to show that changes in anodic 

atmosphere will adjust total impedance of the cell which supported the assumption of anode 

dominated impedance. 

 

5.4.4 Calculation of Rp and Ea from impedance spectra 

With the key model cell assumptions now validated, the impedance curve can be 

defined as only the polarization resulting from the anodic processes, allowing a more 

simplified interpretation of the impedance spectra. Typically, the polarization resistance 

(Rp) is simply calculated as the difference between the high and low frequency real axis 

intercepts on a Nyquist plot, but an additional correction was required for these Ni-SDC 

model cells. The OCV of the cells were substantially lower than the predicted Nernst 
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potential, because CeO2 based electrolytes will become partially reduced when exposed to 

low pO2 fuels, producing oxygen vacancies and increased electronic conductivity. This 

electronic leakage current lowers the observed OCV and complicates the measurement of 

the true interfacial resistance. Impedance spectra collected from a cell with a mixed 

ionic/electronic conducting electrolyte will exhibit a smaller impedance curve, and 

therefore calculation of Rp by a simple difference between the high frequency and low 

frequency intercepts will underestimate the true value.  

Following the approach of Liu et al, the Rp values were corrected by applying the measured 

OCV under the conditions of the impedance scan, and comparing that to the theoretical 

Nernst potential.98 This correction stems from the derivation of a transference number 

expression, which considers the effect of a cell’s interfacial polarization.  

Briefly, the ionic transference number of a material is defined as: 

 

 𝑡𝑖 =  
𝐼𝑖𝑜𝑛

∑ 𝐼𝑖
=   

𝜎𝑖𝑜𝑛

∑ 𝜎𝑖
=  

𝜎𝑖𝑜𝑛

𝜎𝑒𝑙𝑒 + 𝜎𝑖𝑜𝑛
=  

𝑅𝑒𝑙𝑒

𝑅𝑒𝑙𝑒 + 𝑅𝑖𝑜𝑛
 (24) 

These polarization values can be related to the open circuit potential and Nernst potential 

by:  

 𝑡𝑖 =  
𝑉𝑜𝑐

𝐸𝑁
(1 +

𝑅𝑝

𝑅𝑖𝑜𝑛 + 𝑅𝑒𝑙𝑒
) (25) 

By considering the impedance spectra as shown by Nyquist plot, the bulk ohmic resistance 

(Rohm) can be defined as the high frequency intercept of the impedance loop with the real 

axis: 
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 𝑅𝑏𝑢𝑙𝑘 = lim
𝜔→∞

{𝑍}𝐺 =  
𝑅𝑖𝑜𝑛𝑖𝑐𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐

𝑅𝑖𝑜𝑛𝑖𝑐 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
 (26) 

Similarly, the total impedance, RT, can be defined as the low frequency intercept of the real 

axis: 

 𝑅𝑡𝑜𝑡𝑎𝑙 = lim
𝜔→0

{𝑍} =  
(𝑅𝑖𝑜𝑛𝑖𝑐+𝑅𝑝)𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐

(𝑅𝑖𝑜𝑛𝑖𝑐 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐) + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
 (27) 

Through combination of the above equations, relations for the Rele, Rion, and most 

importantly, for the Rp of the cell can be calculated from the observations of a standard EIS 

measurement, namely, the open circuit potential (VOC) and the high and low frequency 

intercepts of the real axis of a Nyquist plot (Rbulk and Rtotal, respectively).  

 

 𝑅𝑝 =  
𝑅𝑏𝑢𝑙𝑘−𝑅𝑡𝑜𝑡𝑎𝑙

𝑉𝑜𝑐

𝐸𝑁
(1 −

𝑅𝑏𝑢𝑙𝑘

𝑅𝑡𝑜𝑡𝑎𝑙
(1 −

𝑉𝑜𝑐

𝐸𝑁
))

 (28) 

 

Indeed, the ionic transference numbers ranged from ~0.80 to ~0.96, with higher ti  observed 

at lower temperatures (Figure 65). This highlights the need for the Rp correction shown in 

Equation 28, as without this correction the anodic Rp would be largely underestimated (for 

example, a cell presenting an OCV of 849 mV at 750 C would underestimate the Rp as 

0.116 Ohm, when the corrected value would be 0.195 Ohm). All Rp values presented in 

this work, or used for further calculations, have been subjected to the equation above.  
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Figure 65 – Calculated ionic transference numbers for Ni-SDC model cells between 

500 C and 750 C, measured with 60 sccm humidified H2 flowing over the anode, and 

ambient air over the cathode. Error bars represent one standard deviation of the 

calculated results. 

 

Collecting Rp values at different temperatures, and applying the values to an Arrhenius 

plot, activation energies can be measured for the dominant anodic process, as shown in 

Figure 66. The activation energy for the ohmic resistance was calculated as 0.74 eV (σ = 

0.05), in agreement with several conductivity studies for SDC electrolytes, representative 

of the diffusion of oxygen anions through the lattice.99 The activation energy calculated for 

the Rp was and 1.09 eV (σ = 0.13). This value is within the broad range of values reported 

for H2 oxidation over Ni based anodes, although is higher than that measured for Ni-YSZ 

in this work (0.86 eV . σ = 0.03) suggesting that there may be a different rate limiting 

processes for Ni-SDC compared to Ni-YSZ anodes. 
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Figure 66 – Arrhenius plots for ROHMIC (a) and RANODE (b) collected from several 

embedded mesh model cells. Humidified hydrogen was flowed over the anode at 60 

sccm or above, with ambient air over the cathode. Linear fits were used to calculate 

the slope for each sample, yielding 0.74 eV (σ = 0.05) for ROHMIC and 1.09 eV (σ = 

0.13) for Rp. 

5.5 Use of embedded Ni-mesh model anode to investigate anode activity 

5.5.1 Quantification of anodic activity as function of LTPB 

The activity of an SOFC anode will scale with the number of active sites, therefore in order 

to quantify the catalytic activity of a specific material, the activity must be normalized by 

the relative amount of these active sites. One of the main advantages of the embedded mesh 

architecture is the straightforward observation and estimation of the LTPB. With this 

information, the inverse of Rp, here defined as activity (1/Rp) following the approach of 

Jung et al97,100 can be normalized by the number of active sites (assuming the active sites 

are limited to the interface of Ni and SDC, the triple phase boundary), and the performance 

of individual materials can be more rigorously compared across different cells with 

different LTPB.  
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In Figure 67, the process for calculation of the LTPB is described. Since the measurement 

of length will change with magnification, a simple 5X optical image was used to estimate 

the length. This reduces the resolution of the measurement but avoids measurement defects 

and anomalies that may occur at the interface. Using the open source imageJ software 

package, the image is converted to 32 bit greyscale. By adjusting the thresholding of the 

image, the Ni mesh is first defined as a single particle and with a defined geometry 

(perimeter, area, etc). Then the electrolyte regions fully enclosed by Ni-mesh are redefined 

as several particles, and their perimeters are summed and added to the bulk mesh perimeter. 

