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Co-electrolysis of steam and CO2 provides a route to producing fuel for seasonal energy 

storage or commodity chemicals via Fischer-Tropsch reaction from renewable energy. High 

temperature co-electrolysis with solid oxide electrolyzer cells (SOEC) is one of the most 

efficient and economically viable technological options. SOECs are not in widespread use thanks 

to a myriad of challenges, one of which is the development of a stable catalyst. 

Ni mixed with yttria stabilized zirconia (Ni-YSZ) is the standard catalyst for co-electrolysis 

but faces deactivation from carbon deposition, redox cycle oxidation, poisoning, and 

agglomeration. Alternatives to Ni-YSZ have been explored, particularly mixed ionic and 

electronic conductors (MIEC) such as gadolinium doped ceria (GDC). Regardless of catalyst, 

there exists a lack of understanding surrounding the degree to which steam and CO2 are 

simultaneously electrochemically reduced or if much of the CO2 is reduced by the chemical 

reverse water gas shift reaction (RWGS). 



    

 

The current toolset of electrochemical and chemical analysis tools may be insufficient to 

resolve the discrepancy due to the complexity of thermodynamics, geometry, flow rates, inlet gas 

compositions, temperature, and multiple reaction pathways available. An additional complexity 

is current distribution. This effect was studied using CO2 electrolysis on MIEC 10% doped GDC 

(GDC10) with and without a gold porous current collecting layer. Results, complemented with 

COMSOL modeling, show that relying on metal meshes for current distribution risks 

misinterpretation of electrochemical impedance spectra. 

Finally, the new tool presented here is frequency resolved mass spectrometry (FRMS). 

FRMS applies voltage or current perturbations to an electrode in a low vacuum environment 

while collecting the perturbations of the gaseous species with a mass spectrometer. FRMS has 

the potential to provide new insights into the relationships between current, voltage, and gas 

species by isolating phenomena at different timescales to be analyzed in the mass spectrum. The 

data presented here suggests that co-electrolysis occurs while RWGS is negligible under the 

conditions studied. 
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Chapter 1. INTRODUCTION  

1.1 GLOBAL MOTIVATION 

This work is motivated by the risks to global human health from the warming of the land 

and oceans because of anthropomorphic emissions of greenhouse gases (GHG) as detailed in the 

most recent report of the International Panel of Climate Change (IPCC)1. The IPCC AR5 

Synthesis Report presents these risks, such as food and water shortages, increased displacement 

of people, coastal flooding, and increased poverty, as a function of total global carbon emissions. 

The IPCC suggests keeping global temperature increases to less than 2 ⁰C to mitigate the worst 

of these risks. The global carbon budget to meet that goal is 2900 GtCO2 as measured since 

1870; as of 2011, 65% of this carbon budget has been used. As of 2010, the energy sector, the 

largest contributor, and transportation sector accounted for 35% and 14% of global GHG 

emissions, respectively. The work here directly contributes to efforts dedicated to mitigating 

these risks and GHG gas emissions, mostly within the transportation and energy sectors, via 

electrochemistry1. 

1.2 NATIONAL, REGIONAL, AND LOCAL MOTIVATION 

As of 2019, the US energy portfolio by consumption consisted of 37% petroleum, 32% 

natural gas, 11% renewable, 11% coal, and 8% nuclear2. The transportation sector is by far the 

largest consumer of petroleum, making up 70% of petroleum use. It also accounts for 28% of the 

US carbon dioxide equivalent emissions (2018)3. Transportation is the largest emitter of carbon 

dioxide equivalents, and the largest consumer of energy in the US, yet transportation trails both 
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the industrial (35% of energy use) and residential (12% of energy use) sectors in the measure of 

renewable energy penetration into their respective sectors. 

Focusing locally, as of 2018 Washington State (WA) transportation accounted for 44.9% 

of total emissions in WA, representing a need for WA state to prioritize minimizing 

transportation emissions4. Much of that is owed to a rich abundance of hydro power, yet that is 

limited by geography. There exists an urgent need to curb transportation related emissions by 

increasing the amount of renewable energy powering the transportation sector. 

The status quo answer is to electrify transportation, with some to little effort to expand 

the use of hydrogen powered vehicles as well. To exemplify this, within the US, the only state 

with much hydrogen policy, incentives, infrastructure, and regulations is California5, however 

electrification efforts nationwide are dominant. The dominance can be exemplified by the vast 

gap between hydrogen fueling stations and electric charging stations. As of 2018, there were 39 

public hydrogen fueling stations6 in the US compared to about 47,000 public charging stations 

for electric vehicles in the US 7. 

Decarbonization of the US electric grid is challenging without energy storage. First, 

electricity generation accounts for 27% of US carbon equivalent emissions, only 1% behind 

transportation. While it is good news that 56% of renewable energy is entering the electric power 

sector, natural gas peaker plants are on standby to account for the unpredictable temporal nature 

of wind and solar. As penetration of renewables into the market increases, more polluting fossil 

fuel plants must be on standby and curtail electricity to prepare for the predictable ramp in 

electricity demand as the sun sets8. Typically, this phenomenon is illustrated by the Duck Curve9. 

This curve shows a large solar penetration during the daylight and then a collapse of renewable 

energy into the evening hours. The steeper the collapse, the larger the ramp of electricity is 
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needed. The intuitive alternative solution to this problem is energy storage to store excess 

renewable energy for times it is in deficit. 

While batteries are the most common solution, power to gas is a complementary and 

alternative approach. Power to gas is the production of gaseous fuel, i.e. hydrogen, via 

electrolysis to be used for energy storage when supply exceeds demand. An advantage of power 

to gas is that it can use the existing natural gas grid to transport hydrogen, methane, or 

combinations of the two from electrolysis products9. Electrolysis products can be directly used 

for many sectors such as heating, fuel cell vehicles, natural gas vehicles, industrial chemical 

production, and electricity regeneration. Locally, the reverse of electrolyzers, fuel cells, is being 

explored by Microsoft to power data centers using natural gas. Fuel cells offer DC power that is 

needed for server racks. A pipeline and fuel cell replaces miles of expensive copper and 

electrical equipment necessary to appropriately preprocess and deliver electricity for the 

servers10. 

An alternative method for energy storage, Li-ion batteries, has the advantage of high 

roundtrip efficiencies of typically 83% as compared to 30% for a reversible electrolyzer.11 

Notably though, round-trip efficiencies in grid storage applications have shown battery storage 

systems achieving 50-55%.8 Additionally, batteries have fixed power to energy ratios, whereas in 

an electrolyzer, power and energy are separated. In an electrolyzer system, more energy storage 

means storing more fuel in larger tanks. Storage with batteries means buying more batteries, 

even if more power were not needed for the application. The type of electrolyzer studied here is a 

solid oxide electrolyzer cell (SOEC), which offers better thermodynamics and kinetics than 

lower temperature electrolyzers (alkaline and polymer electrolyte membrane) due to its high 

temperature operation12. 
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1.3 SOLID OXIDE ELECTROLYZERS 

As shown in Figure 1.1, an SOEC uses electrical energy to convert oxidized species into 

reduced species, i.e. fuel. When operating in reverse, an SOEC becomes an SOFC that converts 

fuel, such as hydrogen, into electricity by oxidizing that fuel. A solid electrolyte, typically yttria 

stabilized zirconia (YSZ), conducts oxygen anions while blocking the flow of electrons. SOECs 

and SOFCs are operated at high temperature in the range of 600-900 ⁰C to achieve sufficient 

oxygen anion conductivity in the YSZ electrolyte12–14. The porous cathode is commonly a cermet 

of Ni and YSZ (Ni-YSZ). The porous anode is commonly perovskite LaSrMnO3-δ
15. 

 

Figure 1.1. Diagram of an SOEC and SOFC.  

SOECs were first demonstrated in the 1980s, particularly for NASA space exploration16. 

The motivation was to recycle CO2 and water into fuel and oxygen. Today, the SOEC is studied 

from the nanoscale to the macro-scale and from the electrode to the stack level involving planar 

and tubular geometries. At this moment, SOECs have advanced from R&D to pilot plant 

operation12. SOECs require less voltage for the same current output as alkaline and PEM 

electrolyzers, but they are currently more costly per kg of H2 produced12. 
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Much has improved for SOECs over the last two decades. The degradation rate has 

slowed from 40%/1000 hours to 0.4%/1000 hours. Efficiencies have increased by a factor of 2.5 

as well for steam electrolysis. These improvements stem from thinner electrolytes, increased 

active surface area, increased ceramic strength, and replacement of the oxygen electrode with 

mixed ionic and electronic conductors (MIEC). However, most of the degradation that still exists 

for an SOEC is associated with the fuel electrode and merits prioritized investment.12 

The standard fuel electrode, Ni-YSZ, has an advantage of being earth abundant. Despite 

the improvement in SOEC performance with Ni-YSZ, there remain challenges17. Silica 

containing oxides leach into and deactivate active Ni sites. It is susceptible to poisoning by 

sulfur, carbon deposition, and unstable unit cell contraction and expansion in redox 

environments13,18. Historically, performance suffers from Ni migration, and reportedly still 

does19. Higher temperatures, which offer favorable kinetics, result in particle agglomeration13. 

There are opportunities for a more robust alternative with equally favorable kinetics to take Ni-

YSZ’s place. 

1.4 MIXED IONIC AND ELECTRONIC CONDUCTOR: GADOLINIUM DOPED CERIA 

Mixed ionic and electronic conductors simultaneously allow transport of oxygen anions and 

electrons. Unlike Ni-YSZ, MIECs are not limited to a triple phase boundary (TPB) where 

electronically conducting, ionically conducting, and gas phases meet. All of the surface area of 

an MIEC contains active sites. Even if an MIEC is half as active as Ni-YSZ, it could easily 

contain double the number of active sites. Additionally, MIECs offer more stability and tolerance 

to poisons like sulfur and carbon deposition as compared with Ni and other metal candidates for 

fuel electrodes17,20. Many types of MIECs have been studied including perovskites, double 
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perovskites, Ruddlesden-popper phases, and doped ceria17. Gomez and Hotza provide a review 

of these materials as oxygen electrodes in SOFCs17. 

Among the doped ceria electrodes, gadolinium doped ceria (GdxCe 1-xO2-δ or GDC) is chosen 

for this research. The dopant amount is represented by x and the oxygen non-stoichiometry 

introduced by the dopant is δ. Cerium comprises 0.0046 wt% of the Earth’s crust, the most 

common among rare earth elements21. As shown in Figure 1.2, cerium is 30% more abundant 

than Ni, mitigating the risk of supply chain issues. In fact, ceria was first employed by Ford as an 

oxygen storage material for car converters21, highlighting its historical use and well established 

supply chain. Gd is 6% as abundant as Ni in the earth upper continental crust21, which does 

present supply chain issues. This may be mitigated by the reality that doping as little as 10% by 

Gd on the ceria sites may be required for good catalytic activity. 

 

Figure 1.2. Distribution of abundance of elements in Earth’s upper continental crust. Gd and 

Ni are circled. Adapted from source21 
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GDC has been typically studied as an electrolyte because of its high ionic conductivity, 

especially compared to YSZ at low temperatures such as 600 ⁰C22–24. It is often used with YSZ as 

a blocking layer to prevent detrimental interaction of YSZ and oxygen electrode materials12. 

CeO2 and its doped versions have a cubic fluorite structure25,26, which has a large tolerance for 

disorder, whether due to doping, reduction, or oxidation24. At least up to 20 mole % doping 

(CeO2)0.8(LnO1.5)0.2 (Ln = rate earth oxide) does not change the diffraction pattern between 

doped ceria and non-doped ceria26. The lattice structure of GDC is shown in Figure 1.3.  

 

Figure 1.3. CeO2 unit cell and transformation from doping with metal M+. Reproduced from 

source27. 

Doping is a mechanism by which to introduce ionic conductivity. Insertion of Gd, with an 

oxidation state of III, to replace Ce(IV) introduces vacancies by expelling oxygen from their 

lattice sites to maintain charge neutrality26. Oxygen vacancies created by the dopant provide a 

route for O2- anions to be transported through the solid. Figure 1.4 shows that oxygen non-

stoichiometry (δ) also grows with the reduction of 𝑝O2. Additionally, GDC is an n-type 

conductor and thus the lower the partial pressure of oxygen, the more electrons it can conduct28. 

Figure 1.5 shows that the total electrical conductivity, the combination of electronic and ionic 

conductivity, of GDC10 increases as the partial pressure of oxygen (𝑝O2) decreases at 800 ⁰C. 

Growth in δ contributes to a larger ionic conductivity, but as Figure 1.6 shows, the ionic 
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transference number approach zero at lower 𝑝O2. The ionic and electrical conductivities are 

additionally a function of dopant concentration and temperature25. 

 

Figure 1.4. Oxygen nonstoichiometry of Gd0.1Ce0.9O2−δ as a function of oxygen partial 

pressure at temperatures of 1073, 1123, and 1173 K. Filled data and solid lines (a fit) are from 

Yashiro and co-workers29, and open symbols are from Wang and co-workers30. Reproduced from 

source29 

 

Figure 1.5. Total electrical conductivity of GDC10 (squares), GDC20 (diamonds), and 

2Pr18GDC as a function of oxygen partial pressure at 1073 K. Reproduced from source28. 
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Figure 1.6. Ionic transport number for GDC10 at temperatures of 1273, 1173, and 1073 K. 

Reproduced from source28. 

Samarium and gadolinium are good candidates for dissolving in ceria because their ionic 

radii closely match that of Ce(IV). While Sm and Gd both have an oxidation state of (III)21,26,  

Sm has a slightly larger ionic conductivity. Among doped ceria, samarium doped ceria (SDC) 

and GDC are more likely to be electrocatalytically active. CeO2-δ can decompose to multiple 

phases after the O molar fraction decreases to 0.6721. The solubility limit of oxides with similar 

cationic radius as Ce(IV) is typically 15-25% of substitution21. Given that SDC and GDC are 

both good candidates, GDC is studied here because of its previous use within the research group. 

