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ABSTRACT 

 The infiltration of nanoparticle electrocatalysts into solid oxide fuel cell (SOFC) 

electrodes has been proven to produce a high density of electrochemically active sites, and 

reduce charge transfer polarization losses in SOFC electrodes. This is crucial for intermediate 

temperature operation, as these losses increase greatly at lower temperatures. Nickel-yttria 

stabilized zirconia (Ni-YSZ) cermets are low-cost, and exhibit excellent stability, but their main 

disadvantage stems from nickel coarsening and performance loss over their operational lifetimes. 

Infiltration of electrocatalyst nanoparticles has been shown to mitigate nickel coarsening and the 

consequent anode degradation. In this work, the effects of these infiltrants have been observed in 

a standard Ni-YSZ electrode. In addition to nickel, mixed ionic and electronic conducting 

(MIEC) phases have been infiltrated into Ni-YSZ scaffolds and their performance characterized 

using electrochemical impedance spectroscopy (EIS). Cross-sectional microscopy of fractured 

cells has been used to compare electrode microstructure and particle statistics. A model has been 

proposed to explain the origin of anode performance enhancement from nanoscale 

electrocatalysts. 
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1. INTRODUCTION 

Solid oxide fuel cells (SOFCs) are a solution to the energy and environmental problems 

we face now as well as in the coming future. They are devices that utilize fuel, in the form of 

reformed hydrocarbon gases, i.e.  hydrogen and carbon monoxide by electrochemically oxidizing 

them, and delivering electrons through an external circuit. This direct electrochemical reaction 

means that intermediate steps, such as a heat to mechanical work transformation, are not present. 

This allows SOFCs to operate without certain thermodynamic limitations, such as Carnot 

efficiency [1-5]. Not only are they more efficient than turbines and engines at electrical 

conversion, with a 60%-75% conversion rate, but when coupled with a combined heat and power 

system, the high-grade heat produced can bring the conversion of useable energy up to 80% 

efficiency via cogeneration [6,7]. SOFCs have no direct combustion reactions during operation, 

which lead to lower emissions of CO2, NOx, and SOx compounds as well as lower particulate 

matter emissions. As evident by its name, the electrolyte is a solid oxygen ion conductor, which 

does not require a corrosion management system unlike its liquid electrolyte counterparts. Their 

lack of moving parts mean SOFCs are noise and vibration free, and require only pumps to 

regulate flow of fuel and oxidant gases. Lastly, their modular design allows SOFC cells to be 

assembled in series or parallel circuits, allowing applications ranging from utility grid conversion 

down to biofuel electric vehicle integration [8,9]. 

Unfortunately, there are still many barriers of entry that hold SOFCs back from 

mainstream adoption by companies and manufacturers. Their largest disadvantages include cost, 

durability and performance of the individual cells. This project attempts to address all of the 

disadvantages within the conventional anode electrode, nickel-ytrria stabilized zirconia (Ni-

YSZ), with minimal additional processing methods, all of which will be discussed in Chapter 2. 
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Recently, one direction is to improve performance by infiltrating nanostructured 

electrocatalysts into the electrode. In particular, the precipitation and decomposition of metal 

nitrate mixtures within a pre-sintered scaffold is an emerging approach of interest [10-11]. This 

infiltration of metal precursors can not only form bulk phases, but also nanoparticle 

electrocatalysts within the electrode. The nanoscale features effectively increase the surface-to-

volume ratio of the metal phases, increasing the density of sites for electrochemical reactions to 

take place [12,13].  

One example is the infiltration of nickel nanoparticles into a Ni-YSZ scaffold, which has 

shown cell performance improvement without the need to introduce third component into the 

cermet. Although the initial performance of the cell does show improvement, continuous 

operation of the cell also shows coarsening of the infiltrated nanoparticles. This is significant 

especially at higher humidity levels in the anode gas (fuel). Prior work has shown that higher 

humidity levels in the anode allows nickel wetting for both the bulk and nanoscale phases  

[14-15]. This coarsening behavior has been observed alongside other metal infiltrants, but the 

mechanism driving this phenomenon is still unclear.  

Although coarsening is more difficult to explain, the contribution of the metal 

nanoparticles to the overall cell performance can be described through the increase in 

electrochemically active sites and the transport of electrons through the metal phase. The 

addition of particles with a smaller feature size decreases the average feature size of the 

electrode, and increases the density of electrochemical sites within the active layer of the 

electrode [14-17]. These metallic nanoparticles not only provide more active sites to increase the 

rate of the charge transfer reaction. However, they can only be effective if they are not isolated 

as will be described further below. 
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Challenges that impede infiltration studies on anode cermets include the extent of 

processing behind the method. First, Ni-YSZ anode supported cells must be prepared in-situ by 

isolating and reducing the anode’s nickel oxide (NiO), while maintaining the cathode under an 

oxidizing environment at operating temperatures. The anode support reduces to Ni-YSZ in the 

process, but it becomes much more fragile, and it is sensitive to stress and temperature changes 

after reduction [18-19]. One of the possible methods to combat this problem included infiltrating 

the NiO-YSZ active layer before reduction, but the technology is not easy to replicate and the 

overall loading of Ni nanoparticles was poor due to insufficient porosity [20]. 

Previous work in this project has shown that pre-reducing the cells in-situ at operating 

temperature, infiltrating the cells at room temperature and heating to a predetermined 

decomposition temperature is a solution to test infiltrated Ni-YSZ anode supports [21-23]. These 

studies have shown that not only do metal nitrate solution infiltrants improve initial cell 

performance, but infiltrants containing mixed ionic and electronic conducting phases, such as 

Gadolinium Doped Ceria (GDC), have also shown improvements in cell performance.  

To continue further and elucidate the effects of infiltration, the present research 

systematically studies the effect of infiltration of electrocatalyst nanoparticles in SOFC 

electrodes comprising symmetrical cells. Symmetrical cells were infiltrated with multiple cycles 

of the same infiltrant solution, to observe if the cell electrochemical performance always 

continues to increase with the number of infiltration cycles, or if there is reversal in performance 

after a certain number of infiltration cycles. These electrochemical measurements will be 

correlated with the cross-sectional microstructure of the cells, to determine if the infiltration 

cycles lead to different microstructures which in turn influence their electrochemical 

performance. Lastly, an electrochemical model incorporating the distribution of relaxation times 
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(DRT) is developed to further simulate how the kinetics of the various electrochemical processes 

in the electrodes change with infiltration and different operating parameters. 

The objective of this dissertation is to research and analyze how infiltration affects 

different anode materials, which will be presented in five chapters. Chapter two introduces the 

SOFC technology and its applicable fields, compares and contrasts the features within symmetric 

cells to conventional SOFCs, describes the infiltration process of electrocatalyst nanoparticles 

and the relevant techniques for measuring electrochemical performance of SOFCs, and describe 

modelling techniques to deconvolute the different polarization processes that impact symmetric 

cells. Chapter three describes the experimental results of a study on the impact of different 

infiltration cycles of electrocatalyst nanoparticles on the performance and stability of Ni-YSZ 

electrodes: the first part of chapter three studies the effect of infiltration of an existing phase, 

nickel, as the electrocatalyst; the second part of chapter three studies the effect of infiltration of a 

mixed ionic and electronic conduction (MIEC) phase as an electrocatalyst into the substrate. 

Chapter four explores the experimental results of a study discussing the impact of infiltration 

cycles of nickel nanoparticles on anode electrodes consisting of an MIEC phase substituting the 

ionic phase of the material, as well as an equivalent circuit to attribute polarization resistances to 

physical processes. The mechanisms behind activation polarization are further elucidated using 

transmission line models alongside DRT analysis, concluding that infiltrated nanoparticles must 

have a MIEC phase in order to be fully utilized. Chapter five further explores the effects of 

humidity conditions and operating temperature on cermet electrodes containing MIECs. Chapter 

six and seven summarizes any additional work and proposes topics and phenomena of discussion 

in future work. 
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2. BACKGROUND AND PROBLEM STATEMENT 

2.1 Literature Review 

2.1.1 Solid Oxide Fuel Cells 

Whereas there are many types of fuel cells which utilize liquid electrolytes, solid oxide 

fuel cells are comprised of a solid oxide electrolyte, which allows oxygen ions resulting from 

reduction of molecular oxygen on the cathodic side to selectively pass through to the anodic side 

where they react with fuel and liberate electrons.  The electrons liberated on the anodic side 

transport through an external circuit to the cathode side. In order for the oxygen ions to migrate 

across the electrolyte, SOFCs typically operate around temperatures between 600 - 1000°C to 

reduce various polarization losses [1-3]. The exothermic heat liberated due to the 

electrochemical oxidation of fuels provides high-grade heat for heating and cogeneration 

applications, in addition to the high electrical power generation efficiency [4,5]. Unfortunately, 

high-temperature operation has its disadvantages as well including undesirable interfacial 

reactions and differential thermal expansion between contiguous layers. This differential thermal 

expansion leads to delamination of layers at the interfaces between components during thermal 

cycles. The other caveat that affects SOFCs is that long term operation at high temperatures has 

been found to also degrade the overall cell performance, and this degradation stems from a 

variety of factors, including but not limited to: the poisoning of the cells’ electrochemically 

active regions due to a variety of contaminants; the microstructural stability of the electrodes’ 

scaffolds; the sudden changes in operating conditions due to external factors [1,2]. 

The SOFC cell is shown in Fig. 1 and primarily consists of three components: the anode, 

cathode, and electrolyte. Under fuel cell operating conductions, a fuel gas, e.g. hydrogen gas 

(H2), is passed through channels in contact with the anode, while an oxidant gas, for example air, 
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is passed through cathode gas channels. The fuel is oxidized within the anode, releasing electrons 

into the external circuit. To complete the circuit, the electrons liberated on the anode side 

transport back to the cathode side where they participate in reducing oxygen gas to oxygen ions. 

To maintain charge and mass balance, these oxygen ions then migrate through the electrolyte 

from the cathode to the anode, and react with the oxidized fuel. As long as the spent fuel and 

oxidants are constantly replenished with new gas and the operating conditions are maintained, 

the cell can continue long-term operation, typically many years. 

 

Figure 1:SOFC operating with hydrogen gas as its fuel source and air as its oxidant. 
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The complete cell reaction actually is composed of two half-cell reactions, one which 

occurs at the anode and the other which occurs at the cathode. Both sides require facile 

molecular transport of gas, and the transport of electrons and ions to and away from the reaction 

sites for the half-cell reactions to occur. Each species participating in the reaction is typically 

transported through a different phase. In an SOFC anode, the phases that must be in contact are 

the pore phase (gas transport), the metallic phase (electron transport) and the ionic conducting 

phase (ion transport). When viewed as a 2D cross-section, these Triple Phase Boundaries 

(TPBs), regions where all three phases intersect and interact, show up as a point. In actuality, 

TPBs are one dimensional structures (meandering lines) that run throughout the electrode, which 

can be quantified and compared between cells and even within different regions within the 

electrode. Measuring the density of TPBs, in units of length per unit volume, provides a 

quantitative measure of the active regions of composite electrodes such as the cermet anode and 

composite cathode. In the case of the anode, active layers with higher TPB densities have 

resulted in better electrochemical performance. One proposed method to increase TPB density 

involves reducing the feature sizes of the TPB phases, and increasing their surface-to-volume 

ratios. Other proposed methods include changing the anode composition, as well as more 

process-intensive changes such as novel electrode architectures [24-25]. 

Current SOFC systems most commonly use a planar anode-supported cell. This type of 

cell consists of a porous Ni-YSZ cermet substrate ranging from thicknesses of 200-1000 

microns, which also provide structural support for the cell. The cell also consists of a YSZ 

electrolyte a few microns thick, and a cathode (typically a hole and oxygen ion conducting 

perovskite oxide) with a thickness of tens of microns. In order to improve the electrochemical 

catalysis of the cell, the TPB densities near the electrode-electrolyte interfaces are improved by 
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sandwiching TPB-dense ‘active layers’ for both electrodes with respect to the electrolyte. The 

active layers consist of smaller features and finer microstructures, as well as composite phases 

(such as Lanthanum Strontium Manganite-YSZ) to increase TPBs. 

2.1.2 SOFC performance losses 

Polarization, or the voltage loss within the cell, is a function of electrochemical device’s 

current density; as the device is operated at higher current densities and power outputs, it will run 

at lower thermodynamic efficiencies. In order to produce durable and reliable energy electrical 

power, one crucial objective is to reduce the total polarization. In SOFCs, there are three main 

polarization components--ohmic polarization, activation polarization and concentration 

polarization. Fig. 2 below shows the current density-voltage (I-V) characteristics of a typical full 

cell, and the polarization losses that occur as a function of current density. 

 

Figure 2: Example of an I-V scan of a SOFC full cell, indicating the polarization losses and their magnitude with respect 

to current density. At lower current densities, the majority of losses are due to the anodic activation polarization and 

concentration polarization [26]. 
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 Ohmic polarization is the resistance offered by the various components to the transport of 

charge carriers. This polarization follows Ohm’s law, and has a linear relationship with the 

current density. This can be seen most prominently in the middle region of a fuel cell’s I-V 

performance, where a constant slope can be measured. The linear coefficient that determines the 

ohmic behavior is the resistivity, which is intrinsic to each material component. The total ohmic 

polarization and ohmic resistance can be calculated with Equations 1 and 2 shown below, 

 

 𝜂𝑂ℎ𝑚𝑖𝑐 = 𝑅𝑂ℎ𝑚𝑖𝑐𝑖 
 

(1) 

 𝑅𝑂ℎ𝑚𝑖𝑐 = 𝜌𝑎𝑙𝑎 + 𝜌𝑒𝑙𝑒 + 𝜌𝑐𝑙𝑐 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (2) 

 

Where 𝑖 is the current density through the cell, 𝜌 is the intrinsic resistivity of the component, 𝑙 is 

the average thickness of the component and 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is the area-specific contact resistance from 

each interface present in the cell. The subscripts 𝑎, 𝑐 and  𝑒 denote the anode, cathode and 

electrolyte respectively. Intrinsic resistivity is the reciprocal of the electrode or electrolyte 

conductivity, which is dependent on the speed at which the main charge carrier species can 

transfer through the material. Although the electrolyte is unable to conduct electrons, it is able to 

transport oxygen ions, meaning its ionic conductivity, and therefore ionic resistivity 𝜌𝑒, can be 

measured. The generally accepted ionic conductivity of YSZ at 800°C is 5 S/m, which is much 

slower than the electronic conductivity of Ni in the anode and that of the perovskite oxide used 

in the cathode [27]. The largest contribution to ohmic polarization present in most fuel cells is 

due to electrolyte resistivity; for commercial cells, this is mitigated by fabricating thin 

electrolytes through methods such as spin-coating or lamination. The total impedance can be 

corrected for ohmic polarization, leaving behind activation and concentration polarization 

contributions. 
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Activation polarization is the second type of resistance found in the cell; it originates 

from the sluggish charge-transfer reactions, or half-cell reactions along the electrode-electrolyte 

interfaces. The voltage loss attributed to these charge-transfer reactions is categorized as 

activation polarization. The rates half-cell reaction rates are partly determined by the number of 

electrochemically active sites, which is a function of the electrode’s microstructure and material 

composition. Other factors that can affect activation polarization is the rate of intrinsic reaction 

which in turn depends on the operating temperature and the oxidant and fuel gas composition at 

the cathode and anode respectively. 

The third major polarization loss is the concentration polarization, which is a resistance 

related to the mass transport within the porous electrodes. The half-reaction continuously 

consumes reactants and produce products, leading to concentration gradients throughout the 

electrode. At high current densities, the rate of reaction may be significant enough that the 

diffusion of gases is insufficient to supply the requisite reactants to the electrochemically active 

sites, and remove the byproducts from the electrochemically active sites in the electrode scaffold.  

For the symmetric cells in this study, humidified hydrogen is the primary gas used while 

testing. The mass transport for this setup is a function of the gas composition and electrode 

microstructure.  However, it has been determined that due to the specific architecture of the 

symmetric cells used in this study, discussed in the next section, the concentration polarization 

losses and the resistance associated with it are insignificant compared to the other polarization 

losses and resistances.   
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2.1.3 Electrochemical Impedance Spectroscopy 

 Among various electroanalytical methods, Electrochemical Impedance Spectroscopy 

(EIS) is one of the most frequently used characterization techniques for evaluating the 

performance of electrochemical devices such as SOFCs [1,2]. Measurements are performed by 

characterizing the impedance spectra of the electrochemical cell by varying the frequency of an 

alternating input signal. The input signal can be voltage or current controlled, but it will be 

denoted as an alternating-current (AC) source, which a bias will be denoted as direct current 

(DC) in this work. By applying a small AC perturbation to the cell (as input), a AC response 

signal can be measured (as output). Thus, if an AC voltage signal (𝑽⃗⃗ ) is used to perturb the cell, 

an AC current signal (𝑰 ) is measured. The entire impedance spectra can be plotted using Ohm’s 

law (Equation 3), which is usually represented in a Nyquist plot which displays the negative 

reactance (Xf) versus the resistance(Rf) of the cell’s AC response at the tested frequencies 

(Equation 4), as well as a Bode plot which displays negative reactance of the cell’s AC response 

versus frequency (Equation 5).  

 
𝑍𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 𝒁𝒇

⃗⃗ ⃗⃗ =
𝑽𝒇
⃗⃗ ⃗⃗ 

𝑰𝒇
⃗⃗  ⃗

=  𝑅𝑓 + 𝑖𝑋𝑓 (3) 

 𝑁𝑦𝑞𝑢𝑖𝑠𝑡(𝑓) = (𝑅𝑓 , −𝑋𝑓) (4) 

 𝐵𝑜𝑑𝑒(𝑓) = (𝑓,−𝑋𝑓) (5) 

A schematic for EIS measurement and Nyquist plot for a full SOFC is depicted below in 

Fig. 3. In Fig. 3b the left x-intercept on the real axis corresponds to the high-frequency AC 

response at the cell’s characteristic frequency, and measures ROhmic, the ohmic resistance of the 

cell, current collectors and lead wires. The right x-intercept on the real axis is the low-frequency 

AC response of the cell, and corresponds to the total resistance of the cell, including ohmic 
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resistance, activation polarization resistance and concentration polarization resistance. By 

subtracting the left intercept from the right intercept, the ohmic resistance can be omitted from 

the total resistance, leaving behind the cell’s polarization resistance, or the losses due to slow 

charge-transfer and mass-transfer processes in the electrodes. While EIS does allow 

measurement of the cell’s ohmic and polarization resistance, it is not simple to separate the other 

polarization processes from one another. 

 

Figure 3: a) Schematic of an EIS potentiostatic measurement and b) the entire EIS spectra over the tested frequency 

range, showing ohmic and total resistance. Although this work models the other polarizations as two semicircles, in reality 

the shape may be a superposition of semicircles and is difficult to deconvolute polarization processes [1]. 
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2.1.4 Distribution of Relaxation Times 

 In recent works, the use of the distribution of relaxation times (DRT) transformation has 

been applied to EIS spectra to identify and separate individual cell processes which contribute to 

polarization losses [24,25]. While DRT does provide more insight into the characteristic 

frequencies at which losses occur, it cannot be solely relied on as the transformation itself is 

highly sensitive to data quality and the selection of multiple regularization parameters [26]. The 

exact derivation is outside of the scope of this work, but a general schematic is shown in Fig. 4. 