This results in values of anode area and triple phase boundary length. 

 

 

Figure 67 – Process of LTPB estimation using ImageJ software package. An optical 

image is first translated to a 32 bit grey scale. Then the mesh is defined through 

contrast definition to form particles, whose perimeters combine to give the LTPB. 

To calculate the normalized activity of the triple phase boundary, the activity value (1/Rp) 

was divided by the measured LTPB of that cell. Average activity values for both Ni-SDC 

and Ni-YSZ embedded mesh cells are charted in Figure 68 as a function of temperature.. 

Perimeter & AreaDefine Particle

Define Particles Internal TPB  length
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It’s important to note the y-axis scale difference between, the Ni-SDC and Ni-YSZ data, 

as the Ni-SDC anode exhibits roughly two orders-of-magnitude higher LTPB normalized 

anodic activity.  

 

 

Figure 68 –LTPB normalized activity values for (A) Ni-YSZ and (B) Ni-SDC model 

cells with 60 sccm H2 at anode and ambient air over porous LSCF cathode. Error 

bars represent one standard deviation of the data. Please note the different y-axis 

scale between (a) and (b).  

Clearly, the inherent activity of the Ni-SDC interface is higher than that of the Ni-YSZ 

interface. This result further supports the transition away from YSZ based anodes for 

intermediate temperature use, and suggests that significantly higher activity may be 

achieved for cells with Ni-SDC anodes compared to Ni-YSZ. 

5.5.2 Observation of Triple Phase Boundary length dependence for model cells 

Previous studies utilizing patterned model anodes have consistently concluded that the 

hydrogen oxidation reaction occurs only at the triple phase boundary site by measuring the 

Rp of cells with varying LTPB and applying the following equation: 
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𝑅𝑝 = 𝑅𝑝,0 ∗ 𝑙𝑇𝑃𝐵

−𝛼  
(29) 

Where the exponent α should yield a value of 1 if the rate limiting step of the reaction is 

limited to the TPB.84,86,92 Previous works often give results short of this value, explained 

by the difficulties in preventing the TPB of a Ni thin film from changing during exposure 

to the high temperature reducing atmospheres required for testing (e.g. delamination, grain 

coarsening, or void formation can all increase the true TPB length).  

This relation was applied to the data collected from the embedded mesh cells, in order to 

confirm the assumption that the model cell anode was indeed limited by the TPB. The Rp 

of bare Ni-mesh cells were plotted as a function of the measured LTPB, and this data was fit 

to an Allometric equation (y= aX^b) using OriginPro 2016. From equation (29), if the site 

is limited to the triple phase boundary location, the 𝛼 value should be equal to 1. An 

alternative approach is to plot the data in log-log plot and run a linear fit. The rational for 

this method is that the slope of the linear fit should be equivalent to the negative of this 𝛼 

term. Both plots and the calculated values are shown in Figure 69.  
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Figure 69 – Rp and Ln(Rp) (a, c) as a function of LTPB collected at 700 °C (a,c) and 

600 °C (b,d). Dashed lines represent (a,c) allometric (y= axb) and (b,d) linear 

(y=mx+b) fits 

Indeed, as the TPB length increased the Rp of the model cell decreased, with 𝛼 values near 

the 1.0 value predicted. Interestingly, as the temperature was reduced, there was a larger 

deviation from this α term, but these values remain within the range reported by other 

patterned anode works and verify the assumption that the embedded mesh model cell 

polarization with the LTPB. Most importantly, this result supports the use of the embedded 

Ni-SDC platform in the quantification of site anodic activity. Since the activity was found 

to scale with LTPB, the basic activity of different materials may be confidently calculated 

and compared by normalizing the activity (1/Rp) by the measured LTPB.   
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5.6 Activity modification through deposition of functional coatings 

One of the primary advantages of the open architecture of the embedded mesh architecture 

is the relative ease of material deposition through line-of-site coating techniques, for 

example DC or RF sputtering. Since the activity of the cell (defined here as 1/Rp) is limited 

by the anode, by depositing different materials on the model anode surface the effect of 

different coating materials on performance can be quantified and compared. In this way, 

the model cell can be used to confidently screen different functional coatings for improved 

SOFC performance, either through improved activity or stability to corrosion. This strategy 

was demonstrated in this section by comparing a variety of candidate functional coatings, 

including CeO2 films with small amounts of Ru, Ni, and Pt dopants.  

Films were deposited through RF (ceramic targets) or DC (metal targets) sputtering, as 

described in Section 3.2.3. Coating thicknesses and growth rates are listed for tested 

coatings in Table 7, measured by SEM cross-sections taken from silicon wafer substrates 

coated simultaneously along with the polished model cells (Figure 70).  
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Figure 70 – (a) Cross section and (b) top-down SEM of SDC films sputtered on a 

clean Si wafer for 120 min at 15 W, vacuum pressure set 6.3 E-3 mBar by flowing 45 

sccm Ar into the chamber. 

 

Table 7 – Growth rates resulting from DC or RF sputtering for catalyst coatings, as 

measured by SEM cross-section on Si substrates. RF sputtering conditions were 15 

W at 6.3E-3 mBar, DC conditions were 65W at 3.4e-2 mbar. 

Material Growth Rate (nm/min) 

SDC 0.70 

Ru-metal (DC) 5.1 

Ru/Ni/Pt-doped CeO2 0.73 

 

XPS analysis of the films confirmed a significant amount of ionic dopant was present in 

each film, and these dopants remained largely ionic after testing. The raw composition of 

each film, as well as the dopant:Cerium ratio, is included in Table 7. 
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Table 8 – Elemental composition of deposited catalyst films tested in this work, 

collected by XPS survey scan data.  