Uncertainty in phase transformations is minimized by using 10% Gd doped ceria (GDC10). 

1.5 EQUILIBRIUM POTENTIALS 

The equilibrium potential of an oxygen sensor is determined by the Nernst equation,  

 𝐸 =
𝑅𝑇

𝑛𝐹
ln (

𝑃O2I

𝑃O2II
)  (1.1) 

Where E = EI – EII is the potential difference of the sensor, EI is the potential at electrode I, EII is 

the potential at electrode II, R is the gas constant, T is temperature, n is moles of electrons per 
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mole of O2, F is Faraday’s constant, 𝑃O2I is oxygen partial pressure electrode I, and 𝑃O2II is the 

oxygen partial pressure at electrode II. In an oxygen sensor, which is used in the present work, 

the gas composition at one electrode is usually air, while that of the other is the gas composition 

of interest. In practice, the partial pressure of oxygen on the air electrode is known, the 

temperature is controlled, and the open circuit voltage (OCV) is measured; then the partial 

pressure of oxygen is determined for the other electrode. 

 If performing water or carbon dioxide electrolysis, this measurement helps determine the 

ratio of hydrogen to water entering, within, or exiting a reactor, depending on the position of the 

oxygen sensor. The Nernst potential for water electrolysis is  

 𝐸 =
𝑅𝑇

𝑛𝐹
ln(

𝑃O2
I

[exp(−
Δ𝐺o

𝑅𝑇
)(
𝑝H2O

𝑝H2
)]

2)   (1.2) 

where Δ𝐺𝑜 is the Gibbs free energy of formation of water at temperature T and unit activity of all 

species, 𝑝O2I is the oxygen partial pressure at the anode, 𝑝H2O is water partial pressure at the 

cathode, and 𝑝H2 is hydrogen partial pressure at the cathode. Similarly, for the electrolysis of 

CO2, the Nernst equation is  

 𝐸 =
𝑅𝑇

𝑛𝐹
ln (

𝑃O2
I

[exp(−
Δ𝐺o

𝑅𝑇
)(
𝑝CO2
𝑝CO

)]
2)   (1.3) 

where Δ𝐺𝑜 is the Gibbs free energy of formation of water at temperature T and unit activity of all 

species, 𝑝O2I is the oxygen partial pressure at the anode,  𝑝CO2 is CO2 partial pressure at the 

cathode, and 𝑝CO is CO partial pressure at the cathode. 
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1.5.1 Characteristics of CO2 Electrolysis, H2O Electrolysis, and RWGS 

Figure 1.1 shows an electrochemical cell undergoing co-electrolysis of water and CO2. 

Additionally, the reverse water gas shift (RWGS) contributes to the cell performance. Co-

electrolysis, written below in Kröger-Vink notation, involves one bulk vacancy (𝑉𝑂̈) and two 

electrons (𝑒′) per reaction, and consumes oxygen in water or CO2 to produce two occupied 

oxygen sites (𝑂𝑂
𝑥) 

 H2O + 2e
′ + VÖ  → OO

x    (1.4) 

 CO2 + 2e
′ + VÖ → OO

x    (1.5) 

The RWGS reaction involves the consumption of hydrogen and carbon dioxide to produce water 

and carbon monoxide. 

 CO2 + H2  ⇄ H2O + CO   (1.6) 

Figure 1.7 shows the thermodynamics of co-electrolysis and RWGS along with associated 

voltages. The interception of the Gibbs free energies of CO2 electrolysis and RWGS is indicated 

with a line at 827 ⁰C. All the work presented in this dissertation is at 800 ⁰C. 
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Figure 1.7. (a) The free energies and enthalpies of CO2 and H2O reduction as a function 

of temperature. Calculated values from FactSage 5.5 software. Cell voltage is shown on 

the right. The dotted line shows that, at 827 ⁰C, the reactions are equally favorable. 

Methods of accomplishing these reactions are labeled at the top of the figure. (b) Shows 

RWGS and WGS thermodynamics. Reproduced from source13 

. 
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The RWGS reaction is known to reach a kinetically fast equilibrium above 800 ⁰C in the 

presence of Ni catalysts31. Water electrolysis is known to be more favorable than CO2 

electrolysis in SOEC as indicated by its lower area specific resistance (ASR)32–35 compared to 

that of CO2 electrolysis. Similarly, at 800 ⁰C, H2 oxidation is found to be 2.5 times faster than 

CO oxidation in fuel cells36. The rate of RWGS is commonly expressed in the gas phase as36  

 𝑅RWGS = 𝑘sf (𝑝H2O𝑝CO −
𝑝H2𝑝CO2

𝐾ps
)   (1.7) 

 𝑘sf = 0.0171 exp (−
103191

𝑅𝑇
) (mol m−3 Pa−2 s−1)   (1.8) 

 𝐾ps = exp(−0.2935𝑍
3 + 0.6351𝑍2 + 4.1788𝑍 + 0.3169)   (1.9) 

 𝑍 =
1000

𝑇(𝐾)
− 1   (1.10) 

1.6 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Electrochemical impedance spectroscopy (EIS) is a common technique used to characterize 

electrochemical performance. The technique consists of measuring the first order impedance of a 

cell as a function of applied frequency at a specific voltage or current perturbation amplitude. 

The impedance is a complex function and is found via the ratio of the complex voltage to the 

current. EIS is often conducted with small enough voltages, such as 10 mV (root mean square), 

to maintain the assumption of linearity while probing a cell. This technique allows for the 

isolation of rate-determining phenomena that occur at times scales of 1/frequency.  

Figure 1.8 shows a typical EIS set-up for SOFC and SOEC button cells. A cell is perturbed at 

a specific voltage and frequency for some number of waveforms, and the responding current is 

measured. After a sweep of frequency, the impedance can be plotted on a Nyquist plot. The 

electrolyte resistance is usually associated with the high frequency intercept (the intercept closest 

to the origin). The difference between the high frequency and low frequency intercept, for one 
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arc features, is often associated with the rate limiting phenomena’s characteristic resistance for 

that electrode. The peak frequency is related to the time constant for the rate limiting 

phenomena. If modeled as an RC circuit, that peak frequency is related to the characteristic 

resistance and capacitance via 

 𝑓𝑝𝑒𝑎𝑘 =
1

2𝜋𝑅𝑐𝐶
   (1.11) 

The shape of the Nyquist plot gives an indication of the rate limiting phenomena at those 

time constants. If a 45-degree angle is present at high frequency, then the cell is often considered 

co-limited by mass transport and kinetics. This shape is a Gerischer-impedance. However, if the 

shape is only semi-circular, then the electrode is kinetically limited. If the shape is a depressed 

semi-circle or Gerischer shape, that is an indication of a distribution of relaxation time constants 

within the cell. This can be caused by non-uniformity of geometric parameters like thickness or 

thermodynamic properties within the material.  

  

Figure 1.8. Diagram of a typical EIS button cell measurement. Shown are voltage and current 

time perturbations and a resulting Nyquist plot with a Gerischer-impedance indicative of co-

limitations from kinetics and transport. Key features like the characteristic resistance (RC), peak 

frequency (fpeak), and electrolyte resistance are noted.  
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The downside of EIS is that it linearizes the responses and thus eliminates the non-linear, or 

higher order, thermodynamics and kinetics associated with the electrochemical process. Higher 

order harmonics can offer distinguishing responses for otherwise linearized thermodynamics and 

rate laws. These higher order harmonics can be obtained and analyzed using non-linear EIS, 

however that topic is outside of the scope of this dissertation. It is common to use EIS as a 

complementary technique with other methods of characterization, such as gas chromatography or 

mass spectrometry with co-electrolysis studies in SOEC. 

1.7 MASS SPECTROMETRY 

Mass spectrometry is a method in which the gas composition of a flow or chamber is 

determined by measuring the ratio of the mass-to-electric (m/e) charge of a molecule or atom. 

Mass spectra are measured within a chamber of total pressure less than 1x10-4 Torr. Molecules 

are ionized, focused, fed through a mass separator such as a quadrupole, and then detected as 

current in either a Faraday cup or electron multiplier. Quadrupoles separate masses by focusing 

the ionized gas flow through the center of a set of four metal poles. Two poles are positive and 

opposite from one another. The other two (negative) poles are opposite to each other and 

displaced 90⁰ relative to the positive poles. DC and AC voltages are used at different frequencies 

to allow only certain mass to charge ratios to pass through to the detector. The magnitude of the 

current at the detector is related to the partial pressure of that species in the vacuum chamber. 

All species create a fragmentation pattern when they are ionized. The fragmentation patterns of 

species of interest to this present work are shown in Appendix A of Chapter 3, which includes 

H2O, O2, N2, Ar, H2, CO2, and CO. These fragmentation patterns are well known and 

predictable. The relative sizes of the peaks in the fragmentation patterns are used to calculate the 
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gas compositions. Nearly every vacuum system will have detectable amounts of H2, water, CO, 

and CO2. The presence of nitrogen, argon, or oxygen often indicates a leak into the system.  

When using fragmentation patterns to do quantitative analysis, it is assumed that the total mass 

spectrum is a linear combination of all the species of the mixture being analyzed. The height 

(ℎ𝑀𝑔) of a specific mass peak (M) for one species (g) is related to the partial pressure by the 

fragmentation factor (𝛼𝑀𝑔) and the RGA pressure sensitivity factor for gas g (𝑆𝑔 [
amp

Torr
]), 

 ℎ𝑀𝑔 = 𝛼𝑀𝑔𝑆𝑔𝑃𝑔   (1.12) 

For strict quantitative analysis, the sensitivity factor and fragmentation patterns should be 

determined for pure gases under operating conditions expected for experiments. Both can change 

based on operating parameters, such as emission current and mass filter settings. Regarding 

accuracy, the slower the scan speed, the better signal to noise ratio is achieved for quantitative 

analysis. Scans can also be averaged to increase signal to noise ratio37. 

1.8 VACUUM FLOW 

A vacuum system consists of a vacuum pump, vacuum chamber, and pipes that connect the 

chamber to the pump. The mean free path (λ) between molecular collisions of gases is a function 

of the gas density (𝑛) and the diameter of the molecule (𝑑o), 

 𝜆 =
1

2
1
2𝜋𝑑o

2𝑛
   (1.13) 

For example, at 760 Torr, the mean free path of air at 22 ⁰C is 6.5x10-8 m, whereas at 0.75 Torr, 

it is 6.6x10-5 m. The Knudsen number is defined as the ratio of 𝜆 to a characteristic dimension of 

the system (d), 

 𝐾𝑛 =
𝜆

𝑑
   (1.14) 
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If Kn > 1, then the flow is considered molecular flow and is governed by gas to wall collisions. If 

Kn < 0.01 and the Reynolds number is less than 1200, then the flow is viscous flow for which 

gas to gas collisions dominate. The Reynolds number is defined as 

 𝑅𝑒 =
𝑈𝜌𝑑

𝜂
   (1.15) 

where U is gas velocity, 𝜌 is mass density, and 𝜂 is the viscosity. If the Kn number is between 1 

and 0.01, then the flow is neither viscous nor molecular and is otherwise not well understood38. 
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Chapter 2. EFFECTS OF CELL GEOMETRY ON CURRENT COLLECTION IN 

IMPEDANCE MEASUREMENTS OF SOLID-STATE 

ELECTRODES 

2.1 BACKGROUND  

Electrolysis and co-electrolysis of CO2 and H2O using renewable electricity to produce 

hydrogen and carbon monoxide (synthesis gas) for fuel and plastics production has been of 

considerable interest due to the rise in global emission from fossil fuels13,39–43. Mixed ionic and 

electronic conductors, which have greater active surface area than ionically conductive 

electrolytes, have been investigated for their use in high temperature solid oxide fuel cells and 

electrolyzers44–46. Among the MIECs, doped ceria has been widely characterized and used29,47–51.  

 Electrochemical impedance spectroscopy is often used to characterize the 

electrochemical performance of MIECs, including doped ceria. Typically, MIECs are studied as 

anodes and cathodes on button cells with a reference electrode of platinum painted at the center 

of the cell. Workers associate the high frequency intercept often with the electrolyte resistance. 

The difference between the high and low frequency intercepts is associated with the electrode 

resistance. The peak frequency and peak resistance are associated with the electrode reaction 

kinetics. The shape of the Nyquist plot is associated with either a kinetically limited response 

(semi-circular) or a co-limited response of mass transport and kinetics (Gerischer shaped).  

 Recently, it has been shown that these interpretations can be convoluted by sheet 

resistance, the resistance to lateral charge distribution along a planar electrode, because of a poor 

current collector. Boukamp et al. found that electrode sheet resistance has an unexpected non-

linear dependence on thickness of dense La0.6Sr0.4Co0.2Fe 0.8O 3-δ (LSCF6428) thin film 

electrodes. They associated this effect with geometric and electrochemical parameters: electrode 
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thickness, density of contact points of their current collector mesh, electrode conductivity52. 

Boukamp et al. later developed a relation using layer thickness, current collector mesh grid size, 

electronic sheet resistance and surface exchange to determine whether sheet resistance of the 

electrode can be ignored53. 

 In 2010, Ciucci et al. developed a 2-D, small bias model for the flux of electronic and 

ionic species in Sm0.15Ce 0.85O1.925-δ with patterned, interconnected metal as current collectors. 

Using finite element analysis (FEM), they concluded that the surface exchange reaction was rate 

limiting rather than the sheet resistance. They showed that the pitch between metal interconnects 

and the ratio of the metal interconnect width to pitch affected measured area specific electrode 

resistance. 