The equivalent circuit of the cell can be defined with multiple circuit elements, with each 

element having a resistance and characteristic frequency. The transformation is performed by 

convolving a Radial Basis Function (RBF) with each element with respect to frequency, and 

performing the summation to obtain the function g(τ), which is the DRT. In this work, DRT 

timescales (reciprocal of frequencies) are plotted with respect to frequencies to identify an 

appropriate ECM which accurately describes the real processes which occur in the cells. The 

relevant parameters and the DRT transformation code used are included within Appendix 1. 
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Figure 4: Schematic of DRT using RBF discretization [26]. 

 

2.1.3 Symmetric Solid Oxide Fuel Cells 

The performance of a planar SOFC can be measured by using I-V scans to measure 

power density as an overall metric of cell performance. However, it is difficult to separate the 

effects of the polarization contributions from both the anode and cathode. Previous research 

related to this work from our group has been able to demonstrate that infiltration of nanoparticle 

electrocatalysts into SOFC anodes have improved overall cell performance especially at lower 

temperatures, but there are open questions related to the mechanisms of the performance 

improvements that have been realized [14,15]. These include questions about nanoparticle 

coarsening, the role of temperature and humidity, and the optimum nanoparticle density. To 

address this, symmetric cells were designed, fabricated and tested in order to further understand 

the effects of infiltration on the anode. Prior works in other groups have also utilized these types 
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of cells to compare and measure cell performance [27-29]. These symmetric cells are electrolyte 

supported, and have two electrodes with identical composition, screen-printed on each side. The 

schematics of the cross section of both a full cell as well as a symmetric, fuel electrode/YSZ/fuel 

electrode SOFC before the reduction of NiO to Ni can be seen in Fig. 5.  

 

Figure 5: Two schematic fuel cell cross sections. Above is a schematic cross section of an anode supported 

 SOFC. Below is a schematic cross section of a electrolyte supported symmetric cell. 

In this work, both electrodes consist of candidate anode materials for the anode active 

layer (AAL) which are infiltrated with nanoparticle catalysts, or left pristine and uninfiltrated. 

The screen-printed electrodes are tens of microns thick, minimizing the contributions from 

concentration polarization on the cell. The only significant impedances that the cell would 

experience would be activation polarization and ohmic polarization, the latter of which can be 

characterized and manually subtracted from the total resistance using EIS. Additionally, the 

symmetric cell has identical electrodes, allowing the cell to be run in a single chamber setup, as 

shown in Fig. 6. The fuel electrode does not have to isolated from the oxygen electrode, unlike 

the conventional SOFC which require unique gases for the cathode and the anode. Although the 

drawback is that the cell has Nernst voltage of 0 (as 𝑝𝑂2,𝑎𝑛𝑜𝑑𝑒 = 𝑝𝑂2,𝑐𝑎𝑡ℎ𝑜𝑑𝑒), EIS can still be 
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conducted under zero DC bias, giving a clear picture of how infiltration affects the activation 

polarization associated with the AAL. 

 
Figure 6: Electrochemical test setup for the symmetric cell. 

 

2.1.4 Infiltration of nanoparticle electrocatalysts into symmetric cell anode layer materials 

Liquid infiltration is a relatively simple and cheap processing method which introduces 

nanoparticles into porous electrodes, on both anodic and cathodic sides [27-29, 31-36]. The 

infiltration setup in our work is shown below in Fig. 7, performed under vacuum. However, 

much of the work has been performed with respect to infiltrating metal catalysts into a single 

ceramic phase electrode; although these infiltrated SOFCs show much better initial performance 

compared to pristine samples, prolonged operation causes rapid cell degradation and loss of the 

improved performance [36-38]. This is attributed to the infiltrated electrocatalyst particles 

coarsening and unable to maintain a stable connected metal network on top of the scaffold, 

resulting in loss of connected TPBs over time. As nickel is known to have high electrocatalytic 

activity, good chemical stability with YSZ in reducing environments and is relatively cheap, the 
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study of nickel infiltration into composite Ni-YSZ cermet electrodes is still of relevant interest to 

improving overall cell performance. Here, the infiltrant does not introduce any new chemical 

compositions into the composite scaffold, allowing improvement of performance to be directly 

correlated to the introduction of particles with smaller feature size and the increase in 

electrochemically active reaction sites, and not the increase in electrocatalytic activity due to the 

introduction of a new catalyst.  

 

 

Figure 7: Schematic of the cell infiltration setup. 

2.1.5 Mixed Ionic and Electronic Conducting phases within anode layer materials 

Another direction in improving SOFC anode performance is the introduction of MIEC 

phases in the AAL. Although infiltrated nickel nanoparticles do improve anode performance in 

SOFCs, they face drawbacks over long operations. As these nanoparticles have high surface 

energy, the thermodynamic loss of free energy leads to agglomeration and coarsening of the 

nanoparticles, decreasing the overall TPB density and thus the electrochemical reaction sites. 

Another disadvantage is that although nickel nanoparticles deposit onto the Ni-YSZ scaffold, the 

nanoparticles all form hemispherical deposits on the YSZ grains. Although isolated grains do 
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increase both reaction sites and TPBs, isolated TPBs have no electronic pathway to the bulk 

metal scaffold. The electrons released from the Hydrogen Oxidation Reaction have nowhere to 

go, leaving the half-reaction in equilibrium and rendering the reaction site “inactive”. In other 

words, liquid infiltration of nickel randomly deposits nickel nanoparticles onto a scaffold, where 

only some participate in the overall cell reaction; the overall infiltration solution is not fully 

utilized.  

To address this, the introduction of an MIEC material into the AAL was explored. MIECs 

transport both electrons/holes and ions. The MIEC allows isolated TPBs formed from 

nanoparticle deposits to become electrochemically active sites as electrons traverse through the 

connected MIEC phase to the bulk metal scaffold. In this work, MIEC phases that have been 

explored include infiltrated GDC and co-infiltrated Ni-GDC as a solution to connect isolated 

nickel phases and suppress the coarsening of nickel grains and nanoparticles. The other pathway 

explored for incorporating MIECs into the active layer is introducing minority electron charge 

carriers into the ionic scaffold of the AAL. This is done by doping a transition metal (e.g. Ti or 

Fe) into the YSZ. Although doping with a transition metal has the potential to decrease the ionic 

conductivity there by increasing the ohmic polarization associated with the electrode, the 

increase in minority electronic charge carriers throughout the entire scaffold should essentially 

allow all nanoparticles to become electrochemically active, and more fully utilize all of the 

infiltrated electrocatalyst particles. 

2.1.6 Modelling the infiltrated symmetric cells using an equivalent circuit 

Although EIS is one of the most promising methods for understanding complex 

electrochemical systems, it is imperative to relate the impedance data to the individual 

polarization processes as described above, which control the cell performance.  One of the 
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methods used to better understand the physical origin of these processes is through the 

construction of an Equivalent Circuit Model (ECM), allowing meaningful physical parameters to 

be represented as different circuit elements, each with their own effect on the impedance spectra. 

The selection of different parameters is deliberate and necessary to accurately fit the 

electrochemical data and allow a more meaningful mechanistic analysis, which has been the 

subject of substantial work in the field [24,25]. Although the EIS spectra can be fit with an 

infinite set of circuit elements, by fitting the spectra with three to five components, it becomes 

much simpler to deduce and analyze which element is associated with which physical process. In 

addition to ECM architecture, the DRT transformation has also been employed in many recent 

works to better identify the more subtle cell processes found in EIS datasets [16, 39, 40]. 

To evaluate cell performance, DRT analysis was performed on the acquired EIS spectra. 

In general, a decrease in the magnitudes within DRT spectra is correlated with lower 

polarizations found within the cell. The spectra also show significant “peaks” at certain 

frequencies, which is the total resistance due to physical processes occurring at those 

frequencies.  By associating the various reactions to these timescales, the spectra can associate 

physical processes with the DRT peaks, allowing a better ECM to be fit to the acquired EIS, 

bridging the gap between the simulated and experimental data. The caveats behind DRT analysis 

include the high sensitivity to the EIS data acquired, and the smoothing of the DRT 

transformation, which can produce a variety of different results from the same dataset  

[26, 39-42]. 
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2.2 Problem Statement 

Although it has been shown through other studies that infiltration of electrocatalysts can 

improve a cell’s initial performance, it is not clear which kinetic processes are affected (made 

more facile) through infiltration. Further, by increasing the number of cycles of infiltration and 

thus the amount of infiltrated electrocatalysts, the porosity of the electrodes is decreased. Thus 

there is a tradeoff between introducing new TPBs and thus a larger number of sites for 

electrochemical reaction and a decrease in activation (or charge-transfer) polarization, and an 

increase in concentration polarization due to reduced porosity.  If the kinetic steps can be 

identified and tradeoff point identified, a practical goal can be achieved, i.e. determination of the 

optimum amount of infiltrated electrocatalysts. Thus studying the electrochemical effects of 

infiltration and the tradeoff between charge transfer and concentration polarization through 

infiltration studies is the motivation for this work.   

 Another objective of this work is to better utilize the infiltrated electrocatalysts. The other 

disadvantage with infiltrated metal electrocatalysts is the coarsening they experience when in 

close proximity with other metal phases. The goal of this research is to improve connectivity of 

the infiltrated nanoparticles while also keeping them more isolated from one another. If more 

active electrochemical sites are present with fewer cycles of infiltration, this could potentially 

reduce the rate of coarsening, allowing the cermet anode to maintain higher performance for 

longer operating lifetimes. 

  



 

 32 

3. ENHANCEMENT OF ELECTROCATALYSIS THROUGH NANOPARTICLE 

INFILTRATION INTO NI-YSZ CERMET ANODES FOR SOLID OXIDE FUEL CELLS 

3.1 Abstract  

 The infiltration of nanoparticle electrocatalysts into solid oxide fuel cell (SOFC) electrodes 

has been proven to produce a high density of electrochemically active sites, and reduce charge 

transfer polarization losses for SOFC electrodes. This is crucial for intermediate temperature 

operation, as these losses increase greatly at lower temperatures. Nickel-yttria stabilized zirconia 

(Ni-YSZ) cermets are low-cost, and exhibit excellent stability, but their main disadvantage stems 

from nickel coarsening and performance loss over their operational lifetimes. Infiltration of 

electrocatalyst nanoparticles has been shown to mitigate nickel coarsening and the consequent 

anode degradation. In this study, the effects of these infiltrants are observed in a standard Ni-YSZ 

electrode. In addition to nickel, mixed ionic and electronic conducting (MIEC) phases were 

infiltrated into Ni-YSZ scaffolds and their performances were characterized using electrochemical 

impedance spectroscopy (EIS). Cross-sectional microscopy of fractured cells was used to compare 

electrode microstructure and particle statistics. A model is proposed for how the nanoparticle 

electrocatalysts improve the anode performance. 

3.2 Introduction 

High temperature SOFCs operating over long timescales have been observed to experience 

extreme phase coarsening and instability by end-of-life. Operation at a lower temperature allows 

broader materials selection as well as slower cell degradation rates [5,43-48]. Previous work has 

shown that while lower operating temperatures do slow degradation kinetics, the electrocatalytic 

activity of the cell becomes sluggish as well, leading to larger charge transfer polarization [49,50].  

Thus, it is imperative to address the larger charge transfer polarization at lower temperatures to 
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maintain high performance. One direct way to decrease charge transfer polarization in the 

electrodes is to increase the number of electrochemically active sites in the electrodes [17]. 

Liquid phase infiltration of nanoparticle electrocatalysts into porous substrates has been 

shown to be an effective method to improve SOFC electrodes and subsequent cell performance. 

Some electrocatalysts help decrease feature size within the cermet scaffolds, provide new 

electrochemical sites, and reconnect isolated grains within the scaffold. Alternatively, other 

electrocatalysts can improve the SOFC tolerance to contaminants in the reactant gases 

[10,17,51,52]. Both of these infiltrant functions can reduce polarization resistance in the 

electrodes, especially at lower operating temperatures. Previous works have also employed metal 

infiltration into YSZ skeletons, and have also addressed anode connectivity issues [53-55]. In the 

present work, since electrocatalysts have been infiltrated into a pre-existing Ni-YSZ scaffold, 

connectivity issues are not as relevant as the in the work of Gross et al [53], McIntosh et al [54] 

and Costa-Nunes et al [55]. 

Ni-YSZ cermets have long been state-of-the-art anode electrodes in SOFCs due to their 

improved performance and stability at high temperatures. Previous work has shown that infiltration 

of nickel within Ni-YSZ networks can improve cell performance by increasing the TPB length 

with the introduction of nickel nanoparticles [14,52,56]. Separately, GDC has also been used as 

an infiltrant due to its MIEC conductivity in reducing environments, showing significant 

improvements in cell performance for GDC-infiltrated scaffolds [57-59]. In this work we 

demonstrate how repeated cycles and different infiltrant solutions affect Ni-YSZ electrode 

performance using symmetric cells. Results show that multiple infiltration cycles initially improve 

cells; however, further increasing infiltration cycles lead to diminishing returns, i.e. the 
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performance improvement either levels off or worsens with additional cycles. Possible reasons for 

the polarization improvements are also explored. 

MIECs have been shown to improve overall cell performance as an infiltrant, but not as an 

electrode’s ionic phase. In other words, imparting MIEC characteristics into the YSZ ionic phase 

should increase polarization of the cell, since by imparting larger electronic conductivity into YSZ 

requires decreasing the ionic conductivity of YSZ as well. However, the previous observation has 

not considered the infiltration of electrocatalysts which would increase not only the TPB density, 

but also expansion of the TPBs into triple phase zones (TPZ) as seen in analogous work on SOFC 

cathodes [60].  

In this manuscript we present and interpret electrochemical measurements using EIS on 

symmetric Ni-YSZ/YSZ/Ni-YSZ cells. The variables examined are the infiltrants, number of 

infiltration cycles and operating conditions. Additionally, this work presents how the ionic 

conducting phase of the AAL interacts with electrocatalyst infiltration and its effect on cell 

performance. The use of symmetric cells allows isolation of the anode charge transfer processes 

from not only oxygen electrode processes found in full cells, but also the anode concentration 

polarization due to the thickness of the anode support. Microstructural characterizations of pristine 

and tested cells, equivalent circuit diagrams, and the DRT analysis are compared to elucidate how 

infiltration improves the polarization processes of the cell. 

3.3 Experimental and Analytical Approach 

3.3.1 Materials synthesis 

A Titania-doped YSZ (TiYSZ) ionic phase was formed in solid state solution by calcining 

3% TiO2 doped into YSZ. This was done by mixing the appropriate precursors in ethanol and ball 

milling the resulting slurry. The slurry was dried and calcined at 700°C in air for 9 hours. X-ray 
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diffraction (XRD) of powder samples indicate peak shifts of TiYSZ compared to YSZ without Ti 

doping, indicating complete incorporation of TiO2 into the YSZ lattice. The TiYSZ was used in 

place of YSZ as the ionic conducting phase in the AAL in some subsequent experiments. 

3.3.2 Cell fabrication 

The anode slurry consisted of a 50-50 weight ratio of NiO-YSZ (J. T. Baker, Tosoh) with 

V6 (Heraeus) as binder and LP1 (Croda) as dispersant dissolved in alpha-terpineol (Alfa-Aesar). 

Symmetric cells were fabricated by screen printing the cermet (Ni-YSZ or Ni-TiYSZ) onto 

commercially purchased 8YSZ electrolyte substrates (Fuel Cell Materials) and sintered at 

1400°C for 2 hours. Cells were then reduced at 800°C under humidified forming gas for 7 hours 

to reduce the NiO to nickel.  The reduction step increases the porosity of the scaffold and allows 

easier infiltration of nanoparticles. The 3 M infiltration solutions containing nickel or GDC were 

prepared by dissolving precursors containing Ni(NO3)2 or (Gd(NO3)3)0.1(Ce(NO3)3)0.9 in 50 mL 

of ethanol at 90°C, respectively. The 3 M Ni-GDC nitrate solution was similarly prepared by 

adding the nitrate precursors that results in a 1:1 molar ratio of Ni to GDC into an ethanol 

solvent. The infiltration procedure involved saturating each electrode with infiltrant solution 

under vacuum. After each round of infiltration, the cells were heated to 320°C to evaporate the 

solvent and decompose the nitrate salts into metal oxides. This intermediate heating step was 

necessary as it reopens the pores for additional infiltration. The processing variables studied 

include (i) the number of infiltration cycles, (ii) the infiltrated electrocatalyst material and (iii) 

the ionic conducting phase in the AAL. Group A represented cells comprising Ni-YSZ scaffolds, 

while Group B represented cells comprising Ni-TiYSZ scaffolds. Groups 1, 2, and 3 represented 

cells infiltrated with metal nitrate solutions which decomposed to result in infiltrants of Ni, GDC, 

or Ni-GDC, respectively.  For example, group A1 represents cells with a Ni-YSZ anode scaffold 
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that was infiltrated with Ni. A visual representation of the cell parameters is shown below in 

Table 1, including the infiltration cycles tested for each cell group. 

 

Cell Group 

Ni-YSZ electrodes on 

YSZ supports 

Ni-TiYSZ electrodes on 

YSZ supports 

1.Ni Infiltration A1(0-5) B1 (0-2) 

2.GDC Infiltration A2 (0,1) N/A 

3. Ni-GDC Infiltration A3 (0,1) N/A 

Table 1: Cell group nomenclature to distinguish different cell tests. 

Numbers in parenthesis indicate number of infiltration cycles. 

3.3.3 Electrochemical testing 

Nickel meshes were affixed with nickel paste onto both electrodes of the symmetric cell 

as electrical contacts. Nickel wire was used as voltage and current leads for the cell and the entire 

device was placed in a single chamber setup. All cells were heated to 800°C under humidified 

forming gas to prevent the re-oxidation of nickel. Forming gas was first passed through a bubbler 

at 25°C to achieve a total flow rate of 300 mL/min (92%N2/5%H2/3%H2O) and fed into the 

electrochemical test chamber. EIS was performed from 600°C to 800°C under a total gas flow 

rate of 300 mL/min and gas compositions of 3% and 50% H2O, and balance hydrogen. The 

desired chamber gas composition was obtained by changing the bubbler temperature. Flow rates 

into the test chamber were maintained at 300 mL/min. The furnace temperature and water 

bubbler temperature were both monitored before commencing electrochemical measurements.  

The cell was equilibrated for 30 minutes after reaching target operating conditions. EIS spectra 

were acquired using a Parstat 4000 workstation with a frequency sweep of 105-10-1 Hz with a 
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50mV RMS perturbation. Equivalent circuit models were fit using R-RQ-RQ circuit based on 

previous work to isolate and identify the main polarization processes [49,50,57]. These processes 

were correlated with the spectra’s DRT to compare process time constants and magnitudes. 