 SDC Ru 
 

RuCeO2 

 

NiCeO2 

 

PtCeO2 

Dopant:Ce ratio 0.22  0.04 0.26 0.54 

O1s 45.71 49.12 81.35 71.1 52.84 

Ce3d 5.67  9.90 11.28 5.35 

4Sm3d 1.27     

C1s 47.35 36.29 8.33 14.68 17.13 

Ru3p  8.26 0.42   

Ni2p  6.34  2.94 20.81 

Pt4f     2.88 

 

The Ruthenium and Ni doped films were able to retain their cationic state, with the Ru 3p 

binding energies of 463.7 eV and 463.0 eV for the as sputtered and tested coatings, 

respectively. Recall from Table 1 (chapter 4) that metallic Ruthenium shows a 3p binding 

energy of 461.2 eV. Similarly, the Ni 2p binding energies were 853.8 eV and 853.0 eV for 

the as sputtered and tested coatings, respectively, and the binding energy for metallic Ni0 

is only 852.4 eV. As observed for the nanoparticle catalysts described in chapter 4, the 

CeO2 lattice has a substantial ability to stabilize Ru and Ni in ionic states, even after 

exposure to high temperature reducing conditions. The platinum doped films showed a 

more, although cationic Pt was observed for the as-sputtered films, the tested coatings 

showed substantial amounts of both ionic and metallic Pt, with a new peak appearing at 

66.1 eV in addition to the cationic Pt peak at 72.22. This is likely due to the much higher 
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Pt loading of the sputtered PtCeO2 films, relative to the RuCeO2 and NiCeO2, as the 

stability of the ionic state is more likely as lower doping levels.  

The activity of the SDC film lowered the activity of the cell, as the ceramic phase covered 

the active Ni sites. Still, it’s important to note that the relatively thick film of SDC (~120 

nm) only decreased the activity by ~50%, demonstrating that a pure SDC surface does have 

reasonable electro catalytic activity toward H2 oxidation. As expected, the addition of a 

film of porous Ruthenium (65 W with 130 sccm Ar, 3.4E-2 mbar, following the approach 

of Takagi et al101) on the Ni-SDC surface dramatically increased the activity, likely due to 

both its intrinsic activity toward H2 oxidation, as well as its electronic conductivity creating 

additional triple phase boundary sites on the surface, beyond the Ni-SDC interface. In a 

similar fashion, the activity and impedance spectra of ionic Ru, Ni, and Pt doped CeO2, 

were collected and compared (Figure 71). Ionically doped films were deposited using a 

composite target fabricated by wrapping a wire of the noble metal around a dense CeO2 

target, following the methodology of Matolin et al.102 XPS analysis of the films confirmed 

a significant amount of ionic dopant was present in each film, and these dopants remained 

largely ionic after testing. 
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Figure 71 – Representative TPB normalized impedance spectra for (A) bare Ni-

SDC, (B) SDC coated, (C) Ru coated, (D) Ru-CeO2 coated, (E) Ni-CeO2 coated, and 

(F) Pt-CeO2 coated model cells, each collected at 600 °C with 60 sccm humidified 

(3%H2O) H2 flowing over the anode, and ambient air over the cathode. The LTPB 

normalized activities are given in (G), error bars represent one standard deviation 

of the data. 
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The presence of a functional coating decreased the relative contribution of the low 

frequency arc observed for these model cells. Although there was only a subtle effect for 

the plain SDC coating (which showed the least activity), the higher activity coatings 

significantly affected the spectra, suggesting that a different reaction process has become 

rate-limiting over the coating anodes, relative to the bare cells. This is supported by the 

changes in activation energy of the coated model cells, calculated by measuring the Rp of 

each cell at temperatures between 600 °C and 750 °C and applying a linear fit to an 

Arrhenius plot. The presence of any coating significantly increased the Ea for the anodic 

reaction (Table 9). 

Table 9 – Activation energy values measured from model cell Rp between 600 °C 

and 750 °C in 60 sccm H2 fuel over anode with ambient air over cathode 

Cell Type Ea (eV) Stdev (eV) 

Bare Ni-SDC 1.09 0.13 

SDC coated 1.29 0.1 

Ru coated 1.31 0.01 

RuCeO2 coated 1.50 0.09 

NiCeO2 coated 1.39 0.13 

PtCeO2 coated 1.33 0.08 

This result demonstrates the applicability of these model cell in the comparison of different 

functional coatings for SOFC anodes, and introduces the potential use of noble metal doped 

CeO2 as an attractive candidate SOFC anode electrocatalyst for future development.  

5.7 Design and fabrication of Operando SOFC chamber 
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The ability to characterize materials in the environment they are operated in is 

essential in the advancement of materials-based devices. Raman spectroscopy is an ideal 

characterization technique for operando experiments, since it doesn’t require high vacuum 

conditions or physical contact. A number of in situ studies of fuel cell materials have been 

conducted by using an optical hot stage with controlled atmosphere, which can replicate 

the temperature and reactive gas environments.24,25 Although this has provided critical 

information on the operation and corrosion of SOFCs, the single atmosphere condition 

does not accurately replicate the true operating conditions of the device, as a traditional full 

cell requires separate atmospheres for the cathode and anode to provide a chemical 

potential (OCV) and efficient flux of ionic species (O2-). Although voltage can be applied 

on a symmetric cell, this again does not fully replicate the conditions of a full cell, since 

the atmosphere is identical at both electrodes. This is especially important when studying 

SDC based SOFCs, since the entirety of the electrolyte will become reduced in a symmetric 

cell, dramatically affecting the electronic and ionic conductivity of the electrolyte. The 

number of SOFC studies using operando Raman are rare, and therefore there is a present 

need to improve this characterization technology.  

Button cell testing (described in section 3.1.2) is the work-horse of the SOFC academic 

community as it allows small scale prototype testing without the need for complicated stack 

construction. The information gained is primarily dominated by electrode behavior rather 

than macroscale effects such as gas flow, temperature management and fuel utilization, 

which are important issues but not directly related to materials chemistry. By fully 

replicating the button-cell testing apparatus within a Raman compatible chamber, there is 

less ambiguity between the conditions of a cell in the testing furnaces and one in the 
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operando furnace, and therefore the results are expected to be more meaningful to the 

SOFC device community.  