 This work contributes a frequency dependent 3D FEM simulation and 2D analytical 

solution regarding the contributions of geometric parameters (electrolyte thickness, current 

collector pitch, electrode thickness) and electrochemical parameters (electrode electronic 

conductivity and electrolyte ionic conductivity) to the measured high frequency intercept, low 

frequency intercept, peak frequency, and Nyquist plot shape. The analysis indicates under what 

experimental conditions it is safe to ignore the effects of sheet resistance.   

2.2 THEORY 

2.2.1 3D Model 

 Figure 2.1 shows the modeled 3D symmetrical slice of the electrochemical cell. The 

electrode is approximated as a 2D domain, assuming instantaneous equilibrium in the z 

dimension, with thickness b. A gold wire mesh grid with pitch 2p rests on top of the electrode. 

The wires are approximated as one-dimensional line contacts. Below the electrode is the 
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electrolyte of thickness L, which is modeled as a 3D domain. Below the electrolyte is a 

negligibly thin counter electrode. The electrode-electrolyte interface is labeled as Γ1. A wire 

frame diagram of the modeled slice shows the other interfaces labeled as Γi. 

 

Figure 2.1. Schematic of the 3D modeled section of cell used in COMSOL. 

The surface exchange reaction at Γ6 is modeled as a resistor and capacitor in parallel (i.e., an 

RC element). The RC element simulates a kinetically limited electrode. The current through Γ6 is  

 𝑖Γ6 = (
1

𝑅elc
+ 𝐶elc

∂

∂𝑡
) (𝜙1 − 𝜙)  (2.1) 

where 𝑅elc is the area specific electrode resistance in the absence of sheet resistance, 𝐶elc is area 

specific capacitance in the absence of sheet resistance, 𝑡 is time, 𝜙1 is potential in the electrode, 

𝜙 is potential in the electrolyte, and the electrode domain is abbreviated as elc. The current 

through the electrode faces of Γ3 and Γ2 is  

 𝑖Γ3,elc,Γ2,elc = 𝜎e𝑏 (
𝜕2𝜙1

𝜕𝑥2
+
𝜕2𝜙1

𝜕𝑦2
)  (2.2) 

where 𝜎e is the electrode electronic conductivity. The current through interface Γ1 is  

 iΓ1
=-σi (

∂ϕ

∂z
) |z = Γ1

  (2.3) 
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where 𝜎𝑖 is the ionic conductivity of the electrolyte. Charge is conserved, therefore the current 

flux through all these interfaces must be equal  

 𝑖Γ1 = 𝑖Γ3,elc,Γ2,elc = 𝑖Γ6  (2.4) 

Laplace’s equation governs potential in the electrolyte, 

 ∇2𝜙 =  0  (2.5) 

2.2.2 3D Model Boundary Conditions 

 The boundary conditions for the 3D model are 

 𝜙1|Γ3,elc,Γ2,elc = 𝜙o  (2.6) 

 
𝜕𝜙1

𝜕𝑥
|Γ2,Γ4 =

𝜕𝜙1

𝜕𝑦
|Γ3,Γ5 =

𝜕𝜙

𝜕𝑥
|Γ2,Γ4 =

𝜕𝜙

𝜕𝑦
|Γ3,Γ5 = 0  (2.7) 

 𝜙|z=0 = 0  (2.8) 

Due to symmetry, the current flux at all sides is zero. The potential at the wires, Γ3,elc and Γ2,elc, 

is the applied potential 𝜙o. The potential at the counter electrode is zero because this is taken as 

reference in a two-point electrochemical measurement without a reference electrode. 

2.2.3 3D FEM Implementation in COMSOL 

 In COMSOL it is difficult to simulate a 2D domain. Instead, an anisotropic 3D domain 

with an arbitrary thickness 𝛿𝑝, where 𝛿 is some fraction of p, is suitable for visualization of the 

2D profile. In this case,  

 𝜎e𝑏 = 𝜎e
eff𝛿𝑝  (2.9) 

 𝜎e
eff =

𝜎e𝑏

𝛿𝑝
  (2.10) 

where the 𝜎𝑒
𝑒𝑓𝑓

 of Eqn. 2.10 is for a single direction. The z direction is artificially made orders of 

magnitude more conductive by multiplying z-axis current flux by a large number (𝜅): 
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 𝜎e
eff =

𝜎e𝑏

𝛿𝑝
{
1 0 0
0 1 0
0 0 𝜅

}  (2.11) 

The governing equation and boundary conditions are non-dimensionalized with the terms found 

in Table 2.1, which are given in more detail in Appendix C. A notable difference between the 

COMSOL simulation and 2D model is that the COMSOL simulation was completed with 𝛼 and 

𝛾 normalized to Relc rather than to the resistance of the low frequency intercept, herein called 

𝛼elc and 𝛾elc. Heat flux was analogously used as current flux. The steady state, scaled, and non-

dimensionalized current density flux and boundary conditions in each domain and the electrode-

electrolyte interface are 

 𝑁ely = −
𝜖

𝛾elc
∇2𝜓̅  (2.12) 

 𝑁elc = ∇𝜓̅1

{
 
 

 
 −

1

𝛼elc𝛿
0 0

0 −
1

𝛼elc𝛿
0

0 0 −
𝜅

𝛼elc𝛿}
 
 

 
 

   (2.13) 

 𝑁Γ1 = (1 + 𝑗𝜎)(𝜓̅1 − 𝜓̅)   (2.14) 

 𝜓̅1|𝜉=0 = 1   (2.15) 

 𝜓̅|𝜁=0 = 0   (2.16) 

All other sides are insulating. Figure 2.2 shows these boundary conditions mapped onto a 3D 

modeled section.  
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Figure 2.2. Schematic of the 3D model with non-dimensionalized current fluxes, dimensions, 

and boundary conditions. 

2.2.4 2D Model 

Figure 2.3 shows the geometry used for the 2D model. In this case, the depth of the 

symmetrical slab in Figure 2.3 is arbitrary. 

 

Figure 2.3. Schematic of the 2D model 

 

The governing equations are all the same with fewer interfaces and dimensions to consider. 

Eqns. 2.2-2.3 become 

 𝑖Γ3,elc = 𝜎e𝑏 (
𝜕𝜙1

2

𝜕𝑥2
)   (2.17) 

 𝑖Γ1 = −𝜎i (
𝜕𝜙

𝜕𝑦
) |𝑦=𝐿  (2.18) 

Thus, Eqn. 2.4 changes to  

 𝑖Γ1 = 𝑖Γ3,𝑒𝑙𝑐 = 𝑖Γ6  (2.19) 

and the boundary conditions become 
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 𝜙1|𝑥=0 = 𝜙o  (2.20) 

 
𝜕𝜙𝑖

𝜕𝑥
|
𝑥=0,   𝑥=

𝑝

2
,   𝑥=𝑝 = 0  (2.21) 

 −𝜎𝑖 (
𝜕𝜙

𝜕𝑦
) |𝑦=𝐿 = 𝜎𝑒𝑏 (

𝜕𝜙1
2

𝜕𝑥2
)   (2.22) 

 𝜙|𝑦=0 = 0  (2.23) 

An extra wire at p/2 is added in the 2D model to match the length of wires in the 3D model. 

As a result, the 3D and 2D models share the same area specific scaling at low and high 

asymptotic limits of sheet resistance. Figure 2.4 displays these asymptotic limits. With no sheet 

resistance, the current flux is uniform throughout the area and thus area specific resistance scales 

as 𝑝2. At high sheet resistance the current flux is concentrated at the wires and thus the 

impedance scales as 2p (two wire lengths).  
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Figure 2.4 Relationship of active area carrying current flux, the red gradient, as a function of 

sheet resistance. At high sheet resistance (bottom), the active area scales with the gold wire 

length, while at low sheet resistance (top), the active area used scales with the geometric area. 

 

2.2.5 Non-dimensionalized 2D model 

 The 2D model can be non-dimensionalized using the relationships found in Table 2.1. 

The ordinary differential equation and partial differential equation are stripped of time 

dependence and become 

 
𝜕2𝜓̅1

𝜕𝜉2
=

𝛼(1+ⅉ𝜎)

(1−𝛾)
(𝜓̅1 − 𝜓̅|𝜂=0) =

𝜖

𝛽
(
𝜕𝜓̅

𝜕𝜂
) |𝜂=0  (2.24) 

 ∇2𝜓̅ = 0  (2.25) 
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The boundary conditions are transformed into the following 

 
𝜕𝜓̅

𝜕𝜉
|
𝜉=0,

1

2
,1
= 0  (2.26) 

 𝜓|𝜂=𝜖 = 0  (2.27) 

 
𝛼(1+ⅉ𝜎)

(1−𝛾)
(𝜓̅1 − 𝜓̅|𝜂=0) =

𝜖

𝛽
(
𝜕𝜓̅

𝜕𝜂
) |𝜂=0  (2.28) 

 While the derivation is explained in Appendix A, it is useful to explain the significance of 

the scaling and non-dimensionalization. Variable 𝛼 is the ratio of area specific sheet resistance to 

the area specific low frequency intercept in the absence of sheet resistance (𝑅LF
o ). Variable 𝛾 is 

the ratio of area specific electrolyte resistance to 𝑅LF
o . 𝛽 is the ratio of area specific electrolyte 

resistance to area specific sheet resistance. These three parameters capture the counteracting 

effects of changing geometric or electrochemical parameters of the current collector mesh, 

electrode, and electrolyte. 

Figure 2.5 maps the scaled geometry and boundary conditions.  

 

Figure 2.5. Schematic of the 2D geometry with non-dimensionalized boundary conditions. 

Once the expressions for potential are solved as shown in Appendix A, Z, the frequency 

dependent impedance, is scaled to 𝑅LF
o . This ratio is called H, which is found by integrating the 

current density (𝑖)̅ over either interface Γ3,elc, Γ1, or the counter electrode, followed by 
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 𝐻 =
𝑍

𝑅LF
o =

𝜙o

𝑖̅𝑅LF
o   (2.29) 

 Ultimately, the 2D analytical solution is 

 𝐻 =
1

𝑐o
[

𝛼

2√𝑎 sinh(
√𝑎

2
)
]  (2.30) 

 𝑎 =
𝛼

1−𝛾
(1 + 𝑗𝜎)  (2.31) 

 
1

𝑐𝑜
= cosh (

√𝑎

2
) + 2𝛽√𝑎 sinh (

√𝑎

2
) + ∑

−𝑎
tanh(𝜆𝑛𝜖)

(𝜆𝑛
2+𝑎)

2 4√𝑎 sinh(
√𝑎

2
)

tanh(𝜆𝑛𝜖)𝜆𝑛
2

𝜆𝑛
2+𝑎

+
𝜆𝑛𝜖

𝑎𝛽

𝑁
𝑛=1   (2.32) 

The eigenvalues for the summation are 

 𝜆𝑛 = 2𝜋𝑛  (2.33) 

After a sensitivity analysis, an N of at least 150 eigenvalues is recommended. The analytical 

solution can be numerically estimated in a solver such as Python, MATLAB, etc. 

Table 2.1. Overview of the non-dimensional parameters 

Symbol Equation Description 

𝜓 
𝜙

𝜙o
 

Non-dimensional potential in 

electrolyte 

𝜓1 
𝜙1
𝜙o

 

Non-dimensional potential in 

electrode 

𝜁 
𝑧

𝐿
 Scaled z coordinate 

𝜉 
𝑥

𝑝
 Scaled x coordinate 

𝜂 
𝑦

𝑝
 Scaled y coordinate 
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𝜖 
𝐿

𝑝
 

Ratio of characteristic 

lengths 

𝛼 
𝑝2

𝑅LF
o 𝜎e𝑏

 

Ratio of sheet resistance to 

low frequency intercept in 

the absence of sheet 

resistance.  

𝛾 
𝐿

𝑅LF
o 𝜎i

 

Ratio of electrolyte 

resistance to the low 

frequency intercept in the 

absence of sheet resistance. 

𝜏 
𝑡

𝑅elc𝐶elc
 Scaled Time 

𝜎 𝜔𝑅elc𝐶elc Scaled Angular Frequency 

𝑁 
𝑖𝑅LF

o

𝜙o
 Scaled current density 

𝑔 
(1 − 𝛾)

𝛾𝜖
tanh(𝜖) Counter Scaling 𝛾 

𝛽 
𝛾

𝛼
 

Ratio of electrolyte 

resistance to sheet resistance. 

2.3 EXPERIMENTAL 

2.3.1 Experiment 

 Porous Gd0.10Ce0.90O1.95-δ (GDC10) (fuelcellmaterials.com, GDC10-TC, 6.1 m2/g) 

electrodes were screen printed on both sides of cylindrical 4.31 mm thick dense 10 wt% doped 

yttria stabilized zirconia (YSZ10) electrolyte (Zircar Zirconia Type ZYP-30 Powder) discs to 
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make symmetrical cells. YSZ10 discs were made by compressing two grams of YSZ10 powder 

at 3500 psig for 3 minutes within a stainless-steel die dedicated to YSZ10 powder. Discs were 

placed into an oven with stagnant air and then sintered at 1500 ⁰C for four hours at a ramp rate of 

2 ⁰C/min. 

The ink used for screen printing was a 50 wt% organic solution of alpha-terpineol (Alfa 

Aesar 95% min), ethyl cellulose (Aldrich Chemical Company, Inc – Ethoxy content 48%), and 

oleic acid (Alfa Aesar Technical Grade) and 50 wt% GDC10. To make the ink, 18.3 g of alpha-

terpineol, 1.6 g of ethyl cellulose, and 0.1 g of oleic acid were stirred together for 5-6 hours, then 

left to sit for two to three days. An equal weight of GDC10 was then added and stirred in with 

the mixture. The slurry was then roll milled with a spacing of 0.152 mm. The smooth ink 

collected from the roll mill was then used for screen printing immediately.  