3.3.4 Scanning Electron Microscopy (SEM) 

Pristine and tested symmetric cells were fractured and their cross sections were coated 

with 10nm of Au and contacted with copper tape. The electrodes were imaged using a Zeiss 

Supra 55 SEM at 15kV using an In-lens detector at 6-8mm working distance to obtain 

nanoparticle deposition and morphologies from fractured cross-sections. Other cross-sections 

were also vacuum infiltrated with epoxy and polished to compare overall cell porosity and 

microstructure. 

3.3.5 DRT analysis 

The DRT is obtained from convolving EIS data into the time domain, obtaining peaks 

which are proportional to the cells’ polarization resistances centered around different timescales. 

More information can be found in work by Leonide et. al [49]. The equivalent circuit model is 

used to sharpen the DRT analysis to further elucidate how the kinetics of the various 

electrochemical processes in the electrodes change with infiltration and different operating 

parameters. 

3.4 Results and Discussion  

3.4.1 Electrochemical characterization of Ni-infiltrated cells 

Fig. 5 shows the Nyquist plots, corrected for ohmic resistance, of A1 cells with varying infiltrant 

cycles under 3% humidity (balance hydrogen) at 800°C and 700°C. From the Nyquist plots, 

infiltration appears to improve cell performance, as seen from the decreasing polarization 
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resistance; these are the magnitudes of the low frequency intercepts on the Nyquist plots. However, 

multiple infiltration cycles result in diminishing improvements, eventually stagnating overall cell 

performance. Additionally, infiltration of nickel appears to impart greater cell improvements at 

lower temperatures. Fig. 8 compares relative polarizations of different A1 cells at different 

operating conditions. In this work, relative polarization is the ratio of the cell polarization when 

compared to the group’s baseline uninfiltrated cell, under identical test conditions. Although all 

cells showed improvement under all operating conditions after infiltration, there is an optimal 

number of infiltration cycles (around 3 or 4 in Ni-infiltrated Ni-YSZ) before additional cycles 

begin to increase polarization resistance. However, all infiltrated A1 cells showed a more modest 

level of improvement over the uninfiltrated cell at 800°C and 50% humidity compared to other 

test conditions, implying that infiltration is most effective at lower temperatures and lower 

humidity levels in the fuel. This is in line with the general observation that at higher temperatures 

and humidity conditions, all charge transfer processes are more facile. This is also in accord with 

observations in prior work [61] and will be discussed later in this chapter.  

 

Figure 8: Nyquist plots of symmetric cells as a function of number of infiltration cycles of nickel at 3% humidity and 

800°C (left) and 700°C (right). 
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Figure 9: Relative polarization resistances of Ni-YSZ symmetric cells (A1) with respect to different infiltration cycles of 

Ni(NO3)2 under different operating conditions. 

Fig. 10 shows the relative polarizations of B1 cells under the same operating conditions as 

above. Infiltration improves overall cell performance, however, the optimal number of nickel 

infiltration cycles is one for Ni-TiYSZ scaffolds. Under all test conditions, one cycle of infiltration 

shows significant improvement over the baseline cell without the need for additional infiltrations. 

Fig. 11 compares the A1 and B1 cells’ relative polarizations, showing uninfiltrated and optimally 

infiltrated cells with the uninfiltrated A1 cell as the baseline. The increase in polarization resistance 

for the Ni-TiYSZ scaffold indicates that the cermet alone performs worse than Ni-YSZ cermets, 

yet infiltration allows the Ni-TiYSZ scaffolds to perform on par with Ni-YSZ scaffolds, with even 

fewer cycles of infiltration. 



 

 40 

 

Figure 10: Relative polarization resistances of Ni-TiYSZ symmetric cells (B1) with respect to different infiltration cycles 

of Ni(NO3)2 under different operating conditions. 

 

Figure 11: Relative polarization resistances comparing Ni-YSZ and Ni-TiYSZ cells, 

uninfiltrated and infiltrated with Ni(NO3)2 under different operating conditions. 
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3.4.2 Electrochemical characterization of GDC and Ni-GDC-infiltrated cells 

Table 2 shows total and relative polarizations of GDC and Ni-GDC infiltrated within the 

Ni-YSZ and Ni-TiYSZ symmetric cells, with a Group A2 uninfiltrated cell as the baseline. For all 

cells containing any GDC infiltrant, the best cell performance is observed with one cycle of 

infiltration among all cell groups, with the exception of A3 cells. However, all cells infiltrated with 

some GDC loading showed an increase in performance by at least one order of magnitude.  

Testing 

Temperature 

AAL cermet 

composition 
Infiltrant 

Infiltration 

cycles 

Polarization resistance/Relative 

polarization resistance compared to 

uninfiltrated Ni-YSZ (Ω.cm2/%) under 

different humidity conditions 

3% H2O –  

97% H2 

50% H2O –  

50% H2 

800°C 
Ni-YSZ 

N/A 0 5.48/100% 1.95/100% 

Ni 3 1.21/22.1% 0.97/49.7% 

GDC 1 0.32/5.9% 0.02/0.9% 

GDC 2 0.36/6.6% 0.02/1.1% 

Ni-GDC 1 0.21/3.8% 0.01/0.6% 

Ni-GDC 2 0.21/3.8% 0.02/0.8% 

Ni-TiYSZ Ni 3 1.56/28.5% 0.78/40% 

700°C 
Ni-YSZ 

N/A 0 56.91/100% 10.57/100% 

Ni 3 20.8/36% 4.69/44% 

GDC 1 0.86/1.5% 0.22/2.1% 

GDC 2 1.25/2.2% 0.12/1.2% 

Ni-GDC 1 0.27/0.5% 0.12/1.2% 

Ni-GDC 2 0.42/0.7% 0.16/1.5% 

Ni-TiYSZ Ni 3 25.69/45% 4.14/39% 

Table 2: Total and relative polarizations resistances of Ni-YSZ and Ni-TiYSZ cells infiltrated with Ni, GDC and Ni-GDC 

electrocatalysts, compared to a baseline cell under different operating conditions. 

3.4.3 Microstructural analysis 

Fig. 12 shows SEM fractured cross-sections of nickel-infiltrated A1 cells. The bottom right 

number indicates the number of infiltration cycles. On infiltrated cells the infiltrated nanoparticles 
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appear hemispherical and can be seen on the ionic conducting phase, i.e. YSZ or TiYSZ. Although 

initially infiltration increases nanoparticle density on the scaffold, it appears that the density 

decreases with additional infiltration cycles, and instead nanoparticle size increases, indicating 

coarsening of the infiltrated phase. Previous work in our group has shown that although NiO can 

deposit on the entire Ni-YSZ scaffold, during the reduction process, any Ni deposited on bulk Ni 

will form a thin film on said bulk phase due to zero surface energy between Ni and Ni [56]. In 

other words, all rounded Ni nanoparticles are only found to be deposited on the YSZ surface. 

Secondary electron SEM images presented in Fig. 9 from our prior work [56] clearly show this.   

 

Figure 12: SEM fracture cross-sections at 40k magnification of the Ni-YSZ cells infiltrated with nickel nanoparticles. 

Cycles of infiltration are shown on the bottom right of each image. 

Fig. 13 shows the SEM cross-sections of GDC and Ni-GDC infiltrated A2 and A3 cells. 

As before, the number on the bottom right corner indicates the number of infiltration cycles.  The 

GDC morphology is drastically different from Ni nanoparticles. The GDC phase appears to form 

a thin yet porous film over both the Ni and YSZ phase of the Ni-YSZ scaffold. The Ni-GDC 

morphology also appears to form a porous thin film on the scaffold, but with more porosity than 
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the GDC infiltrant. This may be due to the infiltrated nickel coalescing into the bulk metal phase 

to reduce surface energy, and reducing the overall GDC nanoparticle loading. This hypothesis also 

would explain why nickel infiltration in experiments described earlier showed an absence of 

nanoparticles deposited on nickel surfaces. 

 

Figure 13: SEM fracture cross-sections 40k magnification of the Ni-YSZ cells infiltrated once with Ni, GDC and Ni-GDC 

nanoparticles. 

3.5 Discussion 

3.5.1 Electronic pathways in the active layer 

The infiltration of nanoparticle electrocatalysts is expected to improve the cell performance 

through the introduction of phases with higher surface-to-volume ratios, and increasing the overall 
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TPB length thereby increasing the overall density of reaction sites in the electrode. However, SEM 

cross-sections show that many nickel nanoparticles do not make contact with the bulk Ni in the 

Ni-YSZ scaffold, yet still result in improved performance as seen by the lower polarization 

resistance in infiltrated scaffolds. 

There are two possible mechanisms that could explain this behavior. The first is that all 

TPBs where they are formed between isolated Ni particles, YSZ, and the pore phase can be active 

over a certain distance away from the actual TPB line. Thus the TPB line should really be thought 

of as a three phase zone (TPZ).  Depending on the infiltrated particle density, these TPZs can 

overlap and enable isolated nickel particles to be electrochemically active. This has been observed 

in Horita’s work on the cathodic side [60].    

 The second possible mechanism for isolated nickel nanoparticles to contribute to 

electrochemical reaction involves electronic transport through the predominantly ionic conducting 

phase in the anode active layer, namely YSZ. Even if the deposited particles were farther away 

from the metal (Ni) phase in the scaffold, the ionic phase with minority electronic charge carriers 

can shuttle electrons to the bulk percolated metal (Ni) network. YSZ doped with TiO2 is known to 

possess a higher electronic conductivity than YSZ [62-65]. When the B1-group of cells are 

infiltrated with Ni nanoparticles, they performed as well as the A1 cells with a lower number of 

infiltration cycles, thereby providing evidence for the second mechanism. 

 The latter pathway is applicable to GDC infiltrated cells as well. The GDC electronic 

conductivity is much greater than that of the cermet’s ionic phase, greatly extending the TPZs as 

the infiltrant morphologies cover both nickel and YSZ grains. Previous work has shown that GDC 

infiltrated into Ni-YSZ symmetric cells has been shown to significantly improve anode charge 

transfer [57-59]. Whereas in these papers GDC infiltration results in hemispherical particles 
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deposited onto the scaffold, the GDC in this work results in a porous film on the scaffold. 

Additionally, the infiltration of GDC has been found to reduce the polarization resistance in Ni-

YSZ scaffolds by around 95%. It is evident that GDC is a much better electrocatalyst than Ni 

especially at high humidity levels in the fuel. Presumably its excellent mixed conductivity under 

SOFC anode conditions also plays a role in obtaining very low polarization resistances.  

3.5.2 Effects of humidity on nanoparticle electrocatalysts 

In addition to the 3% humidity condition, a 50% humidity condition was also tested to 

observe the effect of infiltrated nanoparticles under varying humidity conditions. As shown in 

Table 2, infiltration appears to improve the cell performance by decreasing the polarization 

resistance under both the humidity conditions tested. However, GDC infiltration appears to greatly 

decrease the polarization resistance under both humidity conditions under which the cells were 

tested. The mechanistic reasons for the dramatic decrease in polarization resistance in GDC 

infiltrated electrodes and the behavior as a function of gas composition are still being explored. 

3.5.3 Limits to nanoparticle infiltration 

As discussed above, infiltration has improved cell performance, but multiple infiltration 

cycles result in diminishing improvements in performance and eventually increase the cell 

polarization resistance. A DRT analysis of the EIS spectra showed that two main polarization 

processes contributed to the charge transfer of the cell. Fig. 14 compares the DRT analysis 

performed on EIS spectra obtained from infiltrating of A1 cells at 700oC and 50% humidity. The 

DRT analysis suggests the presence of a high frequency (HF) response at ~2000 Hz and medium 

frequency (MF) response at ~100 Hz. These processes are attributed to charge transfer occurring 

at electrochemically active sites such as the TPBs, and oxygen vacancy transport, respectively 
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[59]. Infiltration appears to initially decrease the magnitude, and increase the frequency of these 

processes; this suggests the presence of nanoparticles decreases the polarization resistance and 

increases the rate of electrochemical reactions. However, the addition of further infiltration 

cycles led to smaller improvements in peak processes. In fact, after four infiltration cycles, the 

peaks revert to higher magnitudes and lower frequencies, suggesting an inversion in cell 

performance. 

 

 

Figure 14: DRT analysis showing improvement of the cell performance of group A1 cells at 700C, 50% humidity with 

increasing infiltration cycles of nickel (above) and subsequent inversion with additional infiltration cycles(below) 
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The explanation for this behavior is that the first nickel infiltration cycle deposits the first 

nanoparticles onto the YSZ grains, most of which range from 5-50 nm in size. This infiltration 

cycle introduces a high nanoparticle density in the electrode scaffold, resulting in a high TPB 

density. Although additional infiltration cycles do increase the nanoparticle density, some particles 

are in close enough proximity to coalesce. As Ni(NO3)2 deposits onto pre-existing nanoscale NiO 

particles rather than the ionic conducting phase, the infiltrant loading increases the Ni nanoparticle 

sizes and aggregates previously isolated Ni particles. The increasing size of the nanoparticles at 

higher number of infiltration cycles also decreases TPB density and average particle surface-to-

volume ratio. The inversion in polarization resistance can be attributed to the overall increase in 

average nanoparticle size and the decrease in nanoparticle density. 

3.5.4 Effect of GDC loading on Ni-YSZ cells 

As in the case of Ni-infiltration, infiltration of GDC nanoparticles improves cell 

performance by decreasing feature sizes and increasing electrochemically active sites; the 

electrocatalyst appears to dramatically decrease the cells’ polarization resistance (by 95%) as seen 

in Table 2. The DRT analysis of GDC-infiltrated cells in Fig. 15 shows almost complete 

suppression of the main HF and MF polarization peaks.  The remaining peaks are seen around 

6000 Hz and 40000 Hz. This is seen not only in GDC-infiltrated cells, but in Ni-GDC-infiltrated 

cells as well. It is unknown whether these remaining peaks are due to processes that were eclipsed 

by the main charge transfer processes in Ni-YSZ cermets, or if the peaks are attributed to new 

processes related to the infiltrated GDC electrocatalyst in the Ni-YSZ scaffold. 
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Figure 15: DRT analysis showing varying infiltrants of Ni, GDC and Ni-GDC versus a baseline cell. 

3.6 Conclusions 

Ni-YSZ cermet anodes on electrolyte supported symmetric cells were infiltrated with 

nanoparticle electrocatalysts to improve the electrocatalytic performance of the anode. Aqueous 

solutions of metal nitrates were repeatedly infiltrated into the reduced Ni-YSZ thin electrodes on 

symmetric cells and said cells were electrochemically tested under EIS. Fractured cross-sections 

showed hemispherical individual nickel particles deposited on YSZ grains, while GDC-infiltration 

resulted in a thin, porous, film covering both nickel and YSZ grains. The effects of infiltration 

were also compared by observing changes in the DRT analysis of the EIS spectra of the cells. 

Despite nickel nanoparticles not physically contacting the metal network, infiltrated cells 

exhibited a decrease in polarization resistance under almost all operation conditions tested. Cells 

were also exposed to a maximum of 50% humidity, well below the threshold for critical nickel 

wetting on YSZ surfaces. In other words, nanoparticles contributed to the faradaic reaction in the 

electrodes due to the close proximity to the metal network, either through the active and 
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overlapping region of TPBs of the infiltrated nanoparticles and bulk metal phase or electronic 

transport in the ionic phase. 

 These experimental results also show the addition of GDC suppresses the main charge 

transfer peaks in the EIS spectra of cells with Ni-YSZ scaffolds, greatly improving the 

performance of the cells. The remaining polarization peaks appear to be high frequency processes, 

but it is unknown if these peaks are present due to the GDC or if they only appeared due to the 

suppression of these peaks in cells with pristine Ni-YSZ scaffolds. 
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4. THE ROLE OF MIXED IONIC AND ELECTRONIC CONDUCTION IN ANODE 

ELECTROCATALYSIS 

4.1 Abstract 

Mitigating activation polarization in the anode is one of the major challenges in 

intermediate-temperature operation of solid oxide fuel cells (SOFCs). Liquid phase infiltration of 

nanoscale electrocatalysts has been shown to result in significant reductions in activation 

polarization in SOFC anodes. In this study, we explore liquid-phase infiltration of nickel, GDC, 

and Ni/GDC electrocatalysts into two different types of cermet anodes: one with a conventional 

Ni-YSZ composition, and the other with a Ni-MIEC cermet anode where the YSZ has been doped 

with 3 mol% TiO2 to impart electronic conductivity. The principal goal of this study is to explore 

the role of electronic transport in the MIEC phase in effective utilization of the infiltrated nanoscale 

electrocatalysts.  The role of temperature, infiltration cycles and the type of electrocatalysts have 

been experimentally studied in symmetric cells using EIS. DRT analysis has been used to elucidate 

the contributions of various charge transfer processes. 

4.2 Introduction 

The broad adoption of SOFC power systems to address our need for clean energy requires 

improved metrics of the current state-of-the-art systems, including lower cost, and higher 

durability and performance [43,45,48]. Although conventional nickel-yttria stabilized zirconia 

(Ni-YSZ) cermet anodes perform well at 800°C, their performances start to degrade at lower 

temperatures because sluggish charge transfer processes begin to dominate the overall polarization 

[49].  

The polarization losses most commonly found in SOFC systems are divided into three 

categories; activation polarization, ohmic polarization and concentration polarization. At lower 
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temperatures, activation polarization is the largest contributor at low current densities. While 

concentration polarization is negligible until high current densities are reached (inducing mass 

transfer limitations), activation polarization and ohmic polarization increase exponentially with 

decreasing operation temperature. The ohmic polarization, resulting from ionic diffusion through 

the electrolyte layer, can be minimized by using thin electrolytes. Reducing activation polarization, 

which is related to the intermediate charge transfer and gas conversion within the electrodes, is 

more complicated. One approach to combat this is to introduce smaller feature sizes, leading to 

higher TPB density and thus increasing the total amount of reaction sites in the electrodes [17]. 

However, in order to increase the overall reaction rate at the anode, the additional TPBs formed 

by infiltration need to be active, i.e., a connected electronic pathway must exist for the infiltrated 

electrocatalysts to contribute to the faradaic current and improve cell performance.  

Liquid infiltration has been an extensively used method to introduce nanoparticles onto the 

pore surface of anodes [10,17,52]. The role of these nanoparticles can vary from mitigating sulfur 

poisoning to improving coking resistance or increasing TPB density by introducing new reaction 

sites [14,51,52,56]. While liquid infiltration has been used to introduce nanoscale metal catalyst 

phases into ceramic ionic-conducting electrode scaffolds, their long-term performance was not 

found to be sustainable due to the coarsening of the metal phase and the resulting decrease of 

connectivity [53-55]. In recent years, infiltration into percolated Ni-YSZ cermet scaffolds have 

been employed to retain the advantages provided by the already established ionic and electronic 

networks [52,59,66,67].  