There are a few contemporizes who have attempted to address this issue. Robert Walker’s 

group has been especially prolific in this area, and have recently published many works 

using a home built system for operando Raman SOFC experiments, as well as operando 

experiment using several other optical techniques.103-105. Their system, shown in Figure 72, 

allows full button cell testing, but there are several drawbacks. The design is essentially a 

vertically mounted furnace placed underneath a custom optics system which guides the 

beam path into the furnace from a Raman system. This system is effective, with the ability 

to collect Raman signal from working SOFCs at temperatures as high as 800 °C with full 

control over both anodic and cathodic atmospheres. Still, there are several key drawbacks 

of this design. The system is relatively large, and is not directly compatible with a standard 

Raman microscope stage. This limits the adaptation of this design to other groups, and 

restricts the use of the Raman system to only operando experiments while the furnace is 

assembled. Critically, by not using a motorized stage to support the SOFC, there is no 

spatial resolution or mapping capability. Due to the composite nature of SOFC anodes, 

different regions of the cell can have dramatically different reactions taking place and this 

system is not able to distinguish on which component these reactions are occurring.  
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Figure 72 – Operando Raman SOFC apparatus designed and fabricated by the 

Walker group. Cross-section diagram is shown in (a), highlighting the anode and 

cathode chambers contained within the quartz tube under the optical path, (b) 

photograph of the operando system, including vertically mounted split-tube furnace 

and custom microscope optics (beam path shown by blue line). (c) Photo of anode 

surface during operation. Figure reproduced from Kirtley et al.105 

Although the work done within the Walker group is the most prominent, there are a few 

alternative designs available in the literature. Brightman et al designed a miniaturized 

system that fits a standard optical stage, as described in Figure 26.106 This design satisfies 

the requirement that the cell is mounted on a motorized stage for spatial resolution and 

mapping capability, while still reaching high operating temperatures (700 °C) and 

providing true SOFC operation with both cathode and anode atmosphere control. While a 

strong design, the complicated mounting and assembly of the unit does not replicate button-

cell testing, and may introduce inconsistencies when compared to standard cell testing 

methodologies.  
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Figure 73 – Schematic (A) and photographs (B) of Brightman et al’s design of an 

operando Raman chamber, highlighting the internal gas distribution cell mount, 

surrounding heating elements and insulation and outer water cooling coils. Figure 

reproduced from Brightman et al.106 

There are currently no commercially available operando SOFC testing systems available, 

and therefore to improve the testing capabilities of the Liu group at Georgia tech, a new 
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design was proposed, making use of the lessoned learned through the previous designs 

described above.  

In this design of an operando chamber there were a number of key functionalities: 

(1) the ability to test a full SOFC mounted as a button-cell (separately providing air and 

fuel to the cathode and anode, respectively); (2) the ability to reach temperatures in excess 

of 700 °C; (3) optical and electrochemical feedthroughs, allowing site-specific 

simultaneous collection of electrochemical and Raman spectra; and (4) relative simple 

construction, that can be adapted to common Raman systems and fabricated by other 

academic groups or companies. A drawing of the initial design is shown in Figure 74. A 

vertically mounted button cell supported on an alumina tube is inserted from the bottom of 

a rectangular chamber. A heating platen surrounds the cell at the end of the alumina tube, 

directly below an optical viewport. Feedthroughs for electrical connections, 

thermocouples, and gas flow are inserted from the sides. 
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Figure 74 – Schematic of basic operando system design, including highlight of 

patterned model cell mounted on the end of an inserted alumina tube to replicate 

button cell type testing.  

 

A 3D model of the final design of the chamber (after several iterations) is shown in 

Figure 75, the chamber is precisely machined to fit the standard cell culture plate perimeter 

used in many optical systems, so that it seats firmly into the motorized microscope stage 

(Prior ProScan II). The chamber is opened and sealed by use of a rectangular lid, which is 

placed over a high temperature silicon O-ring and compressed with four bolts against the 

main housing. The lid contains a quartz window assembly in its center, directly above the 

location of the SOFC button-cell. A rectangular platen (2.0” x 2.0” x 0.5”) is used to heat 

the cell, suspended in the center of the chamber by two heating cartridges (3/8” 300 W 

Watlow Firerod® with 2” hot zone) inserted horizontally into the chamber through two 

0.5” diameter compression fittings (Swagelok Ultra-torr®). Platens fabricated from 

copper, 304 stainless steel, and titanium have been tested, and can be selected as per the 

requirements of the experiment. 304 stainless steel has the lowest thermal conductivity, 
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which increases the difference between sample and set platen temperature. In addition, the 

stainless steel may introduce chromium based contaminates into the chamber (which may 

be preferable for the study of Cr poisoning). Copper provides the greatest thermal 

conductivity but may have some catalytic activity towards reactions studied in chamber. 

Titanium is a good option, as it is less catalytically active while having no volatile corrosion 

species while still a better thermal conductor than 304 stainless. The platen has a 0.5” 

diameter hole bored in its center, which surrounds the SOFC during operation for direct 

heating of the sample. The SOFC is supported on a 0.5” Alumina tube, which is inserted 

from the bottom of the chamber through an O-ring sealed feedthrough (Swagelok Ultra-

torr®). Three k-type thermocouples are used to measure the temperature of the heating 

platen, sample, and outer surface. The platen temperature is used for PID control, as it has 

a faster response time than the temperature of the sample. Electrical connections are made 

to the cell through two copper feedthroughs in the front of the chamber.  
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Figure 75 – Schematics of the operando chamber (a) outside from front (b) vertical 

cross-section through heating platen, and (c) horizontal cross-section of cooling 

channels. The numbered components refer to (1) Lid (2) Main housing, (3) 

Feedthrough positions for electrical connections and thermocouples, (4) Quartz 

window assembly, (5) Feedthroughs for gas input and exhaust, (6) Input and output 

for water cooling channels, (7) Feedthrough for left heating cartridge, (8) cartridge 

hole in heating platen, (9) heating platen body, (10) Feedthrough for right heating 

cartridge, (11) Feedthrough for Alumina button-cell support, (12) plugs required for 

the machined water channels 
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Due to the high temperatures required for SOFC testing, efficient cooling of the housing is 

critical. 0.25” diameter channels were drilled in both the main housing and the chamber 

lid, and a water-cooling system was used to flow chilled water through the Aluminum 

housing. Although the melting temperature of Aluminum (660 °C) is within the sample 

testing range, the thermal conductivity of Aluminum is relatively high compared to other 

available readily machined metals (e.g. Stainless Steel) and can be easily cooled. Alumina 

fiber insulation is packed between the housing and the heating platen, which allows a large 

but stable thermal gradient between the outside surface and heated region. The main 

components of the operando chamber were fabricated in the Georgia Tech machining mill. 