After screen printing, the GDC10 electrodes underwent the following sintering protocol: 2 

⁰C/min to 670 ⁰C, hold 1 hour, 2 ⁰C/min to 1151 ⁰C hold 2 hours, then 2 ⁰C/min to room 

temperature. Based on previous work, the porosity was estimated to be 50% and tortuosity 1.548. 

SEM images based on previously made cells using the same procedure showed that the electrode 

thickness was approximately 4 microns. The diameters of the nominally symmetric electrodes 

were 6.13 mm on one side and 5.32 mm on the other. 

Experiments were conducted on the same electrodes before and after using a paint brush to 

paint a porous current collecting layer of gold on top of the electrode. The gold layer was a mix 

of the organic ink mix described before and dried gold ink from fuelcellmaterials.com (AU-I). 

The gold ink from fuelcellmaterials originally contained a minimum of 70 wt% Au and balance 

terpineol, and the particle size was (D50) < 0.6 microns or APS of 0.5 microns. The ink was 

sintered onto the disc while it laid sideways (on curved side) within an alumina boat with two 
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aquarium pumps blowing air into the sintering chamber. The sintering protocol was 1 ⁰C/min to 

95 ⁰C, hold 2 hours, 1 ⁰C/min to 287 ⁰C, hold 4 hours, 1 ⁰C/min to 856 ⁰C, hold 2 hours, cool 2 

⁰C/min to room temperature. 

Experiments were done inside a ProboStatTM wherein both electrodes are open to the same 

gas environment. A ceramic screw and nut clamp held a gold wire mesh with nominally a 0.5 

mm pitch against the electrodes. The gold meshes had gold wire extensions twisted together with 

platinum lead wires. The ProboStatTM uses an O-ring at the base to be airtight in addition to 

hermetic electrical feedthroughs sealed with PETE. EIS data were taken until the they were 

stable for a given experimental condition. The experiments were conducted at 800 ⁰C with 

temperature maintained and monitored by K-type thermocouples encased in alumina tubes below 

and to the side of the cell, respectively. LabVIEW software monitored the temperature to the side 

of the cell using a NI 9211 four channel readout attached to the type K thermocouples. The 

ProboStatTM has a volume of approximately 1 L. 

Partial pressures were determined by flow rates and a custom oxygen sensor. Three gas 

cylinders (Praxair) were used: a tank of 98.5% CO (balance N2), a tank of pure CO2, and a tank 

of pure N2. Three mass flow controllers were used: MKS 0-10 sccm (Model# 1179A11CS1BV) 

flowing CO2, MKS 0-100 sccm (Model# 1179A12CS1BV) flowing CO, and an Aalborg 0-500 

sccm GFC17 flowing N2. The MKS controllers were controlled by an MKS four channel flow 

controller power supply and readout (MKS Type 247) with gas correction factors set to 0.7 for 

CO2 and 1.0 for CO/N2. The flow rates of the CO/N2 mixture and CO2 were maintained 

nominally at 1.7 sccm and 1.5 sccm, respectively, with the N2 flow rate set at 0, then 10, and 

then 100 sccm. The partial pressure of oxygen is determined by the ratio of CO2 to CO and the 

temperature. The ratio of CO2 to CO remained constant, and thus, the partial pressure oxygen 



31 

 

 

remained constant. The electronic and ionic conductivity of GDC10 is a function of oxygen 

partial pressure and temperature, and therefore, both remained constant throughout the 

experiment29. 

An oxygen sensor made of two platinum electrodes and a YSZ10 electrolyte tube monitored 

the voltage between the applied gas environment and air at 700 ⁰C. A measured 0.88 OCV, using 

the Nernst equation, means that the partial pressure ratio of CO2 to CO was 12.98. The ratio 

expected from the flow rates would be 0.9. However, since the concentrated CO/N2 gas was set 

at 1.7 sccm, well below the recommended minimum flow of 5% of total maximum flow rate of 

the rated 0-100 sccm MKS MFC, any calibration and extrapolation to 1.7 sccm is unreliable. The 

flow rate of the CO/N2 gas at a set point of 1.7 sccm was also unmeasurable through a 1 mL 

bubble flow meter pipette. This was another indication that the flow rate differed from 1.7 sccm 

for the CO/N2 flow because the CO2 flow was measurable using a bubble flow meter down to a 

0.5 sccm set point on a 0-10 sccm MKS MFC. After considering the calibrated flow rates of N2, 

CO2, and the OCV of the partial oxygen sensor, the estimated log10(pO2) was -16.17 and the 

resulting experimental partial pressures are outlined in Table 2.2. 

Table 2.2. Summary of experimental conditions at 800 ⁰C 

Condition pCO (bar) pCO2(bar) pN2(bar) 

1 0.07 0.94 0 

2 0.009 0.11 0.89 

3 0.002 0.03 0.98 

 EIS was done using a Solartron 1260 Frequency Response Analyzer and a SI 1287 

Solartron Potentiostat, sweeping between 600 kHz and 10 mHz at a 10 mV RMS amplitude 
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using Scribner ZPlot®. These were two-point measurements with no reference electrode. Within 

Scribner’s ZPlot®, the potential was applied vs. reference of zero volts. 

2.3.2 Simulation Methods 

 COMSOL 5.5 was used to solve the 3D model with a finite element mesh analysis using 

package – heat transfer in solids. Two domains, the electrode and electrolyte, were built. Overall, 

the solid had dimensions of (L, W, H) as (1, 1, 𝜖) in the electrolyte and (1, 1, 𝛿) in the electrode. 

The mesh was free tetrahedral with a maximum element size of 10% of the length and a 

minimum element size of 0.1% of the length. The maximum element growth rate was 1.32, the 

curvature factor 0.3 and the resolution of narrow regions 0.85. The interfaces of the electrode and 

electrolyte within Γ3 and Γ2 were given finer meshes of 0.1% of the solid model length after a 

sensitivity analysis involving the values of computation time, mesh size, 𝜅, and 𝛿. The sensitivity 

analysis was focused on mitigating error when the gradients should be the shortest, which would 

be at high frequency (𝜎 = 1000), small 𝑔 (0.01), and small 𝜖 (0.01). A 𝜅 of 316 and 𝛿 of 0.01 

was shown to achieve similar error to finer meshes while also allowing the COMSOL 

simulations to be completed within a reasonable timeframe.  

 Insulation was applied to all faces but Γ3,elc and Γ2,elc. At those two electrode faces, the 

potential was set to 1. At the counter electrode, the potential was set to 0. Eqns. 2.12–2.16 were 

entered into the Heat Transfer in Solid Equations. The COMSOL simulations were originally 

done in terms of  𝑎COMSOL and 𝑔, 

 𝑎COMSOL =
𝛼

(1−𝛾)(1+𝑔)
  (2.34) 
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The equations were swept as a function of 𝜎 from 10-3 to 103, evenly separated in log 

space by 10ths, 𝑔 was simulated from 10-1 to 102, evenly separated in log space by quarters, and 

𝑎COMSOL was simulated from 10-1 to 103, evenly separated in log space by quarters. Total current 

flux can be found through the interface of the electrode and electrolyte, Γ3,elc and Γ2,elc, or 

counter electrode face by integrating over those surfaces. Since the normalized applied potential 

is 1, these double integrals resulted in a value of admittance through those interfaces. Ideally, 

they should all be equal. The result from the counter electrode was found to be the most 

numerically stable and was thus chosen as the reported results in this study. The impedance can 

be found from the admittance using 

 𝑌 =
1

(𝑍Re)2+(𝑍Im)2
(𝑍Re −  𝑗𝑍Im)  (2.35) 

where 𝑍Re (or 𝑍′) is real impedance and 𝑍Im (or 𝑍′′) is imaginary impedance.  

2.4 EXPERIMENTAL RESULTS 

 Results of CO2 electrolysis on GDC10 at 800 ⁰C are shown in Figure 2.6. After adding a 

layer of gold porous current collector, the arcs transitioned from significantly depressed semi-

circular shapes to nearly semicircular. The high frequency intercept decreases by a factor of 

17.56 from 686.88 ohms to 39.1 ohms. The high frequency intercept is attributed to the 

electrolyte resistance, and as expected, the resistance of the electrolyte is not a function of CO2 

or CO partial pressures. Given the temperature and cell dimensions, the estimated expected 

electrolyte resistance is 69 ohms14. When the cell has a porous current collector layer, it registers 

the right order of magnitude of electrolyte resistance to confidently assume that nearly all the 

superficial area of the electrode is being used.  
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Figure 2.6. EIS results of CO2 electrolysis on GDC10 electrodes at 800 ⁰C. (bottom) is 

without a porous gold current collector layer and (top) is with a porous gold current collector 

layer. 

 

Starting from the lowest nitrogen content to the high nitrogen content, the low frequency 

intercept transitions by a factor of 43.8 from 5,260 ohms to 120 ohms, a factor of 36.29 from 

9,616 to 265 ohms, and a factor of 17.91 from 15,161 ohms to 846.5 ohms. The partial pressures 

of oxygen were kept constant by varying the amount of nitrogen flowing into the system, thus 

keeping the electronic conductivity of the electrode constant. As expected, with or without a 

porous gold current collector layer, when partial pressures of the reactants increase, the total cell 

resistance decreases. This is because the surface exchange reaction is faster, as indicated by the 
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increase in peak frequency at high partial CO2 and CO pressures.  

The peak frequencies are larger without a porous current collector by a factor of 1.5 to 2.5. 

This is not intuitive because there should be no difference in capacitance, as electrode thickness 

also does not change, at any given conditions, but peak resistance appears to increase. Given that 

peak frequency is the reciprocal of the product of capacitance and resistance, it would be 

expected that the peak frequencies of the cell without a porous current collector would be smaller 

than that with one. However, within the COMSOL simulation, it is seen that as sheet resistance 

increases, the measured peak frequency also increases. This behavior is mimicked in the 

simulation results. 

2.5 SIMULATION RESULTS 

Figure 2.7 shows how the ratio of the observed high frequency (RHF) and low frequency 

intercepts (RLF) to 𝑅LF
o  as a function of 𝜖, 𝛼, and g; i.e.  

 𝐻LF =
𝑅LF

𝑅LF
o   (2.36) 

 𝐻HF =
𝑅HF

𝑅LF
𝑜   (2.37) 
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Figure 2.7. Change in HLF and HHF as a function of the ratio of sheet resistance to the low 

frequency intercept without sheet resistance. Dots represent simulated data points, and the lines 

represent the 2D model analytical solutions. Each plot is parametric in g. 

The ratio of the low frequency intercept with sheet resistance to low frequency intercept 
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without sheet resistance deviates significantly from 1 after an 𝛼 of 10. There is an asymptotic 

limit at low α, i.e. low sheet resistance, that is independent of 𝛾 or 𝜖, however the asymptotic 

limit at high α is a function of 𝛾 and 𝜖. These asymptotic limits are well captured by the 2D 

analytical solution represented as the superimposed lines on Figure 2.7. At low 𝜖, for which L << 

p, i.e. the electrolyte thickness is much smaller than the current collector pitch, a 1D solution 

approximates the 3D simulation results. This is expected as the y dimension is eliminated by the 

small magnitude of L compared to p. In the 1D limit as α approaches infinity, the ratio of the low 

frequency intercept with sheet resistance to low frequency intercept without sheet resistance 

scales with the √𝛼. The 2D model fails to capture the intermediate region between 𝛼 of 0.1 and 

10. Larger values of 𝜖 and 𝛾, i.e. thicker or more resistive electrolytes, appear to delay the impact 

of larger values of 𝛼. 

The 𝛼 at which the ratio of the high frequency intercept with sheet resistance to low 

frequency intercept without sheet resistance deviates from its initial value is dependent on 𝛾. As 

𝛾 increases, the onset of deviation occurs at ever increasing values of 𝛼 until leveling out at large 

values of 𝛾. As 𝛼 approaches zero sheet resistance, the ratio of the high frequency intercept with 

sheet resistance to low frequency intercept without sheet resistance approaches 𝛾, but only if 𝛾 is 

small. This is because 𝛾 is the ratio of 𝑅HF
o  to 𝑅LF

o . At large 𝛾, electrolyte resistance composes 

nearly all the cell resistance. Like 𝐻LF, at large values of 𝜖, in which L >> p, the effects of sheet 

resistance become less significant. This is because at larger values of 𝜖, the potential gradients 

within the electrolyte penetrate a smaller fraction of the total electrolyte thickness, thus 

becoming significantly smaller contributors to the electrolyte’s resistance. The 2D model 

captures the effects of sheet resistance on the ratio of the high frequency intercept with sheet 

resistance to low frequency intercept without sheet resistance quite well except once again in the 
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intermediate region. The deviations of the 2D model at large values of sheet resistance, 𝛼, and 

increasing values of the ratio of electrolyte thickness to half pitch, 𝜖, is suspected to be the result 

of numerical simulation limitations at large values of 𝛼. At larger values of 𝛼, the gradients 

around the wires in COMSOL model become too fine to accurately model with the finest FEM 

mesh that accessible computers could support. 