Imparting electronic conductivity to the YSZ phase by doping to create an MIEC phase in 

the anode can alleviate issues related to the connectivity of the electronic pathways of the 

additional TPBs produced by infiltration. In prior work we have demonstrated that the additional 
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electronic transport imparted by the MIEC results in reduced polarization resistance [67]. Ni 

electrocatalysts introduced through liquid infiltration cannot be fully utilized if they are too distant 

from the metal phase in the Ni-YSZ scaffold. Introducing a small amount of minority electronic 

charge carriers by doping the YSZ by a transition metal oxide such as TiO2 led to the formation of 

Ni-MIEC anode scaffolds. Infiltrating Ni nanoparticles into symmetric cells with Ni-MIEC 

electrodes improves the performance of cells by making all the added TPBs due to infiltration 

electrochemically active.  

In this study, the role of MIEC phase is explored using two different approaches. In the 

first approach, metallic and MIEC electrocatalysts were infiltrated by liquid-phase infiltration into 

conventional Ni-YSZ cermet scaffolds. The second approach consisted of infiltrating metal 

nanoparticles into Ni-MIEC cermet scaffolds. All cells were characterized by EIS over a 

temperature range of 700-800°C in a fuel gas composition of 50% humidity (balance hydrogen). 

Equivalent circuit models were fitted to the EIS data to elucidate how different components of the 

cell polarization changed under different conditions. Complex nonlinear least squares fitting was 

performed using a MATLABTM script developed in this work.  

4.3 Experimental and Analytical Approach 

4.3.1 Materials synthesis  

Mixed ionic and electronic conductivity was introduced into YSZ by adding 3 mol. % TiO2. 

A suspension of TiO2 and 8YSZ powders in the correct stoichiometry was formed in ethanol and 

ball milled for 24 hours to ensure proper powder mixing. After drying the powders in a drying 

oven, the contents were calcined at 900°C for 5 hours. Subsequently, the particle size was reduced 

by SPEX milling for 30 minutes. The Ti-doped YSZ, which is expected to be a MIEC phase, 
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replaced the 8YSZ powder used in conventional anodes. A slurry of Ni and Ti-doped YSZ 

(henceforth referred to simply as Ni-MIEC) was used to prepare these modified anodes. 

Infiltration solutions of 3 M concentration, containing nickel or GDC were prepared by dissolving 

precursors containing Ni(NO3)2 or (Gd(NO3)3)0.1(Ce(NO3)3)0.9 in 50 mL of ethanol at 90°C. The 3 

M Ni-GDC nitrate solution was similarly prepared by adding the nitrate precursors that results in 

a 1:1 molar ratio of Ni to GDC into an ethanol solvent. GDC under reducing atmospheres behaves 

as an MIEC, and is thus an ideal MIEC electrocatalyst for infiltration. 

4.3.2 Cell fabrication 

Symmetric, fuel electrode/YSZ/fuel electrode cells were fabricated by screen printing fuel 

electrode cermet slurry onto the surfaces of commercially obtained electrolyte substrates.  After 

the cells were dried and sintered at 1400°C, they were placed in a reducing chamber at 800°C and 

50% humidity (balance hydrogen) was circulated in the chamber to pre-reduce the cermet NiO to 

Ni, and to introduce additional porosity in the microstructure. Aqueous solutions of 3 M Ni, Ni-

GDC and GDC were then infiltrated into reduced symmetric cells under vacuum.  For samples 

with multiple infiltration cycles, the cell was heated to 320°C in air to decompose the nitrate salts 

without oxidizing the Ni network in the cermet electrodes prior to the next infiltration. 

4.3.3 Electrochemical testing 

For electrochemical testing of these symmetric cells, Ni meshes were affixed to each 

electrode. The cell was placed inside a single chamber testing apparatus, and EIS data was acquired 

from a 700°C to 800°C range in humidified hydrogen under 50% humidity. All spectra were 

acquired using an Ametek PARSTAT 4000 instrument under open circuit conditions with a 50 mV 

AC signal in the frequency range 0.1 Hz to 100 kHz. 
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4.3.4 Scanning Electron Microscopy (SEM) 

Processed and tested symmetric cells were fractured, their cross sections coated with 10 

nm of Au, and contacted with copper tape. The electrodes were imaged using a Zeiss Supra 55 

SEM at 15 kV using an in-lens detector at 6-8 mm working distance to obtain nanoparticle 

deposition and morphologies from fractured cross-sections. Fracture cross-sections taken from the 

same cell were also vacuum infiltrated with epoxy, and polished to compare overall cell porosity 

and microstructure. 

4.3.5 DRT modelling 

The underlying anodic electrochemical processes were examined by DRT analysis of the 

acquired EIS spectra. The most optimal model to fit the data was chosen to be the transmission 

line model (TLM), which simplifies the entire electrode to a single MIEC column [68] (described 

in earlier work by Nielsen et. al [68]). More recently, Park et. al used this model for cells with 

GDC infiltrated anodes [66]. Equation 6 and 7 describes the general equation for a TLM element: 
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and 

 

𝜆 =  √
𝜁

𝑅𝑂 + 𝑅𝐸
 (7) 

In Equation 8, RO and RE are the ionic and electronic resistivity per unit length of the 

cermet electrode (with units Ω.cm-1), L is the average thickness of the electrode (which is 

calculated as 25μm for this study), and λ is the AC penetration depth. Prior work by Nielsen et. al 

has expressed  as Equation 9 shown above [68]. As the electronic resistivity is much smaller 
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than the ionic resistivity found in the electrode compositions in the tested cermets (RE ≪ RO), the 

TLM element impedance reduces to: 

 
𝑍𝑇𝐿𝑀 = 𝜆𝑅𝑂 coth (

𝐿

𝜆
)  (8) 

 

𝜆 =  √
𝜁

𝑅𝑂
 (9) 

4.4 Results and Discussion 

4.4.1 MIEC phase formation and electrode microstructure 

Fig. 16 shows powder x-ray diffraction (XRD) spectra of the precursors, as well as the pre-

calcined and calcined product. The XRD spectrum of the calcined sample shows a shift in YSZ 

peaks to higher 2values, indicating a reduction in lattice parameters. No second phase peaks are 

observed, indicating complete dissolution of the TiO2 into the YSZ lattice. 

Fig. 17 shows a SEM micrograph of a polished cross-sections of a tested symmetric Ni-

YSZ cell next to that of a symmetric Ni-MIEC cell. No significant difference in microstructures 

was noted between the two cells. We can therefore be assured that the differences in 

electrochemical performance between cells are not due to microstructural differences. 
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Figure 16: XRD spectra of TiO2 and YSZ precursors, before and after calcination. 

 

Figure 17: Polished Ni-YSZ cermet electrode (left) and a polished Ni-MIEC cermet electrode (right). 
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4.4.2 Ni-infiltrated Ni-YSZ symmetric cells 

The anode electrode cermets were modified by varying infiltration cycles, infiltrant 

electrocatalysts, and the cermet electrode composition. The goal was to investigate the effects of 

infiltration and the role of mixed conduction in the ionic conducting phase of the cermet electrode 

on performance. Cross-section SEM micrographs of electrodes of Ni infiltrated Ni-YSZ cells as a 

function of number of infiltration cycles (0 (uninfiltrated) to 5 infiltration cycles) are shown in Fig. 

18. All infiltrated cells show the presence of rounded particles which have been previously 

identified to be the roughly hemispherical nickel nanoparticles on the YSZ grains of the Ni-YSZ 

cermet [56].  

 

Figure 18: SEM fracture cross-sections of the Ni-YSZ cells infiltrated with nickel nanoparticles. The number of infiltration 

cycles are shown on the bottom right of each image. 

The changes in the surface area coverage of YSZ/MIEC by Ni nanoparticles, Ni 

nanoparticle density, and added TPB length as a function of infiltration cycles are shown in Fig. 

19. Fig. 19a shows the surface area fraction of YSZ/MIEC grains adjacent to pores that are covered 

with Ni nanoparticles as function of infiltration cycles. Fig. 19b shows the number density of Ni 
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nanoparticles on the YSZ/MIEC grains adjacent to the pores as a function of infiltration cycles. 

Fig. 19c shows the added TPBs in the samples as a function of infiltration cycles. 

 

Figure 19: a) Surface area fraction of YSZ/MIEC grains adjacent to pores covered by Ni nanoparticles, b) number 

density of Ni nanoparticles on YSZ/MIEC surface adjacent to pores, and c) Added TPB density, as a function of 

infiltration cycles. 

 



 

 59 

 

The EIS measurements acquired at 700°C and 800°C with a gas composition of 50% H2 - 

50% H2O are shown as Nyquist plots in Fig. 20 with the ohmic resistance subtracted from the total 

resistance, to more easily compare anodic polarization resistances of the cells. The general shapes 

of these polarization curves appear to be two semicircles, with one much larger than the other. A 

key observation is that for the first three infiltration cycles, the magnitude of the anodic 

polarization resistance decreased with increasing number of infiltration cycles. However, a further 

increase in the number of infiltration cycles led to an inversion with increasing anodic polarization 

resistance with increasing number of cycles. It should be noted that for Ni infiltrated Ni-YSZ 

anodes, not all infiltration-added TPBs are active since unconnected Ni nanoparticles on YSZ that 

are far away from the TPBs of the Ni-YSZ cermet are inactive due to a lack of a connected 

electronic pathway. 

 

Figure 20: EIS performance at 700°C (a) and 800°C (b) for Ni infiltrated Ni-YSZ cells. 

4.4.3 GDC and Ni-GDC-infiltrated Ni-YSZ symmetric cells 

In a second set of experiments, GDC was introduced as an MIEC infiltrant phase, and Ni-

YSZ cermet scaffolds were infiltrated with a single infiltration cycle. SEM images of fracture 

cross-sections of the Ni-YSZ cermet in Fig. 18 show the GDC and Ni-GDC nanocatalyst particles. 
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While Ni nanoparticles form hemispherical deposits on the YSZ, the GDC deposits as a thin porous 

film over the entire cermet scaffold. It has been previously reported that when Ni-GDC is co-

infiltrated into the fuel electrode, the Ni nanoparticles are surrounded by GDC which forms a 

connected film over the YSZ [14, 56]. These connected GDC and Ni-GDC nanocatalysts make 

differentiation of the nanoparticle phases difficult in SEM images. The goal of these infiltrations 

was to see if providing a connected electronic pathway in the infiltration microstructure would 

reduce anode polarization and improve performance.   

 

Figure 21: SEM fracture cross-sections of the Ni-YSZ cells infiltrated with nickel nanoparticles. 

Infiltrant solution and cycles of infiltration are shown on the bottom right of each image 

 

The EIS data and the resultant DRT analysis of the tested GDC and the Ni-GDC infiltrated 

cells (with a single infiltration) are displayed in Fig. 19 at 700°C and 800°C, with the performances 

of a baseline (uninfiltrated) and a Ni infiltrated cell for comparison. Infiltration of Ni-GDC or GDC 

results in a significant decrease in polarization.  The overall polarization resistances of the one-

time infiltrated cells are less than 10% of the polarization resistance of the baseline cells. However, 

no further reduction in the polarization resistance was seen with additional infiltration cycles (data 

not presented), indicating that a single infiltration cycle is sufficient, when a connected MIEC 

infiltration microstructure can be formed. 
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Figure 22: EIS performance at 700°C (a) and 800°C (b) for Ni, Ni-GDC and GDC infiltrated Ni-YSZ cells. Corresponding 

DRT analysis is shown at 700°C (c) and 800°C (d). 

Fig. 22 shows that the presence of the connected MIEC phase completely suppressed peaks 

in the 10-1000 Hz (medium frequency) range. This result is consistent with recent work by Barnett 

and co-workers, who showed that charge transfer in Ni-YSZ anodes can be minimized by GDC 

infiltration as seen by complete suppression of medium frequency peaks [59]. They reported that 

remaining relevant processes manifest as small fringe peaks for the infiltrated cells and, based on 

their frequency range, indicate that gas diffusion and gas conversion are responsible for cell 

polarization once charge transfer is minimized in the cermet electrode. 

4.4.4 Ni-infiltrated Ni-MIEC symmetric cells 

In the third set of experiments, Ni nanocatalyst particles were infiltrated into Ni-MIEC 

scaffolds to see if the electronic conductivity of the MIEC phase could activate all the additional 

TPB boundaries formed by Ni nanoparticles deposited on the TiO2 doped YSZ grains. SEM 

fracture cross-sections of electrodes of pristine and 1 and 2 cycle Ni-infiltrated Ni-MIEC cells are 
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shown in Fig. 23. The images show Ni nanoparticles which appear as randomly distributed 

hemispherical particles across the MIEC grains in the scaffold, similar to Fig. 15. The average 

nanoparticle size and added TPB values from the infiltrated nanoparticles are shown in Fig. 16. 

Fig. 16 shows that the added TPB density of a Ni infiltrated YSZ after 3 cycles of infiltration 

(which had the lowest polarization resistance) is reasonably comparable to a Ni infiltrated Ni-

MIEC sample after 1 infiltration cycle. Any significant performance differences between these 

samples cannot be attributed solely to differences in total added TPB density. 

 

Figure 23: SEM fracture cross-sections of the Ni-MIEC cells infiltrated with nickel nanoparticles. 

Cycles of infiltration are shown on the bottom right of each image. 

 

The EIS spectra and DRT analysis of Ni-infiltrated Ni-MIEC cells are presented in Fig. 24. 

The figure shows that at 700°C, 3 cycles of infiltration leads to the lowest polarization resistance, 

while at 800°C, 1 cycles of infiltration leads to the lowest polarization resistance. In general, the 

improvement after 1 cycle of infiltration was much more significant compared to changes after 

subsequent cycles. Again, this indicates that if a connected electronic pathway can be provided by 

the MIEC, all added TPBs can be activated. Thus 1 cycle of infiltration for the Ni-MIEC case is 

chosen for the comparison between samples. 
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Figure 24: EIS performance at 700°C (a) and 800°C (b) for Ni infiltrated Ni-MIEC cells. Corresponding DRT analysis is 

shown at 700°C (c) and 800°C (d). 

Table 3 shows polarization resistance for each optimally infiltrated cell tested at 700°C and 

800°C. At the same temperature, single infiltration into anode compositions containing MIECs 

perform just as well, or better, than optimally infiltrated anodes without MIECs. The total decrease 

and percent decrease in polarization resistance is much larger for cells infiltrated with GDC or Ni-

GDC, indicating a strong correlation between nanoparticle performance and the presence of mixed 

conductivity within the infiltrants. This is in accord with prior work from our group [14,52,56,67]. 

Additionally, the table also shows the presence of mixed conductivity within the ionic scaffold can 

improve the utilization of metal nanoparticles, as shown by the optimally infiltrated Ni-MIEC cell.  
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Testing 

Temperature 

AAL 

cermet 

composition 

Infiltrant 
Infiltration 

cycles 

Polarization 

resistance 

(Ω.cm2) 

Percent change  

compared to 

pristine 

baseline(%) 

800°C 

Ni-YSZ 

N/A 0 1.95 0% 

Ni 3 0.97 -50.2% 

GDC 1 0.02 -98.9% 

Ni-GDC 1 0.01 -99.5% 

Ni-MIEC 
N/A 0 4.86 149.2% 

Ni 1 0.65 -66.7% 

700°C 

Ni-YSZ 

N/A 0 10.58 0% 

Ni 3 4.69 -55.7% 

GDC 1 0.22 -97.9% 

Ni-GDC 1 0.12 -98.9% 

Ni-MIEC 
N/A 0 29.76 181.3% 

Ni 1 5.14 -51.4% 
Table 3: Total polarization resistances of Ni-YSZ and Ni-MIEC cells optimally infiltrated with Ni, GDC and Ni-GDC 

electrocatalysts, and the percent decrease in polarization versus the baseline uninfiltrated cell. 

4.4.5 Equivalent Circuit Model analysis of Ni-infiltrated cells 

A side-by-side comparison of the baseline and optimally infiltrated Ni-YSZ cermets is 

shown in Fig. 25. It should be noted that the baseline Ni-MIEC cermet has worse performance 

than the baseline Ni-YSZ. The possible reasons for this will be discussed later in this section. 

However, Ni infiltration greatly improves the performance of the Ni-MIEC sample. The DRT 

analysis from the EIS of Ni-infiltrated Ni-YSZ cells are presented in Fig. 26, indicating that the 

most sluggish processes are present in the 100 to 1000 Hz region. Prior work in Ni-YSZ anodes in 

electrolyte supported cells suggest interfacial grain boundary diffusion and gas diffusion processes 

occur at close to 104 Hz and 1 Hz respectively [66]. In this work, the Warburg element, associated 

with concentration polarization, is neglected due to high flow rates of 300 cc/min. Furthermore, 

processes ranging from 10-1000 Hz have been analyzed in this model, which can be captured by 

the TLM element. 
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Figure 25: EIS performance at 700°C (a) and 800°C (b) for optimal Ni infiltrated Ni-YSZ and Ni-MIEC cells. 

Corresponding DRT performance is shown at 700°C (c) and 800°C (d). 

 

Figure 26: DRT analysis at 700°C (a) and 800°C (b) for Ni infiltrated Ni-YSZ cells. 

The TLM model is shown schematically in Fig. 27. By assuming that the entirety of the 

cermet electrode behaves like an MIEC column, the main polarization process can be modelled 

using the TLM element in the DRT analysis. It is assumed that the majority of the polarization is 

due to the sluggish charge transfer, so the equivalent circuit model presented for these cells consist 

of a single transmission line element.  
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Figure 27: Simplified model of MIEC incorporation within electrodes, and the corresponding circuit diagram. a) 

represents a porous transition metal doped ionic scaffold with an electronic scaffold, while b) represents a infiltrated 

MIEC phase sandwiched between porous ionic and electronic scaffolds. c) represents the transmission line nature of the 

above columns simplified into a single MIEC column. Impedance within the column is a function of RΩ (Ωcm-1) and ζ 

(Ω.cm). The surface charge transfer reaction ζ has a corresponding characteristic frequency (frxn) and resistance (Rrxn). 

(Adapted from Nielsen et. al [68].) 