Photographs of the cell after final assembly are shown in Figure 76.  
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Figure 76 – Photographs of the final version of the operando cell highlighting (a) 

electrical feedthroughs and button cell insert, (b) optical viewport, (c) mounted cell 

inside chamber packed with insulation, (d) installation in the Raman system stage, 

(E) top-down image of lid with compression bolts for O-ring and machined slot for 

objective placement, (F) sealed model cell before insertion into operando chamber 

 

The temperature of the cell components were tracked and controlled using an in-house 

Labview® program, (written and graciously provided by Ryan Murphy). There was a 

significant difference between the heating platen temperature used and the sample 
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temperature, therefore both temperatures were tracked by the program. The platen 

temperature was used for the PID control, as it provided much better response to the applied 

signal and therefore more stable temperature control. The temperature of the cooled 

housing was also tracked by the program; in the event of a cooling system malfunction, the 

program would automatically shut down the system once the housing reached 90 °C or 

above. A plot of sample and chamber outside surface temperature as a function of platen 

temperature is shown in Figure 77.  

 

 

 

Figure 77 – Plot of measured Sample and operando chamber outer surface 

temperatures as a function of platen set point. Operando chamber was cooled 

during measurement by a chiller set to 20 °C, cell was held at each temperature for 

30 min before recording the sample and outer surface data points.  
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The reactive atmospheres are controlled by mass flow controllers paired with a simple 

manifold connected to necessary gas tanks (Nitrogen, H2, Hydrocarbon (e.g. methane or 

propane). Electrochemical, optical, and thermal control of the system is achieved through 

a CPU interface. A diagram of the system is shown in Figure 78. 

 

Figure 78 – Schematic flow diagram for the operando testing system.  

 

Collection of Raman spectra at elevated temperature is not trivial. The quartz window cuts 

the intensity of the signal, and the high temperature cause the sample to emit IR radiation 

which can elevate the baseline noise of the Raman spectra. Selection of lower wavelength 

lasers and increasing incident power and collection times can address most of these issues. 

A representative example of a Raman spectra collected from a Ni-SDC model cell (SDC 

region) is shown in Figure 79. As the sample is heated in H2, it is observed that the SDC 

surface is reduced, as the D:F2G peak ratio (described in section 4`.6.1) is markedly 

increased, and the F2G shows a subtle shift to lower wavenumbers.  
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Figure 79 – Raman spectra collected from sample mounted in operando chamber at 

room temperature and at 550 °C. H2 was flowed into the chamber at 100 sccm while 

ambient air was supplied to the cathode side achieving an OCV of 949 mV 

 

5.7.1 Electrochemical behaviour of cells tested in operando chamber 

To validate the use of the operando chamber for full button cell testing, embedded mesh 

Ni-SDC/LSCF cells were mounted in the chamber and their electrochemical behavior was 

characterized following similar tests as described earlier. Figure 80 shows the I-V-P and 

impedance spectra collected from the cell at 600 C, within the operando chamber. The I-

V-P curve is similar to that collected in a traditional SOFC testing furnace for a model cell, 

as is the impedance spectra (see section 5.3.3 and 5.3.4). It’s important to note the cell 

achieved a reasonable OCV of 0.94 V, demonstrating the quality of the sealing and 

successful separation of the anode and cathode atmospheres.  
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Figure 80 – (a) I-V-P curve and (b) EIS spectra of embedded mesh model cell 

collected within operando chamber at 600 °C, with 50 sccm H2 flowing into the 

chamber with ambient air over the cathode 

In addition, the electrochemical behavior of the model cells observed in the traditional 

SOFC testing furnaces is replicated in the operando chamber. As current is drawn from the 

cell, the impedance of the cell is increased. The impedance as a function of voltage is shown 

in Figure 81.  
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Figure 81 – Representative impedance of Ni-SDC model cell collected within the 

operando chamber at 600 °C while varying the potential of the cell.   

 

As described earlier, both the Rohmic and Rp impedance are increased as the voltage of 

the cell is decreased from OCV. This replication of electrochemical behavior demonstrates 

the applicability of the operando chamber in the analysis of full cell electrochemical 

phenomena. Raman spectra collected from these samples should therefore be a true 

representation of the chemistry that is occurring during full cell testing, and is ready for 

use as a new tool in the investigation of SOFC materials under full operating conditions.  

5.8 Conclusions  
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Taken together, the experiments described above lead to several important conclusions. 

First, the embedded mesh Ni-SDC model cell has been successfully demonstrated as a 

useful platform for characterizing intermediate temperature anode materials. These cells 

replicate basic SOFC function, establishing a reasonable open cell voltage (OCV) when H2 

is flowed over the Ni-mesh side while ambient air is used on the cathode side. The 

impedance of the cells has been shown to be dominated by the anodic processes, and any 

effects of connections or gas flow were successfully addressed. A protocol was developed 

for quantifying the LTPB of each cell, and it was confirmed that there was a strong 

dependence of Ni-SDC cell polarization on the triple phase boundary length. The reciprocal 

of the polarization resistance, or interfacial conductance, per unit TPB remains relatively 

constant, implying that the TPBs are the only active sites for the electrode reactions, and 

the activities of the TPB are relatively uniform. Using this knowledge, the activity (1/Rp) 

of each cell was normalized by the LTPB (Ni-SDC interfaces), allowing the quantification 

of activity between different cells and materials. Several observations on the basic 

electrochemical behavior of these model cells were made, including activation energies for 

the anodic reaction, and a general discussion of the impedance spectra. The application of 

functional coatings was found to dramatically affect the LTPB normalized activity of the 

model cells. Application of precious metal doped CeO2 coatings, such as Ni, Ru and Pt 

doped CeO2 increased the activity of the anode towards H2 even when the Ni surface was 

covered by a relatively thick ceramic film (>100 nm). Similar coverage of the Ni 

component by Sm-doped CeO2 reduced the activity of the cell.  

These results have demonstrated the potential of the embedded mesh architecture as a 

platform for rigorous screening and comparison of candidate catalyst coatings in future 
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SOFC materials development, and further motivate the addition of catalytically active 

coatings to Ni-based SOFC anodes to increase activity, while simultaneously protecting 

the Ni component from common poisons (such as H2S) and carbon deposition. Through 

the design and development of a new operando Raman system, capable of testing SOFC 

materials under true operating conditions, this work has further contributed to the available 

characterization techniques possible for SOFC testing.  