 The reason that 𝐻LF and 𝐻HF deviate from their values in the absence of sheet resistance 

is because at higher values of sheet resistance, 𝛼, the current flows through smaller superficial 

areas of the cell. Sample screenshots of contour plots of potential in Figure 2.8 exemplify this 

effect. Figure 2.8A and Figure 2.8B share the same 𝛾 and 𝜖 conditions, but Figure 2.8B has 

negligible sheet resistance and Figure 2.8A has an 𝛼 of 570. In Figure 2.8B, the entire area (𝑝2) 

of the cell is used, whereas in Figure 2.8A, the gradients of potential are so steep that only a 

fraction of the superficial area carries any current. Effectively, this increases the measured 

resistance. As expected, there exists little to no gradients in the xy plane in either the electrode or 

electrolyte at low values of 𝛼, with most of the potential drop occurring because of the surface 

reaction. In Figure 2.8A, there are steep potential gradients adjacent to the wires while a gradient 

in the xy plane exists deep into the electrolyte. 
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Figure 2.8 Sample screen shots of the contours of potential gradients in the 3D model at a g 

of 1 and ε of 1. Potential values are shown scaled from 0 to 1 (blue to red). (A) is at an α of 570 

and zero frequency. (B) is at an α of 0.57 and zero frequency. (C) is at an α of 1.14 and σ of 0.01. 

(D) is at an α of 1.14 and σ of 1000. 

 

This effect is also frequency dependent. Figure 2.8C and Figure 2.8D compare the same 

𝛼 (1.14 in this case), 𝛾, and 𝜖 with Figure 2.8C simulated with a frequency, 𝜎, of 0.01 and 

Figure 2.8D simulated with a 𝜎 of 1000. At higher frequencies, the potential gradients are 

steeper; the current is constricted through a smaller area and the resistance appears larger. While 

the plots of Figure 2.8 are in the limits of zero frequency and infinite frequency, the simulation 

and 2D solution indicate that the Nyquist plots features also have a frequency dependence. 
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This frequency dependence causes shifts in the shape of the Nyquist plot as shown in Figure 

2.9. The shapes of the arcs in the figures are caused by only a difference in sheet resistance. As 

programmed, the arc with little sheet resistance (blue x’s) is a semicircle, however the arc with 

orders of magnitude more sheet resistance would appear as a Gerischer shape despite combined 

kinetic and transportation limitations not being the underlying cause.  

 

Figure 2.9. The two COMSOL-produced Nyquist plots presented are at the same γ and ε. The 

difference is that the blue x’s are for an α of 0.01 and the orange triangles are for an α of 1000. 

 One way to display the variation in Nyquist plot shape is to plot the asymmetry of the 

Nyquist plot as a function of 𝛼, 𝛾, and 𝜖. This asymmetry ratio is defined as  

 𝑅asym =
(𝑅peak−𝑅HF)

(𝑅LF−𝑅peak)
   (2.38) 

where 𝑅peak is the real resistance at the peak frequency. If 𝑅asym is equal to one, then the 

Nyquist plot appears as a semicircle, as would be expected if the electrode were kinetically 

limited, geometrically uniform, and well defined. An 𝑅asym greater than 1 indicates deviation 

from a semicircle, which occasionally could be mistaken as a Gerischer impedance. Many shapes 

can result (not shown here), and there is no consistent trend in angle of incidence at high 
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frequency. Sometimes there appears to be two overlapping arc features in the Nyquist plot when 

there should not be (not shown).  

The effects of 𝛼, 𝑔, and 𝜖 on the ratio of the peak frequency measured to the peak frequency 

without sheet resistance, called 𝑓𝛼, and on 𝑅asym is shown in Figure 2.10. The 2D analytical 

solution can be numerically solved to find the peak frequency and 𝑅peak. The model is 

superimposed on the 3D COMSOL results in Figure 2.10. As can be seen in the figure, the 

observed peak frequency can vary by up to 50% depending on the value of 𝛼, 𝛾, and 𝜖. 𝑓𝛼 varies 

the least at large 𝛾 and small 𝜖. Similarly, the value of 𝑅asym can vary by up to 50% and is 

sensitive at values of 𝛼 above 1. 𝑅asym varies the least at large electrolyte resistivity, 𝛾, and small 

ratio of electrolyte thickness to current collector pitch, 𝜖. The 2D analytical solution once again 

fails within the intermediate range but captures the asymptotic limits. 

While solving the solution numerically for 𝑓𝛼 and 𝑅asym, it is suggested to use at least 

20,000 eigenvalues and to use scaled frequency steps of about 0.02. It is cumbersome to 

empirically modify the 2D solution to match that of the 3D solution, and it would not add much 

value to the underly conclusions. The maximum percent error between the simulation and the 2D 

model occurs in the intermediate zone and reaches 15% error around an α of 10. 
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Figure 2.10 The left column shows the effect of 𝛼 on the asymmetric ratio (𝑅asym) 

parametric in g while the right column shows the effect of 𝛼 on 𝑓𝛼 parametric in g. Each row 

represents a different simulation done at a different 𝜖. 
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2.6 DISCUSSION 

 The sheet resistance of a given electrode is estimated as  

 𝑅sheet =
𝑝2

𝑏𝜎e
(
𝜏t

1−𝜆
)  (2.39) 

where λ and τt are porosity and tortuosity. The electronic conductivity of GDC10 at 800 ⁰C and 

𝑝O2 of 10-16.16 bar is 0.04339 S/cm51, the estimated thickness (b) is 4 μm, τt is estimated as 1.5, λ 

as 0.5, and the nominal value of p is 0.25 mm. Thus, the sheet resistance is estimated as 108.032 

Ω cm2.  

The αp values estimated from this sheet resistance are orders of magnitude smaller than the 

α2D values estimated by the 2D model based on experimentally measured values; see Table 2.3. 

As an example, the low frequency intercept measured with a porous current collector for the 

lowest 𝑝CO2condition was 846.5 Ω. Given that the cell is symmetric, the arc resistance measured 

is twice a single electrode’s resistance. Therefore, the resistance of a single electrode is 

 𝑅LF1 = [
(𝑅LF2−𝑅HF)

2
+ 𝑅HF] 𝐴elc  (2.40) 

where 𝑅LF1 refers to the resistance at the low frequency intercept of one electrode, 𝑅LF2 refers to 

the resistance at the low frequency intercept of two electrodes (as shown in Figure 2.7), and 𝐴elc 

is the electrode geometric area, estimated as 0.257 cm2. In this case, 𝑅LF1
o  is 113.99 Ω cm2. Thus, 

the αp for this example is predicted to be 

 𝛼p =
𝑅sheet

𝑅LF1
o =

108.032 Ω cm2

113.99 Ω cm2
= 0.948  (2.41) 

The 𝑅LF1 for the example condition with sheet resistance is 2,039.77 Ω cm2. The HLF is 

17.91. The α2D value from the 2D model that achieves this HLF with a γ and ε of 0.088 and 

17.240 is 1,391. This is larger than αp by three orders of magnitude. The implication is that the 
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implicit assumption that the gold mesh grid is successfully contacting the GDC10 surface is 

incorrect. If p2 were substituted with the average geometric area, then αp would be within just 

over half an order of magnitude smaller than that predicted by the 2D model, as shown in Table 

2.3. In this situation, the two α values are more comparable, which implies that the entire mesh 

grid was not successfully contacting the electrode. 

 Continuing the example, the HHF measured is 1.55, however using the α2D determined by 

HLF, the HHF estimated by the 2D model is 0.097, around an order of magnitude smaller. This is a 

consistent trend for the other two conditions measured as shown in Table 2.3. This is similar to 

the situation just described regarding HLF in which the observed values and 2D model estimated 

values are separated by an order of magnitude. 

 The 2D model captures the change in peak frequency as a function of α through the 

frequency parameter 𝑓𝛼. The 2D model overestimates the effect on 𝒇𝜶 for condition 1 and 

underestimates it for conditions 2 and 3 based on using the α2D determined using HLF. In all 

situations, the 2D model predicts an 𝒇𝜶 of 1.74. What is observed is arguably an estimated 𝒇𝜶 of 

1.65 to 2.5. The fact that the multiplier on the frequency was quite large for all conditions 

measured means the α value is likely beyond 102. 

 Due to the quality of the data collected, it is hard to say exactly what the asymmetric ratio 

is for each case, as this is dependent on what point is chosen to be the peak frequency. The 

choice of experimental peak frequency and associated resistance is somewhat subjective and may 

not line up exactly with what the experimental peak frequency may have been if more 

measurements at smaller intervals of frequency were taken. It can, however, be said that for each 

gas environment, once the porous gold layer was added, the asymmetric ratio decreased, and the 

Nyquist plots transitioned to more clearly defined semi-circular like shapes. It is likely that the 
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sheet resistance was a major contributor to the Nyquist plot shape distortion. 

 It is not clear why the 2D model does not precisely explain the experimental results. The 

lack of well-defined geometry likely plays a role. First, the mesh had been bent and used 

multiple times resulting in a non-uniform pitch and non-uniform overall shape. The diameters of 

the electrodes on both sides of the electrolyte were not equal, which makes the area poorly 

defined. The effect of this deviation in symmetry is unclear. The porosity and tortuosity were not 

directly measured but were assumed based on past work48 and SEM images of similar cells made 

by the same methods. The thickness of the electrodes was designed to be four microns by the 

screen-printing method; however, it is not guaranteed to be uniformly four microns and can vary, 

especially around the edges of the screen-printed circle. Lastly, the model assumes all mesh 

wires make perfect contact with the GDC10 layer. This is not true in the experiment as the wires 

naturally overlap to form a mesh. Furthermore, depending on the mechanism used to sandwich 

the gold mesh to the electrode, not all points of contact may be effectively touching the GDC10 

surface. In this experimental set up, a ceramic screw and plate clamp was used to hold the cell 

together, though after a thermal cycle, it was always predictably looser than when it initially 

entered the furnace. 
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Table 2.3. Summary of the comparison between the expected effect of sheet resistance and 

the actual experimental measurements. 

 

 Condition 

Parameter 1 2 3 

𝑅LF1
o

 (Ω cm2) 20.478 39.141 113.985 

Ro
HF (Ω cm2) 10.065 10.065 10.065 

γ 0.492 0.257 0.088 

Rsheet (Ω cm2) 108.032 108.032 108.032 

αp 5.276 2.760 0.948 

log10(αp) 0.722 0.441 -0.023 

𝑅LF1  (Ω cm2) 765.42 1326.08 2039.77 

HLF 37.38 33.88 17.90 

log10(HLF) 1.57 1.53 1.25 

α2D 10,688 6,084 1,391 

log10(α2D) 4.03 3.78 3.14 

log10(αp)* 3.34 3.06 2.59 

HHF 8.64 4.52 1.55 

HHF using 

α2D 0.545 0.285 0.098 

𝑓𝛼 1.65 2 2.51 

𝑓𝛼2𝐷  1.74 1.74 1.74 

*if the electrode area were used in place of p2 in Eqn. 2.39. 
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2.6.1 Applicability to literature 

 In 2011, it was found that the resistance of a thin dense electrode La 0.6Sr0.4Co0.2Fe0.8 

changed with thickness (100 nm, 250 nm, 500 nm, and 1000 nm) when it should not have52. 

Sheet resistance was suspected to be the cause. A mesh current collector was used with an 

unspecified pitch. After correspondence with the author, the pitch is reasonably assumed to be 

0.312 mm. The high frequency intercept was only reported for the 1000 nm thick electrode 

experiment. Thus, the measured high frequency intercept was assumed to remain unchanged as a 

function of electrode thickness, which enables the calculation of the low frequency intercept at 

the other thicknesses. Given the value of 𝝐 for this cell, estimated to be eight, the high frequency 

intercept is unlikely to be perturbed by sheet resistance in this case. The well-defined geometric 

parameters and assumptions correspond to a log10(αp) of -1.77 for the 100 nm electrode thickness 

experiment. The 2D model would predict a log10(α2D) of 2.51, more than four order of 

magnitudes greater than αp. Once again this is a stark difference. If p2 were replaced with the 

geometric area of the electrode, then log10(αp) would be 1.74, within an order of magnitude of 

α2D. The implication is that perhaps the mesh is not effectively contacting the electrode.  

 As another example, in 2001 water electrolysis was done on La0.7Ca0.3Cr0.8Ti0.2O3 and it 

was found that a change in porous electrode thickness from 100 microns to 20 microns resulted 

in a considerable difference in the high frequency and low frequency intercept resistances54. The 

change in high frequency intercept when geometric area does not change is a key indicator of the 

presence of sheet resistance, though it is not a required one, as Figure 2.7 shows at large ε and γ. 

Assuming the 100 micron electrode is thick enough to be considered an ideal electrode without 

any sheet resistance, then the 20 micron electrode is estimated to have a log10(α2D) of 2.10 for the 

highest concentration of hydrogen condition.  Using the values from the literature, and under the 
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same wire mesh pitch assumptions of the last example, the log10(αp) is -0.632, about two and a 

half orders of magnitude less than α2D. Once again, it appears that perhaps the mesh wires were 

not making effective contact with the electrode surface. If the electrode geometric area is 

substituted for p2, then log10(αp) would be estimated to be 2.877 for the 20-micron electrode at 

the highest hydrogen concentration (2.30% H2O balance H2), much closer in magnitude to α2D. 

 As a final example, in 2015 a similar material under conditions similar to that of the first 

literature example was shown to have no signs of sheet resistance53. Counterintuitively, a dense 

2-micron film of LSCF6428 had half the electrode resistance as that of a dense 4-micron 

LSCF6428 electrode studied under the same conditions. It was concluded that sheet resistance 

did not play a part. The 2D model presented here would agree, since the pitch is so small, and 

LSCF6428 has orders of magnitude higher conductivity than GDC10. Perhaps in this case, 

effective contact of the current collector meshes with the electrode surface was maintained. The 

LSCF6428 electrode thickness and mesh pitch are comparable to the ones used in the 

experimental work presented here with GDC10. It is possible that the GDC10 electrode with a 

slightly larger pitch and greater than four orders smaller conductivity is more sensitive to poor 

contact between a mesh and electrode than LSCF6428. Even if p2 were replaced with the 

electrode geometric area for the LSCF6428 dense films, the log10(αp) would be -0.19; small 

enough to have a negligible impact on the impedance response. 