The plots of the TLM variables (frxn, RO and Rrxn) with respect to cycles of Ni infiltration 

are shown in Fig. 28. Although RO remains roughly constant at all infiltration levels, there are 

noticeable variations in frxn and Rrxn and their correlation to the overall cell performance. The best 

overall performance correlates to a lower surface reaction resistivity, and a higher surface reaction 

frequency. One possible reason for this is the introduction of new active TPBs provided by 

infiltration, allowing more surface reactions to occur. Conversely, both the baseline and the 5-
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cycle infiltrated cell show worse performance, which is also reflected in the inversion in both frxn 

and Rrxn. This further supports the hypothesis that subsequent infiltration cycles do not increase 

nanoparticle density, but rather increase surface coverage and coarsen and coalesce existing 

nanoparticles, eventually negating any improvement from additional infiltration. A second 

possibility is that additional infiltration results in Ni preferentially depositing uniformly onto 

existing Ni grains in the cermet scaffold.  
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Figure 28: TLM variables frxn (a), Rrxn (b) and RO (c) as a function of infiltration cycles at 700°C and 800°C for Ni 

infiltrated Ni-YSZ cells. 
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By looking at the trends in the TLM element for infiltrated Ni-MIEC in Fig. 29, infiltration 

increases frxn and decreases Rrxn, while RO remains fairly constant, aside from its value for a single 

infiltration. This suggests that more nanoparticles contribute to the half-cell reactions in Ni-MIEC 

electrodes than in conventional Ni-YSZ fuel electrodes, effectively allowing more nanoparticles 

to become active TPB sites. This would have no effect on the oxygen ion diffusion, which is 

primarily through the bulk ionic phase and explains the relatively fixed value of RO. Fig. 30 

compares the TLM elements between tested Ni-infiltrated Ni-YSZ and Ni-MIEC cells, as a 

function of infiltration cycles. The baseline Ni-MIEC cells have lower frxn and higher RO compared 

to baseline Ni-YSZ cells, which can be attributed to the lower ionic diffusivity in the 3TiYSZ. The 

order of magnitude increase in RO can be the reason why the baseline Ni-MIEC cell performs much 

worse than the baseline Ni-YSZ cell. However, infiltration into the Ni-MIEC shows larger 

improvements compared to infiltration into Ni-YSZ, which is reflected in the increases in frxn and 

decreases in Rrxn. The RO varies slightly among the tested Ni-YSZ cells, yet remains constant 

within Ni-MIEC cells. 
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Figure 29: TLM variables frxn (a), Rrxn (b) and RO (c) as a function of infiltration cycles at 700°C and 800°C for Ni 

infiltrated Ni-MIEC cells. 
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Figure 30: TLM variables frxn (a), Rrxn (b) and RO (c) comparing Ni infiltrated Ni-YSZ and Ni-MIEC cells. 

4.4.6 Electronic pathways present in MIEC scaffolds 

The preceding observations indicate that the cell performance improvement via infiltration 

is mostly attributed to the increase in the active TPB density throughout the cermet electrode, but 

improvement is still limited by the number of inactive reaction sites, too far away from a bulk 
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scaffold. The large improvement in Ni-MIEC cells via infiltration, as well as the trends shown in 

the transmission line element, indicate an increase in surface reaction conductivity and frequency. 

In other words, the mixed conductivity appears to facilitate electron transfer from isolated TPBs, 

allowing all the infiltrated nanoparticles to partake in the faradaic reaction. Although the ionic 

conductivity of the cermet decreases, the electronic transport introduced into the predominantly 

ionic-conducting bulk phase increases the rate of charge transfer reactions and improves the overall 

performance of the cell. 

4.4.7 Effect of GDC in Ni-GDC and GDC infiltrated cells  

In order to examine the trends in the charge transfer polarization among all three infiltrants, 

the TLM variables frxn, Rrxn, and RO have been plotted as a function of the number of infiltration 

cycles for 700°C and 800°C operation in Fig. 31. Although it is expected that the center frequency 

of the surface reaction is higher with the additional TPBs, the plots indicate infiltration does not 

always speed up the interfacial reaction. However, Rrxn and RO decrease significantly once any 

amount of GDC is infiltrated into the cell. The decrease in Rrxn could represent the overall faradaic 

reaction rate increasing, as the GDC forms not only TPBs, but also double phase boundary (DPB) 

regions (2-dimensional surfaces), as the film can conduct electronic and ionic carriers and can be 

electrochemically effective in contact solely with the pore phase. Another observation to note is 

that the sustained decrease in RO could mean the oxygen ions have more pathways to active 

reaction sites, allowing cell reactions to occur in parallel through both TPBs and DPBs, resulting 

in lower overall resistivity. 
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Figure 31: TLM variables frxn (a), Rrxn (b) and RO (c) as a function of infiltration cycles at 700°C and 800°C for GDC 

infiltrated Ni-YSZ cells. The same TLM variables respectively (d, e, f) are shown for Ni-GDC infiltrated Ni-YSZ cells. 

4.4.8 Electronic pathways in MIEC infiltrants 

In a similar fashion to the MIEC composition for the ionic scaffold, the GDC and Ni-GDC 

infiltrated electrocatalysts provide mixed conductivity through the porous film coating. The 

transfer of both electrons and oxygen ions under reducing conditions indirectly increases the 

reaction rate, as the nanoparticle deposits connect both isolated Ni grains as well as isolated Ni 

nanoparticles. It is clear that at lower temperatures, the surface charge-transfer frequencies in 
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infiltrated cells substantially increase, along with both decreasing values Rrxn and RO. The decrease 

in both resistivities suggests that the effect of GDC increases overall charge transfer reactions in 

the cermet electrode by better connecting the two bulk networks as well as deposited nanoparticles. 

Interestingly, Ni-GDC infiltration results in slightly better performance than GDC infiltration 

alone after one cycle. While GDC infiltrants improve anode performance, they do not introduce as 

many active TPB sites compared to Ni infiltrants. Future work will attempt to better quantify the 

contributions of Ni and GDC infiltrants separately within cermet scaffolds. 

4.5 Conclusions 

The results show that Ni electrocatalyst infiltration can alone improve cell performance, 

but incorporation of MIEC phases can greatly enhance cell performance over mainly electronic 

and ionic conducting phases. The infiltration of GDC onto a pre-existing cermet scaffold can 

improve cermet electrodes under reducing conditions. Results have shown a tenfold improvement 

under different temperature conditions. MIEC ionic scaffolds infiltrated with solely Ni 

electrocatalysts require fewer infiltration cycles to reach optimal performance when compared to 

infiltration into scaffolds with purely electronic (Ni) and ionic (YSZ) phases. While infiltrated Ni-

MIEC electrodes greatly improve over pristine electrodes, the tradeoffs found within infiltrated 

Ni-MIEC and Ni-YSZ cells are similar. Therefore, improvements in the ionic scaffold composition 

should be explored. Inactive nanoparticle catalysts are present in the Ni-YSZ scaffold due to the 

lack of electronic charge carriers far away from the bulk metal phase. When applying a 

transmission line model element to the charge transfer polarization, it is clear that MIEC 

incorporation to the infiltrant can increase the surface reaction kinetics (frxn) as well as decrease 

the surface reaction and oxygen ion resistivity (Rrxn, RO), while MIEC incorporation to the ionic 

phase decreases only the surface reaction resistivity (Rrxn). 
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5. EXPLORING THE ROLE OF HUMIDITY, TEMPERATURE AND ALTERNATE 

TRANSITION METAL DOPANTS ON ANODE ELECTROCATALYSIS 

5.1. Introduction 

Although the studies above have been performed on cells at differing temperatures, the 

humidity during these studies was held at 50% (balance hydrogen). This was primarily chosen as 

an intermediate condition, chosen to represent conditions intermediate between very low 

(hydrogen-rich) and very high (hydrogen-poor) fuel conditions. While this does provide some 

insight into the performance of AAL cermet electrodes under load, testing under other humidity 

conditions could bring new insights, especially concerning the behavior of infiltrated 

nanoparticles under different H2O/H, i.e. pO2 levels. 

 While TiO2 has been used as a dopant to introduce electronic transport in YSZ in our 

previous work, it has commonly been used in other work as a sintering aid [69-71]. In other 

words, other researchers may be conflating the effect of better sintering of the YSZ in the anode, 

with the introduction of electronic transport due to the transition metal doping into the ionic-

conducting YSZ scaffold at the sintering temperature. To confirm the role of electronic transport 

in the YSZ on anode electrocatalysis, another batch of Ni-MIEC cells were fabricated and tested 

under varying operating temperature and humidity levels, but with a transition metal oxide 

dopant other than TiO2 in the YSZ. This MIEC consisted of 3FeYSZ, i.e. 3 mol% Fe2O3 – 97 

mol% YSZ. Iron(III) Oxide is also a sintering aid that is used for AAL fabrication in other 

infiltration studies [72-75]. Although other transition metal oxides form solid solutions with the 

cubic YSZ, these two oxides, TiO2 and Fe2O3, appear to be the most frequently used.  They are 

also relatively cheap compared to alternatives such as Pr and W [22,76-78]. Therefore, Fe and Ti 

are interesting transition metal cation dopants in YSZ, to verify if the electronic transport 
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imparted to the predominantly ionic conducting phase of the cermet, namely YSZ, can improve 

its performance. 

It has been shown that while conventional SOFC anodes are able to operate over tens of 

thousands of hours, infiltrated metal nanoparticles will coarsen over the first 100 hours of 

operation [55,79,80]. This coarsening not only results in lower TPB density in the electrode, but 

also lower electrical conductivity [53-55, 81]. Two factors are known to contribute to the 

coarsening of nanoparticles; the operating temperature of the cell, which accelerates at higher 

temperatures, and the increase of humidity during cell operation. Both greatly affect the smaller 

nanoparticles infiltrated into the electrode cermets, which generally have smaller feature sizes. 

While Nickel is not directly affected by the water vapor content in the fuel, the pO2 is dictated by 

the ratio of the partial pressures of H2 to H2O in the anode gas. Based on Gasper et. al’s work, 

the numerical calculations shown in Fig. 32 evaluate the contact angle of Ni adjacent to YSZ as a 

function of oxygen activity on the Ni surface, both as a function of pH2O (balance H2) [14]. 

While humidity allows the nanoparticles to become connected temporarily, it also accelerates the 

coalescence of Ni particles into one another. This greatly affects the smaller nanoparticles, which 

tend to have the highest TPB to volume ratio as well as higher surface energy compared to larger 

nanoparticles. While coarsening has been observed in many infiltration studies, the true 

mechanism behind the coarsening is still unclear. 
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Figure 32: The effect of humidity and current density on Ni/YSZ contact angles, a) as humidity conditions increase locally 

in the cell microstructure, Ni/YSZ contact angles decrease and Ni wetting occurs. This is shown in b) where higher 

current densities can increase local humidity due to the formation of water vapor, which can wet Ni nanoparticles. 

Extreme currents and humidity may cause coalescence of Ni, and Ni nanoparticle coarsening [14]. 
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As mentioned in earlier chapters and prior work, the optimization studies were originally 

performed to mitigate nanoparticle coarsening and see how nanoparticle loading affects particle 

morphologies, including the nanoparticle density, average nanoparticle size, nickel nanoparticle 

coverage on the YSZ surface and overall added TPB length per unit volume [67, 81]. However, 

it was discovered through the infiltration of GDC and Ni-GDC into cermet electrodes that 1 

cycle of infiltration was sufficient to show optimal performance under 50% humidity, whereas 

infiltration of Ni required 3 cycles in order to optimally decrease the polarization resistance 

under the 3% and 50% humidity levels and operating temperatures from 700°C to 800°C. While 

it was initially hypothesized that GDC film enveloped and anchored Ni nanoparticles and 

prevented coarsening, fracture SEM depicted Ni nanoparticles as only partially covered by GDC, 

or located on top of the GDC film altogether. An alternate hypothesis was considered based on 

the development of MIEC in GDC in reducing environments, activating a large DPB [57, 81]. 

This DPB greatly extended the distance across which oxygen ions can be transported, as well as 

served to connect electrically distant and physically separated Ni nanoparticles to the percolated 

Ni/YSZ grains in the main scaffold.  It is expected that in a conventional Ni-YSZ electrode 

without GDC, these isolated nanoparticles would normally be electrochemically inactive. 

Additionally, while GDC did not successfully anchor the Ni nanoparticles to the YSZ scaffold, 

the development mixed conduction provided better performance with less Ni loading. 

 The other important observation was that imparting mixed conductivity into the AAL 

would allow electronic and ionic conductivity through the ionic scaffold. While this could 

potentially reduce the ionic conductivity and increase overall ohmic resistance, the infiltrated 

scaffolds would have required less Ni loading. Lesser loading and the resulting larger distance 

between the isolated but electrochemically active nickel nanoparticles, could mitigate coarsening 
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found in the cell with conventional Ni-YSZ cermet electrodes, and extend the lifetime of 

infiltrated Ni. But the key for this approach to succeed is imparting sufficient electronic 

conductivity to the ionic conducting phase of the cermet electrode; i.e. replace or augment the 

ionic conducting YSZ with a mixed ionic and electronic conducting (MIEC) phase. 

 To measure the effects of different operating conditions, introduction of MIEC phases, 

and infiltrant loading on the AAL, additional cells were fabricated, infiltrated and characterized. 

The scope of this chapter is to better understand the mechanism that mitigates anode activation 

polarization resistance and improves overall anode cermet performance. 

5.2. Experimental and Analytical Approach 

5.2.1 Materials synthesis  

Similar to the studies performed in previous chapters, mixed ionic and electronic conductivity 

was introduced into YSZ by adding 3 mol. % Fe2O3. A suspension of stoichiometric amounts of 

Fe2O3 and 8YSZ powders in ethanol was ball milled for 24 hours to ensure proper powder 

mixing. After drying the powders in a drying oven, the contents were calcined at 900°C for 5 

hours. Subsequently, the particle size was reduced by SPEX milling for 30 minutes. The Fe-

doped YSZ, which is expected to be a MIEC phase, replaced the 8YSZ powder used in 

conventional anodes. A slurry of Ni and Fe-doped YSZ (henceforth referred to simply as Ni-

FeYSZ) was used to prepare these modified anodes. 

Infiltration solutions of 3 M concentration, containing nickel or gadolinium-doped ceria (GDC) 

were prepared by dissolving precursors containing Ni(NO3)2 or (Gd(NO3)3)0.1(Ce(NO3)3)0.9 in 50 

mL of ethanol at 90°C. The 3 M Ni-GDC nitrate solution was similarly prepared by adding the 

nitrate precursors that results in a 1:1 molar ratio of Ni to GDC in an ethanol solvent. GDC under 
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reducing atmospheres behaves as an MIEC, and is thus an ideal MIEC electrocatalyst for 

infiltration. 

5.2.2 Cell fabrication 

Symmetric cells with the configuration, fuel electrode/YSZ/fuel electrode, were 

fabricated by screen printing fuel electrode cermet slurry onto the surfaces of commercially 

obtained YSZ electrolyte substrates.  After the cells were dried and sintered at 1400°C, they were 

placed in a reducing chamber at 800°C and a gas of 3% humidity (balance hydrogen) was 

circulated in the chamber to pre-reduce the cermet NiO to Ni, and to introduce additional 

porosity in the microstructure. Aqueous solutions of 3 M Ni and GDC were then infiltrated into 

reduced symmetric cells under vacuum.  For samples with multiple infiltration cycles, the cell 

was heated to 320°C in air to decompose the nitrate salts without oxidizing the Ni network in the 

cermet electrodes prior to the next infiltration. 

5.2.3 Electrochemical testing 

For electrochemical testing of these symmetric cells, Ni meshes were affixed to each 

electrode. The cell was placed inside a single chamber testing apparatus, and EIS data was 

acquired as a function of temperature and humidity levels in the fuel gas. Initially, the cells were 

tested in the temperature range of 700°C to 800°C in 50% humidified hydrogen, to observe the 

effects of infiltration under higher humidity levels.  A second set of EIS measurements were 

conducted at a temperature of  800°C beginning at 50% humidified hydrogen, and decreasing the 

humidity level sequentially (50%, 37%, 25%, 12% and 3% ). EIS measurements were conducted 

at each humidity level and at a fixed temperature of 800oC.  All spectra were acquired using an 

Zahner Zennium Potentiostat under open circuit conditions with a 10 mV AC signal in the 

frequency range 0.1 Hz to 100 kHz. 
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. 

5.2.4 Scanning Electron Microscopy (SEM) 

 
Processed and tested symmetric cells were fractured, their cross sections coated with 10 

nm of Au, and contacted with copper tape. The electrodes were imaged using a Zeiss Supra 55 

SEM at 15 kV using an in-lens detector at 6-8 mm working distance to obtain nanoparticle 

deposition and morphologies from fractured cross-sections. Fracture cross-sections taken from 

the same cell were also vacuum infiltrated with epoxy, and polished to compare overall cell 

porosity and microstructure. 

5.2.5 DRT modelling 

To best model the data, a TLM element was used in series with a resistor, an RQ element 

and a finite-length Warburg element. All modelling of the TLM element and the fitting of 

parameters frxn, RO, RRQ, RW and Rct was performed used a MATLABTM script developed in-

house, and is described in more detail in Appendix 2. 

5.3 Results and Discussion 

5.3.1 MIEC phase formation and electrode microstructure 

Fig. 33 shows powder x-ray diffraction (XRD) spectra of the precursors, as well as the 

pre-calcined and calcined product. The XRD spectrum of the calcined sample shows a shift in 

YSZ peaks to higher 2values, indicating a reduction in lattice parameters. No second phase 

peaks are observed, indicating complete dissolution of the Fe2O3 into the YSZ lattice. 
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Figure 33: XRD spectra of Fe2O3 and YSZ precursors, before and after calcination. 

5.3.2 GDC-infiltrated and Ni-GDC-infiltrated Ni-YSZ symmetric cells 

GDC and Ni-GDC were infiltrated into the Ni-YSZ cermet electrodes to investigate the 

effects of MIEC infiltration into conventional cermet anodes. The goal was to see how 

temperatures, humidity level in the anode gas, and number of infiltration cycles affect overall 

anode performance. Cross-section SEM micrographs of Ni-YSZ cells infiltrated with GDC and 

Ni-GDC are shown in Fig. 34. The infiltrated cells all show the presence of a porous film coating 

the surface of the Ni-YSZ scaffold. While further infiltration does not change the morphology of 

the film, it does appear that Ni-GDC infiltration forms a more porous film than GDC. Although 

previous studies measured the electrochemical performance of the infiltrated cells, this study will 

try to obtain more mechanistic insight into the effects of the GDC porous film. 
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Figure 34: SEM fracture cross-sections of an a) uninfiltrated and b) GDC-infiltrated Ni-YSZ cell 

The EIS data and the resultant DRT analysis of the tested baseline Ni-YSZ cell under can 

be seen in Fig. 35 which show how the polarization effects change with temperature and 

humidity. For the baseline Ni-YSZ cell, it is clear that the Nyquist plots consist of what appears 

to be a linear region at high frequencies, followed by a semicircle. Fig. 35a indicates that this 

semicircle grows larger in magnitude as operating temperature decreases, while Fig. 35b 

suggests that increasing humidity levels decrease the magnitude of the semicircle. The DRT 

analysis presented in Fig. 35c and 35d show the polarization processes consist of a large peak 

centered around 10-1000Hz, and a smaller peak centered around 2000-8000Hz. These peaks can 

be assigned to various polarization processes based on the transmission line model.  The DRT 

analysis shows that the contributions of the RQ and Warburg elements are negligible because the 

peaks corresponding to these elements are very small. Thus, the contribution of these elements 

are insignificant compared to the contribution of the TLM element. As expected, the smallest 

polarization effects in the cell with the baseline cermet electrode is obtained  at the highest 

temperature and at the highest humidity levels..  
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Figure 35: EIS performance with varying temperature (a) and humidity levels (b) for a baseline Ni-YSZ cell,  

with corresponding DRT analysis for temperature(c) and humidity (d). 

 

The EIS data and the resultant DRT analysis of the GDC-infiltrated cell can be seen in 

Fig. 36. The cell suggests the presence of two main arcs formed by the polarization effects. Fig. 