This work clearly sets the path for future research. The fundamental goal is to use the 

embedded mesh model cells to identify highly active catalyst coatings which provide high 

performance in both hydrogen and hydrocarbon fuels, without degradation or deposition 

of carbon (coking). Although much effort has been made to identify the correct conditions 

and coating materials for direct hydrocarbon tests using the model cells, key obstacles 

remain before adequate experimental results can be produced regarding film deposition 

and testing conditions. Once a suitable catalyst coating can be deposited that yields high 

performance and stability in hydrocarbon fuels, the fundamental mechanisms of electrode 

processes and structure-property relationships responsible can then be identified using the 

described operando chamber. These efforts and some initial observations have been 

described in the attached appendix. Through combination of the embedded mesh model 

cell and operando Raman chamber, this work lays out a new strategy for accelerated 

materials development for new SOFC anode coatings.  
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CHAPTER 6. CONCLUSIONS 

SOFC technology has a current and pressing need to improve performance at lower 

temperatures. This work addresses this need in two ways, first by demonstrating a high 

performing SOFC design, and second, by advancing current SOFC testing capabilities. The 

SOFC design makes special use of a precious metal doped CeO2 anode reforming layer to 

enable direct methane operation at temperatures as low as 500 °C. Structure property 

relationships were determined for this reforming catalyst, supported by in situ spectroscopy 

and DFT simulation, which attribute the high performance to a synergy between the ionic 

Ni and Ru dopants, and the unique defect structure caused by their introduction into the 

CeO2 lattice. Raman analysis was used to determine the successful substitutional doping 

of both Ru and Ni. New peaks were observed due to the presence of these dopants, which 

predicted defect formation under high temperature reducing conditions. Cationic 

Ruthenium was correlated with dramatically enhanced formation of M3+ and VO
** defects 

under in situ conditions, whereas the Ni dopant did not enhance in situ defect formation. 

DFT analysis supported the main conclusions of Raman experiments, and provided 

additional understanding of the role of each dopant in Steam Reforming. Briefly, the 

presence of cationic Ni provided enhanced CH4 activation, and the cationic Ru increased 

the presence and formation rate of oxygen vacancies and the activation of steam through 

the filling of these vacancies.  

The current SOFC testing capabilities are limited, often leading to empirical developments 

rather than rational design based on fundamental understanding of materials chemistry. A 

model cell was demonstrated for the investigation of new catalysts on the surface of a Ni-
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SDC based anode, which is limited by the anodic processes of the cell. The basic 

assumptions of the cell were validated, showing SOFC behaviour, anode dominated 

impedance spectra, and direct relation between anodic polarization and triple phase 

boundary length. The cell enabled quantitative comparison of activity, normalized by the 

triple phase boundary length, and showed the effect of several thin film catalyst coatings 

on anodic impedance. The open architecture of the model cell not only enabled the ready 

deposition and comparison of different thin films of catalysts, but also is ideally suited for 

operando Raman experiments. To this end, an operando Raman chamber was designed and 

fabricated, which replicated the standard button-cell testing. This chamber was able to 

safely reach fuel cell operating temperatures as high as 750 ° C, and was precisely 

machined to fit the standard cell culture plate dimensions used on common motorized 

microscope stages, suitable for spatial resolution measurements and Raman mapping of the 

model anode surface  

 

CHAPTER 7. RECCOMENDATIONS 

This high performance demonstrated by the low temperature SOFC described in this work 

should inspire further investigation in the application of anode reforming layers to high-

performance, low- and intermediate-temperature SOFC designs, as this strategy is 

currently underutilized. The use of precious metal doped CeO2, in which highly active 

metals (e.g. Ru, Pt, Ni, etc) are ionically stabilized and exhibit remarkable catalytic activity, 

is especially attractive for SOFC application and these catalysts should be should be further 

explored for this application. Raman spectroscopy was found to be a powerful too in the 
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investigation of the defect structure of precious metal doped CeO2, which was dynamic 

under operating conditions. Current literature on the Raman spectra of these materials is 

limited, and warrants more in depth analysis on the specific vibrational modes which 

produce the observed spectra both ex situ and in situ.  

The embedded mesh Ni-SDC model cell was demonstrated as a powerful new 

characterization capability and is expected to provide increased understanding of SOFC 

anode surfaces, and catalyst coatings. These cells provide a stable testing platform for the 

deposition of candidate catalyst coating for more rigorous and less time-intensive 

screening. The combination of these model cells and the operando chamber described in 

this work is expected to accelerate the advancement of SOFC materials development by 

relating the observed Raman spectra to electrochemical behaviour of candidate anode 

materials, the especially for low-temperature applications in aggressive fuels. 
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APPENDIX 

A.1  Use of model cells to investigate use of Ni-SDC for intermediate temperature 

hydrocarbon use 

As discussed in Chapter 4, one of the primary advantages of SOFCs over PEFCs is their 

potential ability to efficiently run on hydrocarbon fuels. The two major obstacles to direct 

hydrocarbon use are low activity and corrosion, primarily by carbon deposition and 

poisoning by sulphur species present in modern logistics fuels. Embedded mesh model 

electrodes provide a unique platform for studying the degradation reactions in these fuels, 

although analysis of the electrochemical behaviour is lacking, as studies were primary 

limited to symmetric cell configurations of Ni-YSZ cells or prototype full cells with highly 

porous and poorly defined electrodes. These electrodes provide a relatively large amount 

of non-electrochemically active sites which can be active to various reforming reactions, 

convoluting any direct electrochemical reactions with the hydrocarbon, as the more active 

H2 is produced by these reforming reactions The planar model anode provides the ideal 

substrate for the study of direct electrochemical oxidation of hydrocarbons, as the sites are 

limited and entirely electrochemical, with very little surface area available for internal 

reforming of the fuel before in interacts with the active triple phase boundary sites. To 

demonstrate the application of the embedded mesh Ni-SDC cells in the analysis of SOFC 

anodes tested in hydrocarbon fuels, cells were subjected to testing in three common fuels: 

methane, propane, and methanol. 

 



 166 

A.1.1 Model cell testing in methane fuel 

As the main component of natural gas, methane is the most attractive fuel for intermediate 

temperature SOFC operation. As discussed in section 4.1.1, internal reforming reactions 

such as steam reforming and dry reforming are less thermodynamically favoured at 

temperatures below 650 °C, and therefore the direct electrochemical oxidation of CH4 is a 

more important possibility at low and intermediate temperatures.  

In a similar approach to H2 testing discussed in chapter 5, embedded mesh model cells 

were heated in H2 and annealed at 750 °C for 4 h before testing at the desired temperature. 

After stabilizing cells at 600 C in 60 sccm H2, the gas was abruptly changed from H2 to 

CH4 (both gasses were flowed through a water bubbler, ~3% H2O). As the fuel was 

changed, the OCV of the cells rapidly decreased to ~ 200 mV in the methane atmosphere 

(Figure 82). 
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Figure 82 – Plot of measured open circuit potential (OCV) of bare Ni-SDC model 

cell during switch from 60 scmm H2 (3%H2O) to 60 sccm CH4 (3%H2O) at 600 °C.  