2.6.2 Recommendations for Making a Cell 

 By inspection, the COMSOL and 2D modeling suggests that to mitigate the risk of sheet 

resistance effects on the high and low frequency intercepts, it is best to have an 𝜖 > 1 and 𝛾 > 10. 

To mitigate the effects of sheet resistance on peak frequency and shape distortion, it is best to 

have an 𝜖 < 1 and 𝛾 > 10. The reader is guided to Figure 2.7 and Figure 2.10 to recognize that 



49 

 

 

these guidelines will only allow a higher tolerance for sheet resistance, not eliminate sheet 

resistance effects. Given that using thin films is crucial to research of electrode kinetics, an 

additional important priority is to decrease the pitch size or use a porous current collector. A 

thick electrolyte also minimizes the effect of reference electrolyte placement55.   

2.7 CONCLUSIONS 

  A 2D model and 3D COMSOL simulation were developed to explore the effect of sheet 

resistance on the measured low frequency intercept, high frequency intercept, peak frequency, 

and shape of a Nyquist plot. The model showed that significant sheet resistance relative to low 

frequency intercept resistance in the absence of sheet resistance can have a significant impact on 

measured quantities. This phenomenon was shown in an experiment where EIS was performed 

on a GDC10 electrode undergoing CO2 electrolysis with and without a porous current collector 

layer. With only the addition of a porous current collecting layer, the expected electrolyte 

resistance was observed, the peak frequency was smaller, the shapes were more semi-circular, 

and the low frequency intercept was 1.5 orders of magnitudes less. 

Given the pitch used in the experiment presented here and in the cited literature, the 2D 

model would estimate that the sheet resistance is negligible. This, however, turns out not to be 

the case, and it is suspected that the current collector mesh does not maintain adequate contact 

with the electrodes. If electrode geometric area is used to calculate expected sheet resistance, 

then the 2D models and observations are within about an order to an order and a half magnitude 

of the estimated sheet resistance impact on low frequency and high frequency intercept behavior. 

Regarding shape, a Gerischer-response can appear, but it may result as a function of sheet 

resistance and not as competition of kinetics and mass transport limitations. To simulate a 

Gerischer-response in the 2D model, the term (1 + jσ) is replaced with (1 + jσ)1/2. 3D COMSOL 
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simulation with a Gerischer shape remains as future work. Given that only certain parts of the 

meshes contact the electrode surface, it is suggested that future work develop a physics-based 

model based on surface contact points per unit area instead of line contacts. 

By inspection, the COMSOL and 2D modeling suggests that, to mitigate the risk of sheet 

resistance effects on the high and low frequency intercepts, it is best to have an 𝜖 > 1 and 𝛾 > 10. 

To mitigate the effects of sheet resistance on peak frequency and shape distortion, it is best to 

have an 𝜖 < 1 and 𝛾 > 10.  Additionally, it is recommended to use a small current collector mesh 

pitch or porous current collecting layer. Less caution is needed for an electrode with high 

conductivity. If a porous current collector is not an option, due diligence on ensuring that the 

mesh is pressed against the electrode surface at all times is required.  

2.8 APPENDICES 

2.8.1 Appendix A: Derivation of 2D Model 

 Using Figure 2.5 as a reference, the current through interface Γ6, Γ3,elc, and Γ1 are  

 𝑖Γ6 =
1

𝑅elc
(𝜙1 − 𝜙) + 𝐶elc

𝜕

𝜕𝑡
(𝜙1 − 𝜙)  (2A.1) 

 𝑖Γ3,elc = 𝜎e𝑏 (
𝜕𝜙1

2

𝜕𝑥2
)  (2A.2) 

 𝑖Γ1 = −𝜎i (
𝜕𝜙

𝜕𝑦
) |𝑦=𝐿  (2A.3) 

Since charge is conserved, they should all be equal. An ordinary differential equation (ODE) 

results 

 −𝜎i (
𝜕𝜙

𝜕𝑦
) |𝑦=𝐿 =

1

𝑅elc
(𝜙1 − 𝜙) + 𝐶elc

𝜕

𝜕𝑡
(𝜙1 − 𝜙) = 𝜎e𝑏 (

𝜕𝜙1
2

𝜕𝑥2
)  (2A.4) 

 

Using the scaling from Table 2.1, the ODE can be rewritten as  
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𝜕2𝜓1

𝜕𝜉2
=

𝛼𝑌

(1−𝛾)
(𝜓1 − 𝜓𝜂=0) = −

𝜖

𝛽
(
𝜕𝜓

𝜕𝜂
)
𝜂=0

  (2A.5) 

Where Y is either (1+jσ) for an RC element or (1+jσ)1/2 for a Gerischer impedance.  

Within the electrolyte, the partial differential equation to be solved is 

 ∇2𝜙 = 0  (2A.6) 

Scaling and non-dimensionalizing results in 

 ∇2𝜓 = 0  (2A.7) 

The boundary conditions are  

 𝜙1|𝑥=0 = 𝜙o  (2A.8) 

 
𝜕𝜙𝑖

𝜕𝑥
|
𝑥=0,   𝑥=

𝑝

2
,   𝑥=𝑝 = 0  (2A.9) 

 −𝜎i (
𝜕𝜙

𝜕𝑦
) |𝑦=𝐿 = 𝜎e𝑏 (

𝜕𝜙1
2

𝜕𝑥2
)  (2A.10) 

 𝜙|𝑦=0 = 0  (2A.11) 

and can be scaled and non-dimensionalized to 

 
𝜕𝜓

𝜕𝜉
|
𝜉=0,

1

2
,1
= 0  (2A.12) 

 𝜓|𝜂=𝜖 = 0  (2A.13) 

 𝜓1 |𝜉=0 = cos (𝜎𝜏)  (2A.14) 

Time is removed by  

 𝜓 =
1

2
𝜓̅𝑒ⅉ𝜎𝜏 +

1

2
𝜓̅∗𝑒−ⅉ𝜎𝜏  (2A.15) 

 𝜓1 =
1

2
𝜓̅1𝑒

ⅉ𝜎𝜏 +
1

2
𝜓̅1
∗𝑒−ⅉ𝜎𝜏  (2A.16) 

 cos(𝜎𝜏) =
1

2
𝑒ⅉ𝜎𝜏 +

1

2
𝑒−ⅉ𝜎𝜏  (2A.17) 

 

Continuing only with the ejστ terms the ODE and PDE to be solved result in 
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𝜕2𝜓1
𝜕𝜉2

=
𝛼𝑌

(1−𝛾)
(𝜓

1
− 𝜓

𝜂=0
) = −

𝜖

β
(
𝜕𝜓

𝜕𝜂
)
𝜂=0

  (2A.18) 

 ∇2𝜓̅ = 0  (2A.19) 

and the boundary conditions become  

 
𝜕𝜓̅

𝜕𝜉
|
𝜉=0,

1

2
,1
= 0  (2A.20) 

 𝜓̅|𝜂=𝜖 = 0  (2A.21) 

 𝜓̅1 |𝜉=0 = 1  (2A.22) 

Using separation of variables and the boundary conditions for the PDE, we find that 

 𝜓̅ = 𝐴𝑜(1 − 𝜂) + ∑ 𝐴𝑛[sinh(𝜇𝑛𝜂) − tanh(μn) cosh(𝜇𝑛𝜂)] cos(𝜆𝑛𝜉)
∞
𝑛=1   (2A.23) 

where 𝜆𝑛 =
𝑛𝜋

2
, 𝜇𝑛 = 𝜆𝑛𝜖, and 𝐴o and 𝐴𝑛 are yet to be determined.  

The ODE is first framed as 

 
𝜕2𝜓̅1

𝜕𝜉2
− 𝛼′𝜓̅1 = −𝛼′𝜓̅|𝜂=0  (2A.24) 

 𝛼′ =
𝛼𝑌

1−𝛾
.   (2A.25) 

The general solution is  

 𝜓̅1
G = 𝑐1𝑒

𝜉√𝛼′ + 𝑐2𝑒
−𝜉√𝛼′  (2A.26) 

and the particular solution must match the form of the inhomogeneous term 

 𝜓̅1
𝑝 = 𝐵o + ∑ 𝐵𝑛 cos(𝜆𝑛𝜉)

∞
𝑛=1   (2A.27) 

Substituting the particular solution into the ODE finds that  

 𝐵o = 𝐴o  (2A.28) 

 𝐵𝑛 = −
𝛼′𝐴𝑛 tanh(𝜇𝑛)

𝜆𝑛
2+𝛼′

  (2A.29) 

 

Therefore,  
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 𝜓̅1 = 𝑐o cosh (√𝛼′(1 − 𝜉)) + 𝐴o +∑𝐵𝑛 cos(𝜆𝑛𝜉)  (2A.30) 

 𝜓̅1
G = 𝑐o cosh (√𝛼′(1 − 𝜉))  (2A.31) 

Using the boundary conditions Eqn. 2A.22, 

 1 = 𝑐o cosh(√𝛼′) + 𝐴o + ∑𝐵𝑛  (2A.32) 

Focus turns now to the other side of the ODE,  

 𝛼′(𝜓1 − 𝜓𝜂=0) = −
𝜖

β
(
𝜕𝜓

𝜕𝜂
)
𝜂=0

  (2A.33) 

First, 𝜓̅𝐺
1
 needs to be put into the same basis function as 𝜓̅. Let  

 𝜓̅1
G = 𝑐o cosh (√𝛼′(1 − 𝜉)) = (𝐷o + ∑ 𝐷𝑛 cos(𝜆𝑛𝜉)𝑛 )𝑐o  (2A.34) 

In which case, using orthogonality 

 𝐷o = ∫ cosh (√𝛼′(1 − 𝜉)) 𝑑𝜉 =
sinh(

√𝛼′

2
)

√𝛼′

2

1

0
  (2A.35) 

 𝐷𝑛 =
∫ cosh[√𝛼′(1−𝜉)] cos(𝜆𝑛𝜉)𝑑𝜉
1
0

∫ cos2(𝜆𝑛𝜉)𝑑𝜉
1
0

=
2√𝛼′ sinh(√𝛼′)

𝛼′+𝜆𝑛
2   (2A.36) 

Substituting the appropriate equations into Eqn. 2A.33,  

 
𝐴o

𝑐o
= 𝛼′𝛽𝐷o  (2A.37) 

 
𝐴𝑛

𝑐o
= −

𝐷𝑛
𝜆𝑛𝜖

𝛼′𝛽
+
𝜆𝑛
2 tanh(𝜆𝑛𝜖)

𝜆2+𝛼′

  (2A.38) 

 
𝐵𝑛

𝑐o
= −

𝛼′ tanh(𝜆𝑛𝜖)

𝜆𝑛
2+𝛼′

(
𝐴𝑛

𝑐o
)  (2A.39) 

 
1

𝑐o
= cosh(√𝛼′) + 𝛽√𝛼′ sinh(√𝛼′) + ∑

𝐵𝑛

𝑐o

∞
𝑛   (2A.40) 

 

Therefore, by calculating 1/co,  
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 𝐴o = 𝑐o ∗
𝐴o

𝑐o
  (2A.41) 

 𝐴𝑛 = 𝑐o (
𝐴𝑛

𝑐o
)  (2A.42) 

 𝐵𝑛 = 𝑐o (
𝐵𝑛

𝑐o
)  (2A.43) 

The impedance can then be found by  

 𝐼 ̅ =  ∫ −𝜎𝑖 (
𝜕𝜙̅

𝜕𝜂 
) |𝑦=0𝑑𝑥

𝑝

0
  (2A.44) 

which when non-dimensionalized is 

 𝐼 ̅ =  ∫ −𝜎𝑖𝜙o (
𝜕𝜓̅

𝜕𝜂 
) |𝜂=0𝑑𝜉

1

0
  (2A.45) 

The integral becomes  

 ∫ (
𝜕𝜓̅

𝜕𝜂 
) |𝜂=0𝑑𝜉 =  −

𝐴o

𝜖

1

0
+ ∫ ∑ 𝐴𝑛𝜇𝑛 cos(𝜆𝑛𝜉) 𝑑𝜉

∞
𝑛

1

0
= −

𝐴o

𝜖
  (2A.46) 

because  

 ∫ cos(𝜆𝑛𝜉) 𝑑𝜉 = 0
1

0
  (2A.47) 

Thus  

 𝐼 ̅ =
𝜎𝑖𝜙o

𝜖
(
𝐴o

𝑐o
) 𝑐o =

𝜎𝑖𝜙o𝛼
′𝛽

𝜖
(
sinh(

√𝛼′

2
)

√𝛼′

2

)𝑐o  (2A.48) 

The current density is  

 𝑖̅ =
𝐼̅

𝑝
=

𝑐o𝜎𝑖𝜙o
√𝛼′

2
𝛽 sinh(

√𝛼′

2
)

𝐿
  (2A.49) 

The impedance normalized to the low frequency intercept is 

 𝐻 =
𝑍

𝑅LF
=

𝜙o

𝑖̅𝑅LF
ideal =

1

𝑐o
(

𝛼

√𝛼′

2
sinh(

√𝛼′

2
)

)  (2A.50) 
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2.8.2 Appendix B: High Frequency Intercept 

 How HHF changes with α, ε, and γ can be found by taking the limit of H as σ approaches 

infinite: 

 lim
𝜎→∞

(𝐻) = 𝛼𝛽 (1 + ∑
tanh(2𝜋𝑛𝜖)

𝜋𝑛𝜖+2𝛽(𝜋𝑛)2 tanh(2𝜋𝑛𝜖)
𝑁
1 )  (2B.1) 