36a follows a similar trend to the uninfiltrated cell, but the magnitude of the polarization is an 

order of magnitude smaller. Whereas the humidity level of uninfiltrated cell greatly changes the 

magnitude of the polarization resistance, Fig. 36b shows the humidity level greatly affects the 

two arcs; changing the humidity from 3% to 12% results in a 90% decrease in polarization 

resistance. Further increasing the humidity leads to rapidly decreasing margin of improvements. 

In particular, increasing the humidity from 37% to 50% appears result in no change in the 

polarization resistance. The DRT analysis presented in Fig. 36c indicates the presence of four 

main peaks, two of which can be attributed to the TLM element discussed earlier, while the other 

two peaks overlapping around 1-10 kHz. As shown in the work of Sonn et al. [25] it appears that 
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one peak is due to polarization due to the grain-boundary pseudocapacitance between the 

YSZ/YSZ grain boundaries, which is represented as RQ circuit element in the ECM. It is also 

worth noting this RQ element is also present in the uninfiltrated cell. Expanding on this logic, it 

is expected that the other peak could be attributed to the ionic resistance GDC/YSZ grain 

boundary, since it is very closely located in frequency.  Further, this second peak is only present 

in the GDC-infiltrated cell lending further validity to the view that this represents the GDC/YSZ 

grain boundary resistance. 

 The reason the RQ peak is so prominent in Fig. 36c is due to the great decrease in the 

peaks related to the TLM element from, for example, 4 Ω*s to 0.12 Ω*s in the 700°C data. Both 

the TLM and RQ element are temperature dependent, and their polarization effects increase with 

decreasing temperature. The DRT analysis in Fig. 36d show the TLM and RQ elements do not 

vary much from 12% to 50% humidity (in general the magnitudes of the peaks are quite small 

compared to the uninfiltrated cells), but the low 3% humidity results in significant increases in 

peak magnitudes. It appears under moderate humidity, both elements are very small and not 

sensitive to changing humidity levels. 

Table 4 compares polarization resistance for each cell tested at the extrema of operating 

conditions of temperature and humidity level in the fuel. At the same temperature and humidity 

levels, single infiltration of MIEC nanoparticles into anode compositions is sufficient to reduce 

the polarization resistance by greater than 80%. The resolution from the Zahner allows more 

accurate measurement of high frequency-data, and subsequently more precise data acquisition. 

Thus, it can be seen that these infiltrated cells have an 80% or greater decrease in polarization 

resistance. 
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Figure 36: EIS performance with varying temperature (a) and humidity levels (b) for a GDC-infiltrated Ni-YSZ cell,  

with corresponding DRT analysis for temperature(c) and humidity (d). 
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Testing 

Humidity 

Testing 

Temperature 

AAL 

cermet 

composition 

Infiltrant 
Infiltration 

cycles 

Polarization 

resistance 

(Ω.cm2) 

Percent 

change  

compared 

to pristine 

baseline(%) 

50% H2O 

700°C Ni-YSZ 

N/A 0 8.50 0% 

GDC 1 0.64 -92.4% 

800°C Ni-YSZ 

N/A 0 1.81 0% 

GDC 1 0.036 -98% 

3% H2O 800°C Ni-YSZ 

N/A 0 8.26 0% 

GDC 1 0.38 -95.3% 

Table 4: Total polarization resistances of Ni-YSZ cells optimally infiltrated with GDC and Ni-GDC electrocatalysts, and 

the percent decrease in polarization versus the baseline uninfiltrated cell. 

5.3.3 Ni-infiltrated Ni-FeYSZ Symmetric Cells 

 The performance of Ni-FeYSZ cermet electrodes were measured in humidity levels 

ranging from 3% to 50%. The changes in the surface area coverage of Ni nanoparticles, Ni 

nanoparticle density, and added TPB length as a function of infiltration cycles in tested cells are 

shown in Fig. 37 for cermet electrodes containing YSZ, TiYSZ and FeYSZ as the ionic 

conducting phase. Fig. 37a shows the surface area fraction of ionic phase adjacent to pores that 

are covered with Ni nanoparticles as function of infiltration cycles, Fig. 37b the number density 

of Ni nanoparticles on the ionic phase adjacent to the pores as a function of infiltration cycles, 

and Fig. 37c the added TPBs in the samples as a function of infiltration cycles. As with the other 

anode cermet electrodes, the infiltration of Ni into Ni-FeYSZ increases surface coverage, 

nanoparticle density and added TPBs with subsequent infiltration cycles, which should correlate 

with increasing cell performance. 
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 The EIS data and the resultant DRT analysis of the baseline Ni-FeYSZ cell can be seen in 

Fig. 38. It is clear that the overall shapes of the impedance spectra are most similar to the Ni-

YSZ baseline data, however the resistance in Ni-FeYSZ is around twice as large. DRT analysis 

indicates the majority of the polarization can be attributed to the TLM element, however new 

peaks around at 0.1-1Hz and 10-100kHz are more prevalent in the Ni-FeYSZ cermet. The 

general trend is that the polarization effects decrease with increasing humidity, and increasing 

temperature in uninfiltrated Ni-FeYSZ cermet anodes, as was the case with the Ni-YSZ cermets. 

The EIS data and the resultant DRT analysis of the optimally infiltrated Ni-FeYSZ cell (which 

has been infiltrated once) can be seen in Fig. 39. It is clear that the overall polarization resistance 

shapes are most similar to the Ni-YSZ baseline data, however the resistance in Ni-FeYSZ is 

around twice as large. DRT analysis indicates the majority of the polarization can be attributed to 

the TLM element, however new peaks around at 0.1-1Hz and 10-100kHz are more prevalent in 

the Ni-FeYSZ cermet. The general trend is that the polarization effects decrease with increasing 

humidity, and increasing temperature in uninfiltrated Ni-FeYSZ cermet anodes. 
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Figure 37: a) Surface area fraction of YSZ/TiYSZ/FeYSZ grains adjacent to pores covered by Ni nanoparticles, b) 

number density of Ni nanoparticles on YSZ/TiYSZ/FeYSZ surface adjacent to pores, and c) added TPB density, as a 

function of infiltration cycles. 
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Figure 38: EIS performance with (a) varying temperature at 50% humidity, (b) varying humidity levels at 800°C and (c) 

varying temperature at 3% humidity for a baseline Ni-FeYSZ cell, with corresponding DRT analysis adjacent to each 

graph (d-f). 
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Figure 39: EIS performance with (a) varying temperature at 50% humidity, (b) varying humidity levels at 800°C and (c) 

varying temperature at 3% humidity for an optimally infiltrated Ni-FeYSZ cell, with corresponding DRT analysis 

adjacent to each graph (d-f). 

Table 5 summarizes the total decrease in polarization resistance for the tested and 

infiltrated Ni-FeYSZ cells. All EIS data is compared to the baseline Ni-YSZ cell in Table 4, 

column 5. If we compare the three different infiltration cycles, the effect of infiltration improves 

the cell under all conditions, except under 50% humidity conditions for the 3-cycle infiltrated 

cells; the polarization resistance is worse compared to the lesser loading in other tested cells. 

However, under the lowest level of humidity in the fuel, 3%, more infiltration appears to 

improve the polarization resistance. Despite the conflicting data, it is clear one single infiltration 

cycles of Ni provides the optimal results in Ni-FeYSZ, as it provides the most improvement with 

the least amount of additional steps. Overall, the results for infiltrated Ni-FeYSZ can be 
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compared with infiltrated Ni-TiYSZ from Table 2, which shows the former could be an even 

better anode cermet candidate at lower temperatures. 

Testing 

Humidity 

Testing 

Temperature 

Infiltration 

cycles 

Polarization 

resistance 

(Ω.cm2) 

Polarization 

resistance in 

uninfiltrated 

Ni-YSZ 

(Ω.cm2) 

Percent 

change  

compared to 

uninfiltrated 

Ni-YSZ (%) 

3% H2O 

700°C 

0 28.16 

N/A 

1 13.68 

2 9.62 

3 8.02 

800°C 

0 6.79 

8.26 

-17.8% 

1 2.453 -70.3% 

2 2.07 -75.7% 

3 1.91 -76.9% 

50% H2O 

700°C 

0 20.76 

8.50 

+144.2% 

1 2.55 -70% 

2 2.27 -73.3% 

3 9.24 +8.7% 

800°C 

0 3.787 

1.81 

+109.2% 

1 0.71 -60.8% 

2 1.01 -44.2% 

3 1.393 -23.0% 

Table 5: Total polarization resistances of Ni-FeYSZ cells infiltrated with Ni and the percent decrease in polarization 

versus the baseline uninfiltrated Ni-YSZ cell from Table 4. 
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5.3.4 Equivalent Circuit Model analysis of GDC-infiltrated cells 

The plots of the TLM variables (frxn, RO and Rrxn) with tested Ni-YSZ cells (uninfiltrated, 

infiltrated GDC) are shown in Fig. 40. As expected, GDC infiltrated cells show trends in these 

variables indicating better overall cell performance under all tested conditions compared to 

uninfiltrated cells; these include higher frxn, lower Rrxn and lower RO. The surface reaction 

frequency, Rrxn, affects the polarization resistances magnitude more than RO, and lowering both 

indicate a better overall anode cermet. Fig. 40b and 40e show that the GDC-infiltrated cell shows 

a decreasing Rrxn with temperature, but with a slightly steeper slope; at lower temperatures, GDC 

may not provide any more improvement than the baseline cell. The humidity level shows that 

decreasing humidity increases the Rrxn in these cells; this suggests the charge transfer reactions 

involved with GDC also utilize water vapor as a reactant, perhaps in an intermediary step. As for 

RO, the inclusion of GDC decreases the oxygen resistivity. Lastly, Fig. 40c suggests that with 

GDC RO decreases with increasing temperature.  
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Figure 40: TLM variables frxn (a), Rrxn (b) and RO (c) as a function of temperature and humidity(d-f) for uninfiltrated and 

GDC-infiltrated Ni-YSZ cells. 

5.3.5 Equivalent Circuit Model analysis of Ni-infiltrated cells 

Similar to the TLM elements plotted for Ni-TiYSZ in Fig. 27, the plots of the TLM 

variables (frxn, RO and Rrxn) with Ni-infiltrated Ni-FeYSZ are shown in Fig. 41; Figures 41d-f 

also include the effects of humidity, along with temperature. Again, the use of an MIEC as the 

cermet ionic phase alongside Ni infiltration greatly improve the cells’ performance. While the 

single infiltration seems to give the best performance with the least Rrxn under most temperature 
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and humidity conditions, the 2-cycle Ni infiltrated cell appears to have similar performance, with 

better RO under all temperatures. The increase of RO and Rrxn in the 3-cycle Ni infiltrated cell 

shows a reversal in the polarization effects. This appears to contradict Fig. 37 and the hypothesis 

that increasing the TPB density should decrease polarization resistance. As for the effects of 

humidity on infiltrated cells, the magnitude of Rrxn appears to decrease with increasing humidity, 

while the value of RO remains fairly constant; there appears to be a visible decrease in RO when 

compared to the uninfiltrated cell. Fig. 42 includes TLM elements of the Ni-FeYSZ cells at 3% 

humidity under varying operating temperatures, after exposure to 50% humidity. While 

infiltration does improve cell performance, the 3-cycle Ni infiltrated cells appear to have the best 

performance, with higher frxn and lower RO, and Rrxn values under this subset of conditions. The 

phenomena behind these results will also be explored in a later section. Lastly, when compared 

to the values found in Fig. 42, the infiltrated Ni-FeYSZ cells appear to have lower polarization 

resistances than their infiltrated Ni-TiYSZ counterparts, indicating Fe2O3 may be a more 

effective transition metal dopant than Ti in YSZ. 
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Figure 41: TLM variables frxn (a), Rrxn (b) and RO (c) as a function of temperature and humidity(d-f) for uninfiltrated and 

Ni-infiltrated Ni-FeYSZ cells. 
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Figure 42: TLM variables frxn (a), Rrxn (b) and RO (c) at 3% humidity as a function of temperature for uninfiltrated and 

Ni-infiltrated Ni-FeYSZ cells. 
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5.4 Conclusions 

 In this work, electrolyte supported symmetric cells, consisting of infiltrated and 

uninfiltrated Ni-YSZ and Ni-FeYSZ cells were fabricated, electrochemically tested, and 

analyzed as a function of operating temperature and humidity level. Ni-YSZ cells were infiltrated 

with compositions containing MIECs, such as GDC, while Ni-FeYSZ cell were infiltrated with 

only Ni. Both types of infiltrated cells utilized a mixed conductor in the predominantly ionic 

conducting phase. This was found to decrease the overall polarization of the cell. More 

specifically, DRT analysis and fitting of the ECM to the TLM elements have shown that the 

majority of the polarization resistance contributions can be attributed to Rrxn. For Ni-YSZ cells, 

the addition of GDC nanostructures into the cermet scaffold have shown to decrease the TLM 

polarization resistance, which also improves with increasing humidity. The addition of both Ni 

and GDC nanoparticles imparts some improvements in cell performance.  The greater decreases 

in Rrxn at lower temperatures in cells with infiltrants suggest that the infiltrants have a greater 

effect in reducing polarization resistance at lower temperatures.  For Ni-FeYSZ cells, infiltration 

is a necessary step to lower the polarization resistance. While subsequent infiltration cycles 

improve cell performance at extremely low humidity, just one cycle of infiltration appears to 

result in optimal cell performance under a majority of conditions. The introduction of more 

reaction sites, coupled with the introduction of electronic conductivity in the FeYSZ, allow the 

otherwise inactive and distant grains and nanoparticles to become electrochemically active. 
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6. CONCLUSIONS 

The role of infiltration and mixed ionic and electronic conduction in the predominantly 

ionic phase of cermet electrodes has been explored using symmetrical cells. The optimum 

number of infiltration cycles of each infiltrant were also identified. In total, three types of cermet 

electrodes were infiltrated. Ni-YSZ cermet electrodes were infiltrated with nanoparticle solutions 

containing Ni, Ni-GDC and GDC nitrates. Ni-TiYSZ and Ni-FeYSZ, cermet electrodes which 

have transition metals doped into the ionic phase, were solely infiltrated with Ni nanoparticles. 

Table 6 compares the performance of the baseline Ni-YSZ cell with the optimally Ni-infiltrated 

cermet anodes. The infiltrated Ni-MIEC cermets outperform uninfiltrated Ni-YSZ cermets, and 

the infiltrated Ni-YSZ cells under average fuel utilization conditions (i.e. 50% H2O).  However, 

its superiority over optimally Ni-infiltrated YSZ is not clear under fuel rich conditions, i.e. under 

the 3% humidity condition. Ni-TiYSZ and Ni-FeYSZ cermets outperform Ni-YSZ at the higher 

50% humidity condition, but only infiltrated Ni-FeYSZ shows significant improvement at lower 

temperatures and humidity conditions compared to infiltrated and uninfiltrated Ni-YSZ. This 

suggests further exploration into the use and characterization of infiltrated FeYSZ cermet 

electrodes. 
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Testing 

Humidity 
Testing 

Temperature 
Cermet 

Anode 

Optimally Ni-

Infiltrated 

Polarization 

resistance 

(Ω.cm2) 

Polarization 

resistance in 

uninfiltrated (and 

optimally Ni-

infiltrated)  

Ni-YSZ (Ω.cm2) 

Percent change 

compared to 

uninfiltrated (and 

optimally Ni-

infiltrated)  

Ni-YSZ (%) 

50% 

H2O 

700°C 
Ni-TiYSZ 4.14 

10.57 (4.69) 
-60.8% (-11.7%) 

Ni-FeYSZ 2.55 -75.9% (-45.6%) 

800°C 
Ni-TiYSZ 0.78 

1.95(0.97) 
-60% (-19.6%) 

Ni-FeYSZ 0.71 -63.6% (-26.8%) 

3% H2O 

700°C 
Ni-TiYSZ 25.69 

56.91(20.8) 
-54.9% (+23.5%) 

Ni-FeYSZ 13.68 -76% (-34.2%) 

800°C 
Ni-TiYSZ 1.56 

5.48(1.21) 
-71.5% (+29.9%) 

Ni-FeYSZ 2.45 -55.3% (+102.5%) 
Table 6: Total polarization resistances of optimally Ni-infiltrated Ni-FeYSZ and Ni-TiYSZ cells and percent decrease in 

polarization resistance versus the baseline uninfiltrated and optimally Ni-infiltrated Ni-YSZ cell. 

 It is clear that infiltration increases the TPB density in cermet electrodes, and the new 

active TPB sites increase the overall reaction rate in the cermet, resulting in a decrease in 

activation polarization resistance and an increase in the cell performance. While it took 3 cycles 

of Ni infiltration to optimally infiltrate the Ni-YSZ cell, the Ni-FeYSZ and Ni-TiYSZ cells only 

required one cycle of infiltration to reach optimal performance under most conditions.  This 

clearly shows that introduction of electronic transport in the YSZ by doping with transition metal 

ions activates distant and physically separated nickel nanoparticles.  These effects are even more 

clearly seen in GDC and Ni-GDC which showed the best cell performance with 2 infiltration 

cycles.  In the case of GDC and Ni-GDC, most of the decrease in polarization resistance can be 

attributed to the first cycle of infiltration. We conclude that while cermet compositions 

containing solely Ni and YSZ phases require multiple nickel nanoparticle infiltration cycles to 

reach their best performance, the incorporation of mixed ionic and electronic conduction reduces 

the number of required infiltration cycles to optimally reduce the polarization resistance to just 

one. 
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 The DRT and ECM analysis has shown the majority of the polarization resistance is 

attributable to the TLM element for the cermet electrode, which models both the charge transfer 

reaction on the scaffold surface and the oxygen ion resistivity in the ionic phase. The former 

reaction plays a much larger role in the TLM compared to the latter, and it is necessary to 

minimize it to achieve better cermet performance. This can be noted in the ECM analysis of the 

three uninfiltrated cermets. While the MIEC ionic phases of FeYSZ and TiYSZ have lower ionic 

conductivity, as well as higher oxygen ion resistivity than the YSZ phase, any increasing 

polarization resistance from the slower ionic transport kinetics is outweighed by the decreased 

surface charge transfer resistance once infiltration is applied. The infiltration of Ni-GDC and 

GDC decrease both Rrxn and RO of symmetric cells featuring the infiltrated cermet, with the least 

polarization resistance under all tested conditions. 

 A clearer picture of how the nanoparticles improve the cell under different operating 

conditions has emerged from this work. To begin, Ni nanoparticles on the YSZ scaffold 

contiguous with the pore phase form new TPBs, but these new TPBs may not be active if there is 

no electronically conducting scaffold nearby to receive the electrons resulting from 

electrochemical reactions. Fig. 19 and 37 show the increase of TPB and nanoparticle density 

alone do not result in an increase in performance. This implies that multiple cycles of Ni 

infiltration were necessary in Ni-YSZ cermets to create higher connectivity of nanoparticles on 

the YSZ scaffold. However, while further infiltration cycles seem to further increase reaction 

sites and nanoparticles, the polarization resistance does not decrease, and instead further 

increases. This suggests that beyond the optimum number of infiltration cycles, there is a greater 

increase of increasing the number of inactive TPBs. A combination of mechanisms leading to Ni 

nanoparticle coalescence, reduction in TPBs, leading to less overall connectivity of the entire 
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electronic scaffold may be at play. To mitigate this coarsening it is important to reduce number 

of infiltration cycles and reduce the nanoparticle density.  The incorporation of the MIEC phase 

into the ionic scaffold can be used alongside infiltration to reduce the required nanoparticle 

density and produce better performing cermet anodes. 