 

After a certain incubation time, periodic oscillations in OCV occurred, with peak values 

nearing the original OCV measured in hydrogen (Figure 83). Oscillatory behaviour 

occurred on all samples tested in methane, regardless of catalyst coating, with similar 

incubation time and peak/valley height. The oscillation in voltage remained constant for 

several hours with no change in peak or valley voltage values.  
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Figure 83 – (A) Plot of measured open circuit potential (OCV) of bare Ni-SDC 

model cell during switch from 60 sccm H2 (3%H2O) to 60 sccm CH4 (3%H2O) at 600 

°C. Switch occurred at 2 min in this figure, oscillation began at 28 min. (B) current 

measure of cell under 60 sccm CH4 at constant 0.6 V. 
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These oscillations were found to be variable as a function of temperature, with narrowing 

voltage oscillations as temperature is increased and widening oscillation as temperature is 

decreased (Figure 84).  

 

Figure 84 – Plot of open cell voltage of a Ni-SDC model cell fueled with 60 sccm CH4 

(3%H2O) as temperature is varied. (a) 650 °C, heating at 2 °C/min, (b) held at 700 

°C, (c) switch from CH4 to H2, (d) switched from H2 back to CH4, (e) started cooling 

at 2 °C/min. 

 

Due to the instability of voltage in methane, impedance spectra could not be collected under 

methane (oscillations is voltage occur faster than the time required for an impedance scan). 

Therefore, to track the activity of the cell as a function of time exposed to methane, the cell 

was periodically returned to H2 for impedance collection. This process was repeated several 

times over a 24 h period, as shown in Figure 85.  
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Figure 85 – (a) impedance spectra collected at 600 °C in H2 after various exposure 

times to methane fuel, (b) plot of polarization values collected in H2, as a function of 

time exposed to methane fuel.  

 

After this experiment, the samples were cooled back to room temperature in flowing H2 

for characterization. Top-down SEM, shown in Figure 86, reveals significant surface 

modification of the Ni component. A rough and porous film was grown on the Ni surface, 

which appeared microcrystalline and exhibited different microstructure dependent on the 
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exposed grain structure of the polished Ni, with additional growth along the Ni grain 

boundaries.  

 

 

Figure 86 – Top-down SEM images of the Ni surface of model cell after 24 h of 

operation in methane fuel, cycling back to H2 for impedance measurements. 

Magnification is increased through (A-D). Sample was cooled to room temperature 

under flowing H2. 

Chemical analysis of the Ni surface after testing revealed that the surface was primarily Ni 

(Figure 87), with no detectable carbon signal by either EDS or Raman (which would be 

expected from carbon deposition). In comparison, a cell tested in parallel with a shorter, 1 
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h exposure to propane, showed a dramatic increase in both EDS and Raman signal for 

carbon. Testing in propane will be discussed in a later section, and this result is presented 

here as a reference. 

 

Figure 87 – (a) EDS and (b) Raman spectra of model cells after cyclic exposure to 

CH4 (S68) and exposure to propane fuel (S67). Raman spectra shown represent the 

average of four scans over different locations on the Ni surface.  
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There are several possible explanations for oscillatory behaviour proposed in the literature, 

although an exact mechanism remains in dispute.107-110 Coking has been shown to briefly 

improve cell performance, due to the increased electrical conductivity of the anode with 

the addition of graphite deposits, but the performance soon begins to degrade as the carbon 

deposit covers the active sites. Huang et al described a similar voltage pattern in their cells, 

which they ascribed to the cyclical oxidation and reduction of the metallic anode 

component (in this case Ni). The restructuring of the Ni surface resulted in a porous film 

with higher surface area than the original anode, increasing the surface area of the Ni 

component and the amount of active triple phase boundary interfaces.  

The observation that the impedance of the cell markedly decreased after 12 h of exposure 

to methane at OCV, then stabilizes, suggests that coking is likely not responsible for the 

oscillatory behaviour. Carbon would block active sites and thus increased anodic 

impedance, and the impedance would be expected to continue to increase as more carbon 

is deposited over time. In addition, the surface of theF Ni component after testing in CH4 

shows a porous Ni film had formed, with additional feature height and density on different 

Ni facet orientations, as well as along the Ni grain boundaries. This type of morphology is 

similar to that reported for high temperature oxidation of Ni, which exhibits short-circuit 

diffusion of Ni cations trough the NiO grain boundary as well as the growth of oxide 

protuberances (due to the higher rate of Ni cation diffusion to the material surface than the 

rate of oxygen diffusion to the Ni). Therefore, the results of these experiments suggest that 

the model cell shows oscillation in voltage (and current density under potentiostatic 

conditions) due to the cyclic oxidation/reduction of the Ni component. In contrast to other 

direct methane SOFCs, the embedded mesh model cell has a very limited amount of 
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exposed Ni, and therefore there are less sites for reforming of the methane to H2 before it 

reaches the triple phase boundary sites. The direct electrochemical oxidation of methane 

may be very sluggish, and if the methane is not being efficiently oxidized the fuel 

atmosphere becomes less reducing. Therefore, the oscillations likely occur through the 

periodic transformation of the Ni surface from active/conductive Ni to inert/insulating NiO. 

During the initial switch from H2 to CH4, there is a smooth decrease in OCV as the 

concentration of H2 is flushed from the anode. When the fuel composition equilibrates at 

97% CH4 3% H2O, the oxygen vacancies of the SDC likely start to fill and eventually the 

local effective pO2 of the surface reaches a critical point at which the Ni surface is oxidized 

to NiO. Due to the higher diffusion rate of Ni cations through NiO relative to O2-, the NiO 

film grows at the gas/solid interface, forming a nanostructured surface with additional 

growth features along short-circuit diffusion paths such as grain boundaries. Eventually, 

this nanostructured NiO film becomes active enough to catalyse the oxidation of the CH4 

fuel, which causes a dramatic decrease in the effective pO2 of the fuel, reducing the NiO 

back to Ni. When returned to the metallic Ni state, the anode will rapidly achieve a higher 

activity and OCV, since the metallic Ni is more active and most importantly electronically 

conductive. Still, the kinetics of the methane activation are low under these conditions and 

the Ni quickly reoxidizes to NiO and the OCV rapidly drops again. This process continues, 

and the repeated oxidation and reduction of the NiO film forms a porous, high surface area 

Ni.  