2.8.3 Appendix C: COMSOL equations 

2.8.3.1 C.1 Electrolyte Current Flux 

The current flux within the x direction of the electrolyte is defined as  

 𝑖𝑥 = −𝜎i (
𝜕𝜙

𝜕𝑥
)  (2C.1) 

This can be non-dimensionalized using the following terms  

 𝜓 =
𝜙o

𝜙
  (2C.2) 

 𝜉 =
𝑥

𝑝
  (2C.3) 

thus becoming  

 𝑖𝑥 = −𝜎𝑖
𝜙o

𝑝
(
𝜕𝜓

𝜕𝜉
)  (2C.4) 

The current density can be scaled by the applied potential (𝜙o) and electrode resistance (𝑅elc) 

 𝑁𝜉 =
𝑖𝑥𝑅𝑒𝑙𝑐

𝜙o
  (2C.5) 

Substituting 𝑖𝑥 into Eqn 2C.5 and removing time,  

 𝑁𝜉 = −
𝜖

𝛾

𝜕𝜓

𝜕𝜉
  (2C.6) 

Given that the electrolyte is isotropic and normalizing the y and z direction according to the 

following 

 𝜂 =
𝑦

𝑝
  (2C.7) 
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 𝜁 =
𝑧

𝑝
  (2C.8) 

the scaled current density in the normalized z and y directions in the electrolyte are 

 𝑁𝜂 = −
𝜖

𝛾

𝜕𝜓

𝜕𝜂
  (2C.9) 

 𝑁𝜁 = −
𝜖

𝛾

𝜕𝜓

𝜕𝜁 
  (2C.10) 

2.8.3.2 C.2 Electrode Current Flux 

Within the current collector, the current in the x direction is defined as  

 𝑖𝑥 = −𝜎e
eff (

𝜕𝜙1

𝜕𝑥
)  (2C.11) 

After substitution of scaling factors, normalization, removing time, and scaling the current 

density as before 

 𝑁𝜉 = −
1

𝛼𝛿
(
𝜕𝜓1
𝜕𝜉
)  (2C.12) 

where in this case α is normalized to the electrode resistance 

 𝛼 =
𝑝2

𝜎e𝑏𝑅elc
  (2C.13) 

Similarly 

 𝑁𝜂 = −
1

𝛼𝛿
(
𝜕𝜓1
𝜕𝜂
)  (2C.14) 

 𝑁𝜁 = −
𝜅

𝛼𝛿
(
𝜕𝜓1
𝜕𝜁
)  (2C.15) 

where 𝜅 is an anisotropic factor intended to model equilibrium within the z dimension of the 

electrode.  

2.8.3.3 C.3 Interface Current Flux 

The current from the electrode reaction can be defined as 
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 𝑖𝑧 = (
1

𝑅elc
+ 𝐶

𝜕

𝜕𝑡
) (𝜙1 − 𝜙)  (2C.16) 

which can be non-dimensionalized to 

 𝑖𝑧 =
𝜙𝑜

𝑅elc
(1 +

𝜕

𝜕𝜏
) (𝜓1 − 𝜓)  (2C.17) 

Removing time and scaling current density,  

 𝑁𝜁 = (𝜓1 − 𝜓)(1 + 𝑗𝜎)  (2C.18) 
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Chapter 3. DEVELOPMENT OF FREQUENCY RESOLVED MASS SPECTROMETRY 

3.1 BACKGROUND 

Co-electrolysis of water and CO2 into CO and H2 is recognized as a promising tool for 

storing energy and producing synthetic commodity chemicals via renewable electricity. Many 

excellent reviews are available on the subject regarding the last decade of progress.12,13,17,39,56,57 

The reviews detail the progress of materials development, balance of plant, stack development, 

economic feasibility, and multiple methods of water and CO2 reduction including solar, thermal, 

and low and high temperature electrolysis. High temperature electrolysis in solid oxide 

electrolysis cells (SOEC) is one of the most promising technologies for this application because 

the high temperature helps overcome kinetic limtiations12,13. 

Solid oxide electrolysis cells are usually characterized between operating temperatures of 

600 and 900 ⁰C and consist of an anode, electrolyte, and cathode. These are often La1-xSrxMnO3-δ 

(LSCM), yttria stabilized zirconia (YSZ), and a cermet of nickel and YSZ  (Ni-YSZ)15, 

respectively. Air or oxygen flows over the anode, and a reducing gas composition of hydrogen, 

carbon dioxide, carbon monoxide, and water mixed with a diluent of argon, helium, or nitrogen 

flows over the cathode. Often these systems are studied as individual cells with geometric areas 

on the order of tenths to tens of cm2 or stacks of these cells in either planar or tubular geometry. 

Under these temperatures and compositions, Ni faces many degradation pathways including 

carbon deposition, oxidation, poisoning, and particle agglomeration13,18,19,34. Each pathway 

results in loss of active sites. Ni-YSZ’s kinetic activity still merits further research, however; 

challenges with stability spur investigations into alternatives, many of which include metal 

oxides56. 
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Commonly, cell performance is characterized with electrochemical techniques such as 

electrochemical impedance spectroscopy (EIS), distribution of relaxation times, cyclic 

voltammetry, and measurements of gas production using mass spectrometry or gas 

chromatography. The common reactions studied are water electrolysis, CO2 electrolysis, 

methane production, and reverse water gas shift (RWGS). The reader is pointed to the previously 

cited reviews for more information encompassing the many facets of SOEC development.  

Within the literature, there lacks a clear understanding of the degree to which CO is produced 

by CO2 electrolysis or RWGS during co-electrolysis56,58. Multiple studies suggest that CO2 

electrolysis contributes little to the production of CO, which, consequently, is dominated by 

RWGS19,31,33,34,59–66. In many of these studies, the area specific resistance (ASR) of co-

electrolysis and water electrolysis are nearly indistinguishable around open circuit voltage in 

both EIS and voltammograms, whereas the ASR of CO2 electrolysis is larger than both co-

electrolysis and water electrolysis. Some studies suggest that co-electrolysis and RWGS both 

significantly contribute32,35,67–70. In these studies, oftentimes the performance of co-electrolysis 

during EIS or cyclic voltammetry falls between that of solo water and CO2 electrolysis. RWGS 

equilibrium is achieved in nearly all studies that involve gas composition analysis. 

The complexity introduced by thermodynamics, geometry, flow rates, inlet gas composition, 

temperatures, mass transport, and multiple reaction pathways is credited with the 

discrepancy35,36,58,59,61,63,71,72. For example, some studies conclude that RWGS contributes 

throughout the electrode at different rates depending on temperature and composition as a 

function of electrode depth; this could result in the consumption of CO from the WGS36. A study 

on a composite electrode of LSCM  and gadolinium doped ceria (GDC) found that CO2, water, 

and co-electrolysis performed similarly around OCV, but attributed the poor performance of 
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water electrolysis to low water concentrations resulting from resistance from mass transport67. At 

high current densities (requiring higher overpotentials), it is thought that CO2 electrolysis starts 

to compete with RWGS in the production of CO. The performance of CO2 electrolysis is reduced 

by the slower mass transport of CO2 and higher activation energy of reaction33. Any degradation 

of the electrode, such as Ni-YSZ, that changes the electrode microstructure could affect the mass 

transport limitations of water or CO2.
33  

Ebbesen and co-workers highlight the need to consider mass transport limitations when 

comparing performance. They conclude that if mass transport limitations are compensated for 

when comparing water, CO2, and co-electrolysis, then there is evidence that CO2 electrolysis 

significantly contributes to CO production.35 Bessler dives deeper into highlighting the need to 

consider mass transport in SOFC and SOEC systems. Bessler uses Butler-Volmer kinetics of 

H2O/H2 redox and a stagnation point flow model to show how the shape, peak frequency, and 

size of low frequency arcs in impedance spectra can be affected by mass transport, even with 

constant kinetics72. Parameters such as overpotential, mass velocity, AC amplitude, reference 

electrode placement, inlet tube distance from electrode surface, temperature, and inlet mole 

fractions can significantly alter the interpretation of impedance spectra. Lastly, Chapter 2 has 

shown how improper current collection alters the interpretation of impedance spectra. A large 

enough sheet resistance could result in a Gerischer-like behavior, which implies combined mass 

transfer and kinetic limitations, when no mass transport limitations exist. 

 Alternative characterization techniques are needed to address this lack of understanding 

regarding the mechanism of CO production. Recently, Chueh and co-workers used ambient 

pressure photoelectron spectroscopy to reveal that the surface of doped ceria is more reduced 

than the bulk under water and hydrogen atmospheres73. Similarly, Feng and co-workers used the 
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same technique to show how surface species and surface ceria oxidation state change as a 

function of polarization. Their work revealed that electron transfer between carbonate and ceria 

is likely rate limiting74. Hauser and co-workers demonstrated combined Diffuse Reflectance FT-

IR spectroscopy and AC and DC electrochemical characterization techniques for understanding 

the activity of surface species during CO2 electrolysis75. Gerwe and co-workers directly 

measured the fluctuation in cobalt oxidation state using X-ray absorption spectroscopy under AC 

perturbations76. Here, a novel technique is introduced to further investigate the nature of 

reactions on SOEC electrodes: Frequency Resolved Mass Spectrometry (FRMS). 

 In short, FRMS is an operando technique that measures the frequency response of the 

partial pressures of relevant gas species as a voltage or current perturbation is simultaneously 

applied to the electrochemical cell. Here, this technique is demonstrated using co-electrolysis on 

10% doped gadolinium doped ceria Gd0.10Ce0.90O1.95-δ (GDC10) as the working electrode 

because of its superior stability to Ni-YSZ77 in carbonaceous and reducing environments. To the 

best of the author’s knowledge, this is the first investigation of co-electrolysis on GDC10 as the 

working electrode. A better understanding of co-electrolysis mechanisms promotes a more 

focused effort on optimization and discovery of novel electrodes for SOEC development. 

3.2 TECHNIQUE OUTLINE 

 The key aspect of FRMS is the ability to identify gas phase species time correlations with 

faradaic current and with each other at multiple frequencies of interest as identified by EIS. In 

this investigation, co-electrolysis of CO2 and water was used to demonstrate the potential of this 

technique. Figure 3.1a displays a typical button SOEC comprising a cathode for electroreduction 

of CO2 and H2O, an oxygen ion conducting electrolyte, and an anode where O2 is produced. As 

shown in Figure 3.1b, electroreduction of CO2 and H2O is thought to occur via three overall 
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reactions at the temperature probed in this study: H2O electrolysis, direct CO2 electrolysis, and 

conversion of CO2 to CO via RWGS.  

As illustrated in Figure 3.1c, the FRMS approach involves studying the time-correlation 

between current fluctuations and fluctuations in gas phase partial pressures as a function of 

frequency. For example, consider a scenario in which the electrocatalyst is active for both H2O 

and CO2 electrolysis. As shown in Figure 3.1c, the CO, H2, H2O, and CO2 partial pressures, 

which are all related to faradaic current, would be expected to be ±90 degrees out of phase with 

the current fluctuation. As shown with the dotted lines, peak current aligns with peak H2 and CO 

production while minimum current aligns with peak CO2 and H2O production.  If RWGS were 

very fast and CO2 electrolysis inactive, the same result would occur because RWGS would 

instantly consume H2 and CO2 to make CO and H2O.  In contrast, if CO2 electrolysis were 

uncompetitive with water electrolysis and RWGS and RWGS slower than water electrolysis, the 

peak CO2 consumption (dCO2/dt) would occur at peak H2 partial pressure. These time 

correlations at various frequencies and conditions could provide key insights not afforded by EIS 

alone.  
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Figure 3.1. (a) Schematic of typical button cell setup with symmetrical porous electrodes and 

porous current collector; (b) illustration of co-electrolysis with the RWGS; (c) time correlated 

partial pressures of species. Dotted line 1 shows peak current aligned with maximum production 

rate of H2 and CO and with maximum consumption rate of CO2 and H2O. Dotted line 2 shows 

minimum current aligned with maximum consumption of H2 and CO and with maximum 

production rate of CO2 and H2O. 

3.3 DESCRIPTION OF APPARATUS 

 A diagram of the experimental apparatus is shown in Figure 3.2. The cathode was placed 

in a moderate vacuum with a base pressure of 0.01 Torr, while the anode was at atmospheric 

pressure. Vacuum was maintained with a roughing pump (Precision Vacuum Pump Model D25) 

with a pumping speed at the inlet of 19.8 L/min at 10–3 Torr. Pressure and flow rate into the 

reactor were controlled by either pressure differentials across needle valves (V1–V5) or mass 

flow controllers (MFC). Valves V6 through V10 were on/off valves used to isolate the feedline. 

One MFC was used to maintain flow of gas. The MKS MFC controller was controlled by a MKS 

four-channel flow controller power supply and readout (MKS Type 247) with gas correction 

factors set to 0.7 for CO2 and 1.0 for mixture diluted with N2. 
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Figure 3.2. Schematic of complete apparatus. 

Flow composition was either controlled by needle valves (V1–V5) or by MFCs (not 

shown). Five gas cylinders (Praxair) were available with the following compositions: 98.5% CO 

(balance N2), pure CO2, 3% H2 (balance N2), 100% H2, and a premix of CO/CO2/N2 (1.5%, 

7.2%, balance N2). Water content was controlled by flowing any gas through a temperature-

controlled bubbler of distilled water. The feed lines were not heated, and thus, the maximum 

water composition was dependent on room temperature and was determined by the Antoine 

Equation.  
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All gas feed lines but the one carrying concentrated CO were under high pressure and 

consisted of linear low density polyethylene tubes with inside wall thickness of 0.040 inches 

(Grainger) and metal Swagelok fittings. For safety, the high concentration CO line was quarter-

inch stainless steel tubing connected to a needle valve (V5). Half of the needle valves (V1–V5) 

had VCR fittings and the other half had Swagelok fittings. Valves V6–V10 all either have VCR 

fittings or adapters to VCR from Swagelok. Downstream of V6–V10, a combination of VCR, 

Kwik-flanges, Conflat flanges with copper gaskets, Swagelok Ultra-Torr fittings, and MDC 

Quick-Disconnects were used to connect stainless steel tubing to both roughing pumps.  