 Uninfiltrated cermet electrodes featuring MIEC phases, i.e. those with a Ni-MIEC 

scaffold, perform worse than Ni-YSZ. due to the higher Rrxn and RO, suggesting worse 

connectivity and more sluggish ionic transfer in Ni-MIEC cermets. But infiltration of Ni-MIEC 

cermets introduces new TPBs which are all active, as there is an electronic pathway through the 

MIEC scaffold. It seems no matter the greater distance the nanoparticles are from the percolated 

scaffold, they are all able to contribute to the overall reaction due to the presence of this 

electronic transport pathway. This is seen most clearly in Fig. 42, where additional infiltration 

cycles result in better performance at extremely low humidity conditions. However, the effects of 

increasing humidity levels appear to lower overall cell performance, and may suggest that the 

increased number of nanoparticles may cause too much wetting on the MIEC scaffold, and 

ultimately reduce TPB density. 

In general, the role of increasing the density of active TPBs appears to decrease Rrxn in 

the TLM element, especially at lower temperatures. A doped ionic scaffold is able to activate 

more nanoparticle TPBs, which may explain why Fig. 37 and Table 5 show further infiltration 

cycles result in better performance, at least for the 3% humidity levels. The introduction of more 

active TPBs can improve electrocatalysis, decrease the overall charge transfer resistance in our 

transmission line representation of the cermet scaffold, the largest contributor to polarization 

resistance at intermediate temperatures. 
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A single Ni infiltration cycle into Ni-MIECs cermets is sufficient to obtain better 

performance than Ni-YSZ. Through a survey of the SOFC literature, it has been found that 

multiple groups have also incorporated transition metals into their compositions, albeit as 

sintering aids rather than ionic phase dopants [22, 72-78]. In our work, we have shown that the 

addition of transition metal has tangible electrochemical benefits. Thus, the replacement of the 

YSZ phase in the Ni-YSZ anode by a transition-metal-doped-YSZ phase coupled with Ni 

infiltration may be a promising pathway to obtain high performance anodes. 

 While the MIEC in the ionic scaffold has been shown to improve infiltrated cells, it 

appears the MIEC phase being used as an infiltrant in the standard Ni-YSZ cermet anode greatly 

improves cell performance by decreasing the resistance associated with the TLM element, as 

well as overall cell polarization resistance. GDC under reducing environments can facilitate the 

transfer of both electrons as well as oxygen ions. Looking at the changes associated with the 

GDC phase within the cermet electrode, the porous film appears to provide not only improved 

connectivity of the metallic scaffold to other grains, but the entire GDC surface appears to 

become active electrochemical reaction sites, and allow at least some intermediate steps related 

to the overall charge transfer reaction to occur. Unlike the TPBs which consist of narrow 

centerlines where the three phases meet, the GDC surface can react directly with the pore phase 

to allow charge transfer as well as transport oxygen ions to the GDC/pore interface. The DRT 

analysis of Ni-YSZ cells containing GDC loading show the TLM element suppressed to a level 

where the higher 10kHz peak dominates the overall cell polarization. This high frequency (HF) 

peak has been reported before to be associated with the oxygen ion transport resistivity 

associated with YSZ/YSZ grain boundaries. While the addition of GDC/YSZ interfaces may 

improve oxygen ion conductivity by allowing more ionic species to react at the GDC surface, it 
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is unknown whether it directly decreases this HF process and its polarization resistance. As 

shown in Fig. 34 the TLM element and HF peak magnitudes grow with decreasing temperature, 

yet remains fairly stable at medium levels of humidity; in fact, these peaks sharply jump with the 

transition to extremely low humidity levels, indicating that humidity plays a greater role in the 

electrochemical reaction of H2 on the GDC/pore interface.  

It should also be noted that the Ni-GDC cells also have unusual yet better performance. 

Microstructural analysis shows the Ni-YSZ scaffold covered by an even more porous film, with 

hemispherical nanoparticles dispersed either on top of the film or between the pores of the film 

itself. While the detailed mechanisms in the case of Ni-GDC infiltrated nanoparticles are not 

clear,  the TPBs created by these nanoscale features have a direct electronic pathway through the 

scaffold via the GDC film.  
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7. FUTURE WORK 

 Enhancement of electrocatalysis through infiltration is a nuanced process, especially if the 

infiltrant results in multiple infiltrated phases. Unlike prior work which report infiltrated GDC 

nanoparticles to appear as individual hemispheres, the electrodes in this work exhibited 

microstructures where the GDC appeared as a connected porous film. While GDC has shown to 

improve the baseline Ni-YSZ cell under all conditions, it is possible that the infiltration of Ni-

GDC may show even better performance at lower temperatures, which should be explored. 

Additionally, GDC in addition to being an excellent MIEC is an excellent electrocatalyst in its 

own merit. Thus, carefully designed experiments that deconvolute the role of electrocatalysis and 

mixed conduction in infiltrated anodes containing multiple phases such as Ni and GDC should be 

explored. Designing infiltrated cermet anodes containing different volume fractions of Ni and 

GDC and comparing the microstructural changes along with DRT analysis of electrochemical data 

may further elucidate how reaction sites from the added Ni and GDC each impact cermet 

performance. 

 Further improvements in microstructural analysis is necessary. Lu et. al. as well as other 

groups have demonstrated that FIB-SEM is an imaging method which can be used to obtain 

microstructural data in cermet electrodes filled with epoxy [15, 56, 66, 75, 83]. Currently, our lab 

members are also developing a method based on FIB-SEM in which Ni infiltrated cermet anodes 

can be imaged without the need for epoxy, and allow 3D reconstruction of the cermet with intact 

nanoparticles. Additionally, there have been no 3D reconstruction studies of GDC-infiltrated 

scaffolds.  As previously mentioned, the morphology of infiltrated GDC in our studies is quite 

different from prior studies, and 3D reconstruction studies that can reveal the morphology and 
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distribution of GDC in the cermet could play a key role in understanding the role of GDC in 

electrocatalysis and mixed conduction. With better resolution and detection of these nanoscale 

features, the composition and microstructure of infiltrated electrodes could be engineered to 

mitigate cell degradation by addressing the primary mechanisms responsible. 

 The inclusion of infiltration as a processing step may also allow new cermet compositions 

to be explored. The use of GDC as a film that connects isolated Ni grains could allow the cermet 

to maintain high performance and counteract Ni losses at higher temperatures. Alternatively, the 

GDC film could serve as a supplementary scaffold, which allows the use of less Ni in the cermet 

scaffold and still work as a percolated electronic network. The addition of a small amount of GDC 

loading could allow the fabrication of anode active layers which have much slower degradation 

and lower cost. 
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APPENDIX 1: DRT Trasformation 

The code below transforms the discrete EIS spectra into a continuous function which acts 

as the DRT transformation.  

 
Figure 43: The handles structure used perform the necessary Radial Basis Funtion transformations onto the EIS spectra 

to obtain the final DRT transformation. 

function handles = DRT_Test(handles) 

handles.lb_im = zeros(numel(handles.freq)+2,1); 

handles.ub_im = Inf*ones(numel(handles.freq)+2,1); 

handles.x_im_0 = ones(size(handles.lb_im)); 

handles.lb_re = zeros(numel(handles.freq)+2,1); 

handles.ub_re = Inf*ones(numel(handles.freq)+2,1); 

handles.x_re_0 = ones(size(handles.lb_re)); 

handles.taumax=ceil(max(log10(1./handles.freq)))+1; 

handles.taumin=floor(min(log10(1./handles.freq)))-1; 

 

handles.options =optimset('algorithm','interior-point-

convex','Display','off','TolFun',1e-15,'TolX',1e-10,'MaxFunEvals', 1E5); 

 

handles.b_re = real(handles.Z_exp);% experimental 

handles.b_im = -imag(handles.Z_exp); 

handles.delta = mean(diff(log(1./handles.freq))); 

handles.epsilon  = handles.coeff*handles.FWHM_coeff/handles.delta; 

 handles.freq_out = logspace(-handles.taumin, -handles.taumax, 

10*numel(handles.freq)); 

    handles.A_re = assemble_A_re(handles.freq, handles.epsilon, handles.rbf_type, 

handles.integration_algorithm); 

    handles.A_im = assemble_A_im(handles.freq, handles.epsilon, handles.rbf_type, 

handles.integration_algorithm,handles.L); 

    handles.M_re = assemble_M_re(handles.freq, handles.epsilon, handles.rbf_type, 

handles.der_used); 

    handles.M_im = assemble_M_im(handles.freq, handles.epsilon, handles.rbf_type, 

handles.der_used); 

    % need L and der_used 

[H_re,f_re] = quad_format(handles.A_re, handles.b_re, handles.M_re, handles.lambda); 

[H_im,f_im] = quad_format(handles.A_im, handles.b_im, handles.M_im, handles.lambda); 

[H_combined,f_combined] = quad_format_combined(handles.A_re, handles.A_im, 

handles.b_re, handles.b_im, handles.M_re, handles.M_im, handles.lambda); 

warning('off') 

 

handles.x_ridge_combined = quadprog(H_combined, f_combined, [], [], [], [], 

handles.lb_re, handles.ub_re, handles.x_re_0, handles.options); 
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handles.gamma_ridge_combined_fine = map_array_to_gamma(handles.freq_out, handles.freq, 

handles.x_ridge_combined(3:end), handles.epsilon, handles.rbf_type); 

handles.gamma_ridge_combined_coarse = map_array_to_gamma(handles.freq, handles.freq, 

handles.x_ridge_combined(3:end), handles.epsilon, handles.rbf_type); 

end 

 

 
APPENDIX 2: ECM analysis and fitting 

The codebase below generates a MATLAB GUI which can fit EIS data from Nyquist and 

Bode plots into an ECM model. The model below is shown in Fig. 41, consisting of an R_Ohm 

resistor, a 1-10kHz RQ element, a 1-10Hz finite-length Warburg element, and a mid-frequency 

TLM element. Results from each EIS fitting are logged and saved into a .mat file for further post-

processing. The code does not require any batch fitting, and utilizes visual inspection over 

educated guessing to fine-tune parameters. 

 

Figure 44: ECM of the tested cells, consisting of an ohmic resistor, R_Ohm, an RQ element, a TLM element and a finite-

length Warburg element. Including the ohmic resistor, a total of 10 variables (3 for each non-linear circuit element) must 

be fit to the EIS data. 

 
Contents 

 Add DRT_Tools package, then analyze all cleaned EIS .mat files 

 Retreives selected .mat file 

 First initialization of fitted parameters 

 Plot experimental result 

 Overlay simulated results 

 Have program perform CNLS fitting, or output raw variables 

 Set upper and lower bounds 

 Circuit Element functions 

function varargout = R_RQ_TLM_W_ECM_Model(varargin) 

% R_RQ_TLM_W_ECM_Model MATLAB code for R_RQ_TLM_W_ECM_Model.fig 
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%      R_RQ_TLM_W_ECM_Model, by itself, creates a new R_RQ_TLM_W_ECM_Model or raises 

the existing 

%      singleton*. 

% 

%      H = R_RQ_TLM_W_ECM_Model returns the handle to a new R_RQ_TLM_W_ECM_Model or 

the handle to 

%      the existing singleton*. 

% 

%      R_RQ_TLM_W_ECM_Model('CALLBACK',hObject,eventData,handles,...) calls the local 

%      function named CALLBACK in R_RQ_TLM_W_ECM_Model.M with the given input 

arguments. 

% 

%      R_RQ_TLM_W_ECM_Model('Property','Value',...) creates a new R_RQ_TLM_W_ECM_Model 

or raises the 

%      existing singleton*.  Starting from the left, property value pairs are 

%      applied to the GUI before R_RQ_TLM_W_ECM_Model_OpeningFcn gets called.  An 

%      unrecognized property name or invalid value makes property application 

%      stop.  All inputs are passed to R_RQ_TLM_W_ECM_Model_OpeningFcn via varargin. 

% 

%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 

%      instance to run (singleton)". 

% 

% See also: GUIDE, GUIDATA, GUIHANDLES 

 

% Edit the above text to modify the response to help R_RQ_TLM_W_ECM_Model 

 

% Last Modified by GUIDE v2.5 12-Feb-2020 23:07:54 

 

% Begin initialization code - DO NOT EDIT 

gui_Singleton = 1; 

gui_State = struct('gui_Name',       mfilename, ... 

                   'gui_Singleton',  gui_Singleton, ... 

                   'gui_OpeningFcn', @R_RQ_TLM_W_ECM_Model_OpeningFcn, ... 

                   'gui_OutputFcn',  @R_RQ_TLM_W_ECM_Model_OutputFcn, ... 

                   'gui_LayoutFcn',  [] , ... 

                   'gui_Callback',   []); 

if nargin && ischar(varargin{1}) 

    gui_State.gui_Callback = str2func(varargin{1}); 

end 

 

if nargout 

    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 

else 

    gui_mainfcn(gui_State, varargin{:}); 

end 

% End initialization code - DO NOT EDIT 

 

 

% --- Executes just before R_RQ_TLM_W_ECM_Model is made visible. 

function R_RQ_TLM_W_ECM_Model_OpeningFcn(hObject, eventdata, handles, varargin) 

% This function has no output args, see OutputFcn. 

% hObject    handle to figure 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

% varargin   command line arguments to R_RQ_TLM_W_ECM_Model (see VARARGIN) 

 

% Choose default command line output for R_RQ_TLM_W_ECM_Model 

handles.output = hObject; 

Add DRT_Tools package, then analyze all cleaned EIS .mat files 
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Enable the window to automatically update should the figure be moused 

over. Add basic fitted parameters to initiallize the fit. Do not list 

any file in the group, instead, begin calling the open file button 

instead of the list table. 

addpath('DataFunctions') 

% cd 'AllEISfiles' 

 

% handles.figure1.WindowButtonMotionFcn =... 

%     @(hObject,eventdata)R_RQ_TLM_W_ECM_Model('figure1_WindowButtonMotionFcn',... 

%     hObject,eventdata,guidata(hObject)); 

 

 

% Update handles structure 

guidata(hObject, handles); 

 

% UIWAIT makes R_RQ_TLM_W_ECM_Model wait for user response (see UIRESUME) 

% uiwait(handles.figure1); 

 

 

% USERDATA STORED VALUES 

% slider1 holds estimated fit initial values 

% popupmenu holds stored experimental freq, Z', Z'' 

% text2-11 holds estimated handles.fitted_params() 

% pushbutton1 holds a backup of the fitted_params for argument calls 

% pushbutton2 holds filename 

 

% --- Outputs from this function are returned to the command line. 

function varargout = R_RQ_TLM_W_ECM_Model_OutputFcn(hObject, eventdata, handles) 

% varargout  cell array for returning output args (see VARARGOUT); 

% hObject    handle to figure 

% eventdata  reserved - to be defined in a future version of MATLAB 

% handles    structure with handles and user data (see GUIDATA) 

 

% Get default command line output from handles structure 

varargout{1} = handles.output; 

 

 

% --- Executes on button press in pushbutton1. 

Retreives selected .mat file 

displays the spectra and initializes parameters. 

function pushbutton1_Callback(hObject, eventdata, handles) 

    [file, path] = uigetfile('*.mat'); 

    load(fullfile(path,file)) 

    Z_prime = Z_prime/2; 

    Z_double_prime = Z_double_prime/2; 

    try 

    cleanData =clean_eis([freq Z_prime Z_double_prime]); 

    set(handles.pushbutton1,'userdata',cleanData) 

    handles.Data = cleanData; 

    axes(handles.axes1) 

    cla 

    plot(Z_prime, Z_double_prime) 

    Rtot = max(Z_prime); 

    Rmin = min(Z_prime); 

    R_RQ = (Rtot-Rmin)*2; 

    set(handles.text2,'String',Rmin) 
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    set(handles.slider1,'Value',Rmin/Rtot) 

First initialization of fitted parameters 

    handles.fitted_params = [Rtot 4 0.6 0 1 0.9 R_RQ/2 1 R_RQ -0.7 0.5 R_RQ]; 

    set(handles.slider1,'userdata',handles.fitted_params); 

    set(handles.pushbutton1,'String',strcat('File Read: ', file)) 

    set(handles.pushbutton2,'Userdata',file) 

    catch 

        set(handles.pushbutton1,'String','Invalid file') 

    end 

    initSliders(hObject, eventdata, handles); 

 

function figure1_WindowButtonMotionFcn(hObject, eventdata, handles) 

function slider1_Callback(hObject, eventdata, handles) 

function slider1_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

 

% When any slider is called, the estimated parameters evaluated and a 

% model of the simulated fits are plotted on the bode plot. Afterwards, the 

% program then shifts the axis back to the nyquist plot, to prevent 

% constant swapping due to the motion function. 

% --- Executes on slider movement. 

function slider2_Callback(hObject, eventdata, handles) 

axes(handles.axes2) 

cla 

handles.Data = get(handles.pushbutton1,'userdata'); 

Rtot = max(handles.Data(:,2)); 

Rmin = min(handles.Data(:,2)); 

R_RQ = (Rtot-Rmin)*2; 

% If the file does not contain any ohmic resistance, default is set to 1 

try 

handles.fitted_params(1) = Rtot * get(handles.slider1,'Value'); 

catch 

    Rtot = 1; 

    handles.fitted_params(1) = Rtot * get(handles.slider1,'Value'); 

end 

% Set all sliders and their text to the fitting parameters. 

set(handles.text2, 'String', handles.fitted_params(1)); 

handles.fitted_params(2) = 10^get(handles.slider2,'Value'); 

set(handles.text3, 'String', handles.fitted_params(2)); 

handles.fitted_params(3) = get(handles.slider3,'Value'); 

set(handles.text4, 'String', handles.fitted_params(3)); 

handles.fitted_params(4) = R_RQ * get(handles.slider4,'Value'); 

set(handles.text5, 'String', handles.fitted_params(4)); 

handles.fitted_params(5) = 10^get(handles.slider5,'Value'); 

set(handles.text6, 'String', handles.fitted_params(5)); 

handles.fitted_params(6) = get(handles.slider6,'Value'); 

set(handles.text7, 'String', handles.fitted_params(6)); 

handles.fitted_params(7) = R_RQ * (get(handles.slider7,'Value')^5); 

set(handles.text8, 'String', handles.fitted_params(7)); 

handles.fitted_params(8) = 10^get(handles.slider8,'Value'); 

set(handles.text9, 'String', handles.fitted_params(8)); 

handles.fitted_params(9) = R_RQ * (10*get(handles.slider9,'Value'))^5; 

set(handles.text10, 'String', handles.fitted_params(9)); 

handles.fitted_params(10) = 10^get(handles.slider10,'Value'); 

set(handles.text11, 'String', handles.fitted_params(10)); 
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handles.fitted_params(11) = get(handles.slider11,'Value'); 

set(handles.text12, 'String', handles.fitted_params(11)); 

handles.fitted_params(12) = R_RQ * get(handles.slider12,'Value'); 

set(handles.text13, 'String', handles.fitted_params(12)); 

try 

    try 

        % Try to model the data off the experimentally stored frequencies. 