The cyclic growth and reduction of the NiO film on the surface would be expected to form 

a porous structure, as was observed in post mortem SEM, increasing the number of 

interfaces with the SDC electrolyte. This yields a possible explanation for the increased 
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activity of the cell when it is returned to a pure H2 atmosphere, as the surface area of the 

anode is effectively increased as the polished Ni surface becomes porous. Similar 

explanations have been posited, and further suggestions that conditions of low Ni site 

density (such as those inherent to the embedded mesh architecture) may exasperate and 

amplify this oscillation phenomena.110  

These oscillations in voltage and current were consistently observed in several tests, 

including those with the active coatings described in Chapter 5. There is significant interest 

in the identification of a coating material which can protect the Ni component from coking 

while simultaneously reforming or directly oxidizing the hydrocarbon fuel, and the model 

cell platform was designed in part to quickly screen a variety of coating materials for direct 

methane operation. Although a basic explanation of the observed oscillation is given, the 

most productive research direction is to attempt to avoid these oscillations and find 

conditions in which stable impedance can be collected, as was done in H2 fuels. Before 

different catalyst materials can be accurately studied for direct methane oxidation, the 

testing conditions must be further optimized to remove the oscillatory behaviour, through 

changes in gas composition, LTPB, or catalyst morphology. 

A.1.2  Model cell testing in propane fuel 

In contrast to results in methane, there was no observed oscillation in propane fuels during 

testing under both open circuit and constant potential. The current of an embedded mesh 

cell operated at 0.6 V during a switch from H2 to propane fuel is shown in Figure 88.  
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Figure 88 – (A) Current at 0.6 V for a model cell during switch from 60 sccm H2 to 

60 sccm propane (both fuel humidified to 3% H2O). (B) Adjustment of scale of plot 

from (A) highlighting the immediate effects of the fuel switch 

 

After an initial increase, the current quickly decreases to a steady baseline, about 10% the 

value measured in the H2 fuel. As no oscillations were observed, EIS was used to collect 
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impedance spectra in both hydrogen and propane fuels. As shown in Figure 89, the Rp 

increased dramatically in propane, relative to H2.  

 

 

Figure 89 – Impedance spectra of embedded mesh model cell collected at 600 °C, 

while holding at 0.6 V, before and after one hour of exposure to 3%H2O humidified 

propane fuel. Spectra are overlaid together in (a) and then the propane and H2 

spectra are plotted separately for clarity in (b) and (c), respectively.  

Since the voltage and current of the cell was relatively constant in propane fuel, the 

impedance could be tracked as a function of time. The cell was held at 0.6 V for roughly 
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12 hours, taking impedance spectra periodically. The current output of the model cell 

decreased steadily over this time, as the measured impedance increased. As shown in 

Figure 90, the degradation of the cell was primarily due to the increase in the ohmic 

resistance of the cell, although the Rp increased substantially after the switch from 

hydrogen, it was relatively stable over the remainder of the 12 h test.  . 

 

 

Figure 90 – (A) plot of current as a function of time for an embedded mesh model 

cell. Fuel atmosphere was changed from H2to Propane at 62 min, as illustrated by 

the line in red. (B) plot of impedance contributions from anodic polarization (Rp) 

and bulk ohmic resistance (Rohm) as a function of time exposed to propane. (C) 

Impedance spectra collected at 0.6 V in H2 and propane as a function of exposure 

time (impedance were collected in time period gaps in (A)). (D) rescaling of (C) to 

highlight the relatively low impedance collected from the cell in H2 at 0.6 V.  
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Two key observations are made from model cell testing in propane: (i) the performance in 

propane was decreased, but the cell remained operational, and (ii) Although the Rp of the 

cell in propane was much larger than the Rohmic of the cell increased during operation in 

propane, more so than the Rp. The lower performance in propane could be due to either 

lower activity to the hydrocarbon, or due to corrosion of the Ni surface by carbon 

deposition. The large increase in Rohmic, relative to Rp, suggests that degradation of the 

anodic current collection occurred, since the bulk of the electrolyte is isolated from the 

propane atmosphere and should be unaffected by the fuel. This could be due to the possible 

lift-off of the Nickel phase from the SDC bulk, or of the Ag paste connection from the 

surface, caused by the growth of solid carbon on the surface. 

Post mortem analysis of the cells operated in propane show clear and significant carbon 

deposition, in the form of carbon fibers, on the Ni surface. Raman spectra and SEM images 

are shown in Figure 91; Raman spectroscopy of the model anode surface clearly show the 

G and 2D peaks, indicative of graphitic carbon, which was corroborated by the strong 

carbon signal detected by EDS of the Ni component (Figure 92). There was no carbon 

deposition on the ceramic phases, demonstrating the catalytic nature of this corrosion 

mechanisms, i.e. even though carbon deposition is thermodynamically favoured in these 

conditions, the presence of a C-C formation catalyst is required (Ni). 
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Figure 91 – Top down SEM images of bare Ni-SDC model cell after 12 h of 

potentiostatic (0.6 V) operation in propane at 600 °C. 60 sccm of propane, 

humidified to 3%H2O was flowed over the anode, with ambient air over the 

cathode.  
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Figure 92 – (A) EDS and (B) Raman signal collected from the Ni surface of the 

model cell after testing in propane, from the cell shown in Figure 91. 

 

A.2  Conclusions of model cell testing in hydrocarbons 

The Ni-SDC embedded mesh model cells were tested in both methane and propane fuels. 

In methane, the cells exhibited severe oscillations in both open circuit voltage, as well as 

output current density. No evidence of coking during methane testing was observed, and 

post-mortem analysis showed evidence of surface restructuring of the Ni surface caused by 

cyclic oxidation and reduction (Ni to NiO). The increased surface area caused by the 

restructuring increased the baseline activity in H2, after long term exposure to CH4. 

Although significant efforts were taken to avoid this oscillation, since the unstable voltage 

inhibited the collection of impedance spectra, this behaviour persisted with different 

temperatures, surface coatings, and gas compositions. Before these Ni-SDC model cells 

can be used to make strong conclusions on the behaviour of SOFC materials under direct 

methane operation, the conditions must be optimized to avoid the oscillation, and therefore 

this is the recommended research direction as this work continues. 
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In propane there were no oscillations observed, but severe coking quickly inhibited the 

model cells. The graphitic carbon fibers covered the Ni surface while leaving the SDC 

electrolyte relatively un-touched, demonstrating the need for protective coatings to isolate 

the Ni component from the hydrocarbon fuel while retaining high activity. Further 

optimization of catalyst coating process is necessary, in order to achieve stable propane 

operation. This testing platform was able to immediately identify the degredation 

mechanisms and anode activity during tests in hydrocarbon fuels, and therefore is expected 

to be a critical tool in ongoing anode materials development for direct hydrocarbon SOFCs. 
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