        % This breaks if said file is empty 

        freq_long = handles.Data(:,1);  

 %generate a wide frequency space for plotting the model 

    catch 

        return 

    end 

omega_long = freq_long.*(2*pi); 

R_shift = R_element(omega_long,[],1);  

%unit horizontal shift element for fancy plotting 

R = R_element(omega_long,[], handles.fitted_params(1)); 

RQ1 = RQ_element(omega_long, handles.fitted_params(2:3), handles.fitted_params(4));  

% Yq, nq 

TLMx = TLM_element(omega_long, handles.fitted_params(5:6), handles.fitted_params(7), 

handles.fitted_params(9)); 

FLW = FLW_element(omega_long, handles.fitted_params(10:11), 

handles.fitted_params(12));% f_w, nw 

Rr = R(:,2);          Ri = -R(:,3); 

RQr1 = RQ1(:,2);      RQi1 = -RQ1(:,3); 

Sr = R_shift(:,2);    Si = -R_shift(:,3); % Should be 1 and 0 respectively 

TLMr = TLMx(:,2);        TLMi = -TLMx(:,3); 

FLWr = FLW(:,2);      FLWi = -FLW(:,3); 

sim_r = Rr + RQr1 + TLMr + FLWr; 

sim_i = Ri + RQi1 + TLMi + FLWi; 

Plot experimental result 

plot(handles.Data(:,1),-handles.Data(:,3),'ok','LineWidth',1) 

handles.axes2.XScale = 'log'; 

handles.axes2.XGrid = 'on'; 

handles.axes2.XTick = [0.01,0.1,1,10,100,1000,10000,100000,1000000]; 

handles.axes2.XMinorGrid = 'off'; 

handles.axes2.YGrid = 'on'; 

handles.axes2.PlotBoxAspectRatio = [1 0.5 1]; 

Overlay simulated results 

hold on 

plot(handles.axes2,freq_long, sim_i, 'b-','LineWidth',1) 

plot(handles.axes2,freq_long,RQi1,'-r') 

plot(handles.axes2,freq_long,TLMi,'-g') 

plot(handles.axes2,freq_long,FLWi,'-c') 

hold off 

axis auto 

catch 

end 

axes(handles.axes1) 

cla 

try 

plot(handles.Data(:,2),-handles.Data(:,3),'ok','LineWidth',1) 

catch 

end 
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hold on 

plot(sim_r,sim_i,'b-','LineWidth',1) 

plot(RQr1+Sr*(handles.fitted_params(1)), RQi1,'-r') % plots first RQ element 

plot(TLMr+Sr*(handles.fitted_params(1)+handles.fitted_params(4)), TLMi,'-g')  

% plots first RQ element 

hold off 

XGrid = 'on'; 

YGrid = 'on'; 

title('Test Fit'); 

Have program perform CNLS fitting, or output raw variables 

function pushbutton2_Callback(hObject, eventdata, handles) 

valuesR = get(handles.slider1,'userdata'); 

DRTdata = get(handles.pushbutton1,'Userdata'); 

buttonECM = eventdata.Source.Tag; 

Rtot = max(DRTdata(:,2)); 

Rmin = min(DRTdata(:,2)); 

R_RQ = (Rtot-Rmin)*2; 

try 

handles.fitted_params(1) = Rtot * get(handles.slider1,'Value'); 

catch 

    Rtot = 1; 

    handles.fitted_params(1) = Rtot * get(handles.slider1,'Value'); 

end 

set(handles.text2, 'String', handles.fitted_params(1)); 

handles.fitted_params(2) = get(handles.slider2,'Value'); 

set(handles.text3, 'String', handles.fitted_params(2)); 

handles.fitted_params(3) = get(handles.slider3,'Value'); 

set(handles.text4, 'String', handles.fitted_params(3)); 

handles.fitted_params(4) = R_RQ * get(handles.slider4,'Value'); 

set(handles.text5, 'String', handles.fitted_params(4)); 

handles.fitted_params(5) = get(handles.slider5,'Value'); 

set(handles.text6, 'String', handles.fitted_params(5)); 

handles.fitted_params(6) = get(handles.slider6,'Value'); 

set(handles.text7, 'String', handles.fitted_params(6)); 

handles.fitted_params(7) = R_RQ * (get(handles.slider7,'Value')^5); 

set(handles.text8, 'String', handles.fitted_params(7)); 

handles.fitted_params(8) = 10^get(handles.slider8,'Value'); 

set(handles.text9, 'String', handles.fitted_params(8)); 

handles.fitted_params(9) = R_RQ * (10*get(handles.slider9,'Value'))^5; 

set(handles.text10, 'String', handles.fitted_params(9)); 

handles.fitted_params(10) = 10^get(handles.slider10,'Value'); 

set(handles.text11, 'String', handles.fitted_params(10)); 

handles.fitted_params(11) = get(handles.slider11,'Value'); 

set(handles.text12, 'String', handles.fitted_params(11)); 

handles.fitted_params(12) = R_RQ * get(handles.slider12,'Value'); 

set(handles.text13, 'String', handles.fitted_params(12)); 

Set upper and lower bounds 

fitted_params_ub = handles.fitted_params*2; 

fitted_params_ub([2,5]) = handles.fitted_params([2,5])+1; 

fitted_params_ub([3,6,8,10,11]) = [0.8 1 5 5 0.5]; 

r_rxn = handles.fitted_params(7); 

r_o = handles.fitted_params(9); 

T_w = handles.fitted_params(10); 

fitted_params_ub([7,9, 10]) = [r_rxn*100 r_o*100 T_w*10]; 
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fitted_params_lb = [0 -2 0.5 0 -2 0.8 r_rxn/100 -2 r_o/100 T_w/10 0 0]; 

fitted_params_lb([2,5]) = handles.fitted_params([2,5])-1; 

readout = [fitted_params_ub;handles.fitted_params;fitted_params_lb]; 

% Load the experimental data and process DRT 

try 

    switch buttonECM 

        case 'pushbutton2' 

            fit = handles.fitted_params; 

        case 'pushbutton3' 

        [fit, err] = fit_eis_dat_RRQTLMFLW(DRTdata,... 

            get(handles.pushbutton1,'String'), handles.fitted_params,... 

            fitted_params_lb,fitted_params_ub); 

    end 

fit(2) = 10^fit(2); 

fit(5) = 10^fit(5); 

catch 

    fit = handles.fitted_params; 

    disp("Could not run fit_eis_dat") 

    return; 

end 

% Grab basic parameters for DRT fitting 

load('DRTECM.mat') 

handlesDRT.lambda = 10^(-1); 

fitFrequency = fit([2 5 8 10]); 

handlesDRT.fitFrequency = fitFrequency([1 2 3 4]); 

handlesDRT.freq = DRTdata(:,1); 

handlesDRT.Z_prime_mat = DRTdata(:,2); 

handlesDRT.Z_double_prime_mat = DRTdata(:,3); 

handlesDRT.Z_exp = handlesDRT.Z_prime_mat(:)+ 

i*handlesDRT.Z_double_prime_mat(:); %this is the experimental impedance data 

freq_long = handlesDRT.freq; %generate a frequency space based on the experimental 

data 

omega_long = freq_long.*(2*pi); 

RQ1 = RQ_element(omega_long, fit(2:3), fit(4)); % Yq, nq 

TLM1 = TLM_element(omega_long, fit(5:6), fit(7),fit(9)); % Yq, nq 

try 

    switch buttonECM 

        case 'pushbutton2' 

            FLW = FLW_element(omega_long, fit(8:9), fit(10));% Tw, nw 

            reportfile = 'reportlogNoFit.mat'; 

        case 'pushbutton3' 

            FLW = FLW_element(omega_long, fit(10:11), fit(12));% Tw, nw 

            reportfile = 'reportlogFit.mat'; 

    end 

catch 

    fit = handles.fitted_params; 

    disp("Could not run fit_eis_dat") 

    return; 

end 

[handlesDRT] = DRT_Test(handlesDRT); 

if exist('fig3') == 0 

    ColorSet = varycolor(6); 

    fig3 = figure('units','normalized','outerposition',[1/4 1/4 3/8 2/4]); 

    hold all 

    set(gca,'colororder', ColorSet) 

    n3 = get(gcf,'Number'); 

else 

    figure(n3) 

end 

set(gca, 'XScale', 'log') 

hold on 
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handles.ExpFreq = handlesDRT.freq_out; 

handles.Exp = handlesDRT.gamma_ridge_combined_fine; 

semilogx(handles.ExpFreq, handles.Exp,'b-','LineWidth', 2); 

handlesDRT.freq = freq_long; 

handlesDRT.Z_prime_mat = RQ1(:,2); 

handlesDRT.Z_double_prime_mat = RQ1(:,3); 

handlesDRT.Z_exp = handlesDRT.Z_prime_mat(:)+ 

i*handlesDRT.Z_double_prime_mat(:); %this is the experimental impedance data 

handlesDRT.fitFrequency = fitFrequency([1]); 

handlesDRT = DRT_Test(handlesDRT); 

handles.RQ1freq = handlesDRT.freq_out; 

handles.RQ1 = handlesDRT.gamma_ridge_combined_fine; 

semilogx(handles.RQ1freq, handles.RQ1,'-r','LineWidth', 2); 

handlesDRT.Z_prime_mat = TLM1(:,2); 

handlesDRT.Z_double_prime_mat = TLM1(:,3); 

handlesDRT.Z_exp = handlesDRT.Z_prime_mat(:)+ 

i*handlesDRT.Z_double_prime_mat(:); %this is the experimental impedance data 

handlesDRT.fitFrequency = fitFrequency([2]); 

handlesDRT = DRT_Test(handlesDRT); 

handles.RQ2freq = handlesDRT.freq_out; 

handles.RQ2 = handlesDRT.gamma_ridge_combined_fine; 

semilogx(handles.RQ2freq, handles.RQ2,'-g','LineWidth', 2); 

try 

    handlesDRT.Z_prime_mat = GE(:,2); 

    handlesDRT.Z_double_prime_mat = -GE(:,3); 

    handlesDRT.Z_exp = handlesDRT.Z_prime_mat(:)+ 

i*handlesDRT.Z_double_prime_mat(:); %this is the experimental impedance data 

    handlesDRT.fitFrequency = fitFrequency([3]); 

    handlesDRT = DRT_Test(handlesDRT); 

    handles.GEfreq = handlesDRT.freq_out; 

    handles.GE = handlesDRT.gamma_ridge_combined_fine; 

    semilogx(handles.GEfreq, handles.GE,'-m','LineWidth', 2); 

catch 

end 

try 

    handlesDRT.Z_prime_mat = FLW(:,2); 

    handlesDRT.Z_double_prime_mat = -FLW(:,3); 

    handlesDRT.Z_exp = handlesDRT.Z_prime_mat(:)+ 

i*handlesDRT.Z_double_prime_mat(:); %this is the experimental impedance data 

    handlesDRT.fitFrequency = fitFrequency([4]); 

    handlesDRT = DRT_Test(handlesDRT); 

    handles.FLWfreq = handlesDRT.freq_out; 

    handles.FLW = handlesDRT.gamma_ridge_combined_fine; 

    semilogx(handles.FLWfreq, handles.FLW,'-c','LineWidth', 2); 

catch 

end 

plot(handles.ExpFreq,(handles.Exp-handles.RQ1)) 

plot(handles.ExpFreq,(handles.Exp-handles.RQ2)) 

legend('Exp. Data','RQ1','TLM','GE','FLW','Location','eastoutside') 

xlabel('Z_{Real}(\Omega cm^2)'); 

ylabel('Z_{Imaginary}(\Omega cm^2)'); 

hold off 

set(gca, 'XScale', 'log') 

load(reportfile) 

currentFilename = get(handles.pushbutton2,'Userdata'); 

newFilename = char(strcat... 

    ("0000000000000000000000000000000000000000000000000000000000000_",... 

    currentFilename)); 

try 

    savedfiles1 = [savedfiles1; newFilename(end-83:end)]; 
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    savedfiles3 = [savedfiles3; [fit 10^4*0.006/acoth(TLM1(end,2)*(fit(7)*fit(9))^(-

0.5))]]; 

    save(reportfile,'savedfiles1','savedfiles3') 

catch 

    savedfiles1 = newFilename(end-83:end); 

    savedfiles3 = [fit 10^4*0.006/acoth(TLM1(end,2)*(fit(7)*fit(9))^(-0.5))] 

    save(reportfile,'savedfiles1','savedfiles3') 

end 

function pushbutton3_Callback(hObject, eventdata, handles) 

function initSliders(hObject, eventdata, handles) 

Rtot = max(get(handles.slider1,'userdata')); 

set(handles.text2, 'String', handles.fitted_params(1)); 

set(handles.text3, 'String', 10^handles.fitted_params(2)); 

set(handles.text4, 'String', handles.fitted_params(3)); 

set(handles.text5, 'String', handles.fitted_params(4)); 

set(handles.text6, 'String', 10^handles.fitted_params(5)); 

set(handles.text7, 'String', handles.fitted_params(6)); 

set(handles.text8, 'String', handles.fitted_params(7)); 

set(handles.text9, 'String', 10^handles.fitted_params(8)); 

set(handles.text10, 'String', handles.fitted_params(9)); 

set(handles.text11, 'String', 10^handles.fitted_params(10)); 

set(handles.text12, 'String', handles.fitted_params(11)); 

set(handles.text13, 'String', handles.fitted_params(12)); 

 

set(handles.slider1,'Value', handles.fitted_params(1)/Rtot/10); 

 

set(handles.slider2,'Value', handles.fitted_params(2)); 

set(handles.slider3,'Value', handles.fitted_params(3)); 

set(handles.slider4,'Value', floor(handles.fitted_params(4))/Rtot/9); 

 

set(handles.slider5,'Value', handles.fitted_params(5)); 

set(handles.slider6,'Value', handles.fitted_params(6)); 

set(handles.slider7,'Value', floor(handles.fitted_params(7))/Rtot); 

 

set(handles.slider8,'Value', handles.fitted_params(8)); 

set(handles.slider9,'Value', handles.fitted_params(9)/Rtot/1000); 

set(handles.slider10,'Value', handles.fitted_params(10)); 

set(handles.slider11,'Value', handles.fitted_params(11)); 

set(handles.slider12,'Value', floor(handles.fitted_params(12))/Rtot/1000); 

Circuit Element functions 

All parameters are based on the f_Rq, n_q and R, instead of the n_q, 

Y_q and R. This needs to be 

function dat = R_element(omega, params, R) 

 % from a given set of frequencies generates the Zr and Zi for a resistor 

 Z = R; 

 dat(:,1) = omega; 

 dat(:,2) = real(Z); 

 dat(:,3) = imag(Z); 

function dat = RQ_element(omega, params, R) 

 % from a given set of frequencies generates the Zr and Zi for a RQ 

 % element 

if R ~= 0 

 f_q = params(1); 

%  Y_q = params(1); 

 n_q = params(2); 

Y_q = (1/(2*pi*f_q)).^n_q/R; 

 Q = 1 ./ (Y_q .* (omega.*1i).^n_q); 
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 Z = R ./ ( 1 + R.*(Q.^-1) ); 

else 

     Z = omega* 0; 

end 

 dat(:,1) = omega; 

 dat(:,2) = real(Z); 

 dat(:,3) = imag(Z); 

function dat =  TLM_element(omega, params, Rct,R_O) 

 f_q = params(1); 

 n_q = params(2); 

 Y_q = (1/(2*pi*f_q)).^n_q/Rct; 

 Q = 1 ./ (Y_q .* (omega.*1i).^n_q); 

 Zct = Rct ./ ( 1 + Rct.*(Q.^-1) ); 

 lamb = sqrt(Zct/R_O); 

 Z_TLM = R_O * (lamb .* coth(0.006*ones(length(lamb),1)./lamb)); 

 dat(:,1) = omega; 

 dat(:,2) = real(Z_TLM);  

 dat(:,3) = imag(Z_TLM); 

function dat = GE_element(omega, params, R) 

 % from a given set of frequencies generates the Zr and Zi for a 

 % Gerischer Element 

 t_c = 1/params(1); 

 Z = R ./ sqrt(1+omega.*t_c.*1i); 

 dat(:,1) = omega; 

 dat(:,2) = real(Z); 

 dat(:,3) = imag(Z); 

function dat = FLW_element(omega, params, R) 

 % from a given set of frequencies generates the Zr and Zi for a 

 % Finite-Length Warburg Element 

 T_w = params(1); 

 n_w = params(2); 

 Z = R .* ( tanh( (omega.*T_w.*1i).^n_w ) )./... 

              ( (omega.*T_w.*1i ).^n_w ) ; 

 dat(:,1) = omega; 

 dat(:,2) = real(Z); 

 dat(:,3) = imag(Z); 

 

 

 

 

%--- Executes during object creation, after setting all properties. 

function slider2_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

 

function slider3_Callback(hObject, eventdata, handles) 

function slider3_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function slider4_Callback(hObject, eventdata, handles) 

function slider4_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function slider5_Callback(hObject, eventdata, handles) 

function slider5_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 
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function slider6_Callback(hObject, eventdata, handles) 

function slider6_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function slider7_Callback(hObject, eventdata, handles) 

function slider7_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function slider8_Callback(hObject, eventdata, handles) 

function slider8_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function slider9_Callback(hObject, eventdata, handles) 

functon slider9_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function slider10_Callback(hObject, eventdata, handles) 

function slider10_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

function popupmenu1_Callback(hObject, eventdata, handles) 

updateWindow = get(handles.popupmenu1, 'String'); 

switch updateWindow{hObject.Value} 

    case 'Yes' 

        handles.figure1.WindowButtonMotionFcn =... 

         @(hObject,eventdata)R_RQ_TLM_W_ECM_Model('slider2_Callback',... 

        hObject,eventdata,guidata(hObject)); 

    case 'No' 

        handles.figure1.WindowButtonMotionFcn = []; 

end 

function popupmenu1_CreateFcn(hObject, eventdata, handles) 

if ispc && isequal(get(hObject,'BackgroundColor'),  

get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor','white'); 

end 

 

 

% -------------------------------------------------------------------- 

function Untitled_1_Callback(hObject, eventdata, handles) 

function slider11_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

 

 

function slider12_CreateFcn(hObject, eventdata, handles) 

if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 

    set(hObject,'BackgroundColor',[.9 .9 .9]); 

end 

 

function dat = clean_eis(exp_dat) 

 omega = exp_dat(:,1); 

 Zr = exp_dat(:,2); 

 Zi = exp_dat(:,3); 

 bad = any(Zi>0,2); 

 if sum(bad) > length(Zi)/2 
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    Zi = Zi.*-1; 

    bad = any(Zi>0,2); 

 end 

 c_omega = omega(~bad,:); 

 c_Zr = Zr(~bad,:); 

 c_Zi = Zi(~bad,:); 

 dat = [c_omega, c_Zr, c_Zi]; 
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