Needle valve V14 enabled continuous sampling of the vacuum reaction chamber. V15 

was a right-angle valve, and V16 was an ultra-high vacuum gate valve. Both were necessary for 

complete isolation of the mass spectrometer (MS) chamber. A turbo pump operating at 62,000 

RPM and a roughing pump (Edwards E2M2) maintained a base pressure of approximately 2x10-9 

Torr when V15 was closed. This pressure was achieved without baking the chamber. If 

electricity was lost to the MS chamber’s pumps, valve V17 would open and supply nitrogen to 

the chamber to slow contamination by air. The nitrogen enters midway through the turbopump 

blades.  

The mass spectrometer chamber consisted of eight ports, two of which were used for an 

inlet and outlet, one for a Granville-Phillips ionization gauge, one for the Stanford Research 100 

Systems MS, with the others closed. The ionization gauge monitored the total pressure within the 

chamber. The MS measured mass-to-charge (m/e) ratios up to 100. The electron current was set 

to 1.00 mA. Analog measurements were used to characterize a steady state composition of the 

feed to the high vacuum chamber. Masses 2, 14, 28, 18, 32, and 44 were monitored as a function 
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of time. The mass spectrometer was controlled either by LabView or an accompanying SRS 

software program. 

 Figure 3.3 presents the reaction chamber in more detail. Three ceramic tubes 

telescopically comprised the cathode chamber. Two were alumina and the third was made of 

YSZ, acting as the electrolyte. The smallest alumina tube was a 60 cm quad-bore tube with 1/8-

inch outer diameter (OD) and 0.031-inch inner diameter (ID) (99.8% alumina, McDanel 

Advanced Ceramic Technologies). The second largest tube, into which the previous one 

telescopically fit, was 40 cm long with a single bore OD of 0.375 inches and ID 0.250 inches 

(99.8 % Alumina, Coorstek, material AD-998). The largest ceramic tube, into which the two 

previous ones telescopically fit, was 35 cm long, 0.5 inches ID, 0.75 inches OD, and made of 

YSZ (10.5% doped Yttria, McDanel Advanced Ceramic Technologies, part number Z15). The 

YSZ tube was closed on one end, at which the anode and cathode were painted. The glass tube, 

made of quartz, was 25 cm long with an ID of 3.70 inches and OD of 4.00 inches for much of its 

length (Technical Glass Products). It was closed on one end. The open end of the quartz tube had 

an OD of 4.13 inches to fit into an MDC Quick Disconnect fitting. 
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Figure 3.3. Schematic of reaction chamber. A quartz glass tube contains the anode. Within 

the electrolyte tube (blue) the GDC10 electrode rests. Gas is delivered from alumina tubes. 

 Figure 3.3 highlights the custom-made stainless-steel spine that holds the ceramic tubes 

together and separates the flow paths. There are four metal pieces. Each side of each metal piece 

had an MDC Quick Disconnect or Ultra-Torr fitting that was welded together by the University 

of Washington Physics Machine Shop. The first fitting sealed the anode atmosphere from that of 

the cathode atmosphere. The second fitting allowed the largest alumina tube to deliver gas 

directly to the cathode. Both fittings had multiple inlet and outlet tubes, providing opportunities 

to use Ultra-Torr fittings to attach pressure gauges, plugs, inlet and outlet tubing, and electric 

feedthroughs. The third fitting allowed gas to be fed in and provided an opening for an electric 

and thermocouple feedthrough. The fourth metal piece provided the feedthrough of gold wire 

through the smallest alumina tube. Two metal support rods extended through all the fittings to 

reduce stress on the fragile ceramic tubes. For the results presented here, the quartz tube was 

removed, and the anode was placed in air. 
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3.3.1 Electrodes 

 A porous GDC10 (fuelcellmaterials.com, GDC10-TC, 6.1 m2/g) electrode was painted on 

the inside tip of the YSZ10 tube. A custom-made applicator was used to extend a commercial 

circular-tipped paint brush to reach the bottom of the tube and paint just the bottom of the tube. 

The ink was a 50 wt% organic solution of alpha-terpineol (Alfa Aesar 95% min), ethyl cellulose 

(Aldrich Chemical Company, Inc – Ethoxy content 48%), and oleic acid (Alfa Aesar Technical 

Grade) and 50 wt% GDC10. To make the ink, 18.3 g of alpha-terpineol, 1.6 g of ethyl cellulose, 

and 0.1 g of oleic acid were stirred together for 5-6 hours, then left to sit for two to three days. 

Equal weight of GDC10 was then added and stirred in with the mixture. The slurry was then roll 

milled with a spacing of 0.152 mm. The smooth ink collected from the roll mill was used 

immediately for painting.  

After drying vertically overnight, the GDC10 electrodes underwent the following 

sintering protocol: 2 ⁰C/min to 670 ⁰C, hold for 1 hour, 2 ⁰C/min to 1151 ⁰C, hold for 2 hours, 

then 2 ⁰C/min to room temperature. Two aquarium pumps blew air into the tube furnace during 

sintering for all protocols. Based on previous work done by Green and Adler48, the porosity was 

estimated to be 50%, and the tortuosity 1.5. It is difficult to assess the thickness of the electrode 

after sintering in the YSZ tube. Thus, cylindrical YSZ pellets were painted using the same 

method and imaged with an SEM. Four cells were imaged, one of which is shown in Figure 3.4. 

The thickness varied from 2 to 11 microns and was not uniform across the surface in many cases. 

The thickness likely varied based on brush stroke, amount of ink absorbed into the brush, and 

geometry. The effective area of the GDC10 electrode was approximately 1.15 cm2 based on EIS 

and YSZ10 ionic conductivity at 800 ⁰C14. 
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Figure 3.4. SEM of painted porous GDC10 electrode on YSZ10 pellet. 

After the GDC10 sintering procedure, the anode was painted with Pt ink from Engelhard, 

part number A6016XD. The outside tip of the cell was painted to about 1 cm beyond the tip with 

one coat of Pt ink. The anode was vertically air-dried overnight via natural convection. 

Afterwards, the Pt was sintered. The sintering protocol was 1 ⁰C/min to 95 ⁰C, hold 2 hours, 1 

⁰C/min to 287 ⁰C, hold 4 hours, 1 ⁰C/min to 1084 ⁰C, hold 2 hours, and cool 2 ⁰C/min to room 

temperature. A spring-loaded ceramic plate held the gold mesh against the anode. 

Gold ink was sintered on top of GDC10 as a current collecting layer. The ink was a 

mixture of dried gold ink from fuelcellmaterials and the organic ink mix described above. The 

gold ink from fuelcellmaterials originally contained a minimum of 70 wt% Au and balance 

terpineol; the particle size was (D50) < 0.6 microns or APS of 0.5 microns. After air drying 

overnight, the sintering protocol was 1 ⁰C/min to 95 ⁰C, hold 2 hours, 1 ⁰C/min to 287 ⁰C, hold 4 

hours, 1 ⁰C/min to 856 ⁰C, hold 2 hours, and cool 2 ⁰C/min to room temperature. 
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3.4 DATA ACQUISITION AND ANALYSIS TOOLS 

Most tests were performed with 0.5 sccm of CO/CO2/N2 flow over two weeks. The 

reactor was set to 800 ⁰C. Electrochemical impedance spectroscopy was done using a Solartron 

1260 Frequency Response Analyzer and a SI 1287 Solartron Potentiostat, sweeping between 300 

kHz and 1 mHz at a 10, 70.71, 100, and 106 mV RMS amplitude using Scribner ZPlot®. These 

were two-point measurements with no reference electrode. Scribner CorrWare® was used to 

perform a voltage sweep from OCV to 1.6 V at 1 mV/s. 

 Single perturbations of the cell were conducted at 0.9, 1.05, and 1.41 V with amplitudes 

of 100, 150, and 137 mV. The Pt electrode was the positive electrode and GDC10 the negative 

electrode. Positive current is defined in this case as the standard definition: flow of current from 

the positive to the negative electrode. The Pt electrode was attached to the counter electrode and 

reference electrode 1 BNC slots of the SI 1287, while the GDC10 electrode was attached to the 

working electrode and reference electrode 2 BNC slots. 

 The potentiostat applied DC bias to the cell, while a frequency generator PCI card (NI 

PCI-5412) was used to generate a frequency and amplitude. The voltage and current across the 

cell were sampled at 5001 S/s by the digitizer (PCI–5122). The minimum sampling rate of 5001 

S/s limited the number of perturbations that could be collected in one scan to a little under 

1.85x108 samples before the computer faced RAM errors. In post processing, the voltage and 

current perturbations were down sampled to 100 samples per waveform to reduce memory 

allocation. 

Voltage, current, and collection of masses 2, 18, 32, 44, 14, and 28 were saved to text 

files using a custom LabView program. The MS sampled a single mass once every 1.24 seconds. 

Each mass was collection sequentially. Each sample had it owns time stamp. The Nyquist limit 
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for the MS was half the sampling rate, thus any perturbation frequencies above 0.405 Hz would 

have been aliased. Practically, it is a best practice to sample ten times faster than the maximum 

frequency of study. The LabView program was partially built using the SRS-provided LabView 

modules. Python module frXAS.py78, written by colleague Dr. Brian Gerwe, was used to extract 

amplitudes and phase relationships of the measured signals.  

3.5 RESULTS 

3.5.1 Open Circuit Voltage 

 An initial measure of composition was found by measuring the OCV of the steady state 

flow. The steady state OCV was 0.248 V at a flow condition of 0.5 sccm CO/CO2/N2 

(1.5%/7.2%/balance) which manifested in a 0.68 Torr vacuum within the reaction chamber. The 

expected open circuit voltage is determined by the Nernst equation, 

 𝑉 =
𝑅𝑇

𝑛𝐹
ln(

𝑝O2
a

𝐾eq(
𝑝CO2
c

𝑝CO
c )

2)   (3.1) 

where R is the gas constant, T is temperature, n is the stoichiometry of electrons in  

 O2(g) + 4e
− ⇌ 2O2−   (3.2) 

F is Faraday’s constant, 𝑝O2
a  is the oxygen partial pressure in the anode chamber (0.21 atm), 𝐾eq 

is the equilibrium constant of the following reaction at temperature T,  

 2CO2(g) ⇌ 2CO(g) + O2(g)   (3.3) 

𝑝CO2
c  is the cathode CO2 partial pressure, and 𝑝CO

c is the partial pressure of CO in the cathode 

chamber. At 1073 K, n of 4, 𝑝CO2
c   of 0.072, 𝑝CO

c  of 0.015, and 𝐾eq of 3.99995x10-19, the 

expected OCV was 0.871 V.  
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The measured OCV was far from the theoretical equilibrium open circuit voltage of 0.871 

V for this fed gas composition. The effect of pressure on OCV was investigated. Pressure was 

controlled by increasing flow into the reaction chamber. The OCV at 3.63, 10.77, and 51.67 Torr 

was 0.871, 0.872, and 0.873 V, respectively. This evidence suggests that there is likely an air 

leak into the reaction chamber, perhaps either from the upstream high pressure flow pipes or 

within the vacuum system itself. 

3.5.2 Analog Mass Spectrometry 

 An analog mass spectrum, see Figure 3.5, was taken with valve 15 (see Figure 3.2) 

closed, isolating the low-pressure chamber housing the MS from the rest of the vacuum 

apparatus. This spectrum characterized the natural contents of the MS chamber. Mass 2 (H2) and 

mass 18 (H2O) dominated, but there were also significant peaks of mass 28 (CO or N2), 32 (O2), 

and 44 (CO2). Peaks will be referred to as M# for the remainder of the dissertation. The usual 

constituents of a high vacuum chamber are H2, H2O, CO, and CO2
37. However, the presence of 

oxygen indicates a leak into the mass spec chamber itself, however small it may be. The lack of 

peaks beyond M50 is the evidence for the lack of contamination from pump oil. 
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Figure 3.5. Mass spectrum of isolated MS chamber. 

A second mass spectrum, see Figure 3.6, was taken with the MS open to the reactor 

without any intentional flow (V13–V15 open). The analog spectrum is superimposed on the 

previous spectrum where the MS chamber was isolated. The comparison showed a stark increase 

in hydrogen, water, nitrogen, oxygen, argon, and carbon dioxide. The large oxygen peak (M32) 

and argon peak (M40) provide further evidence of an air leak. M28 and M32 indicate a ratio of 

N2 to O2 of 7.31, which is approximately double the ratio of N2 to O2 in air. Some of the M28 

peak may be from residual CO. Prior to the results presented here, preliminary studies were done 

with mixtures of water, H2, N2, CO2, and CO. In addition to an air leak, there may have been 

virtual leaks, i.e., gases in difficult to access dead space, contributing to this second mass 

spectrum. It was unclear what contributed to the peaks at M39, M41, and M1. Though oil was 

suspected, the masses above M50 did not provide strong evidence of pump oil presence. 
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Figure 3.6. Mass spectrum superimposed on that of Figure 3.5 comparing the MS chamber to 

that of the reactor chamber without any flow at OCV. Inset shows M28. 

A third spectrum with the flow of the CO/CO2/N2 gas superimposed onto the two 

previous spectra is shown in Figure 3.7. Hydrogen decreased back to nearly the amount that was 

measurable just within the MS chamber. Water content significantly decreased, oxygen slightly 

decreased, argon slightly decreased, nitrogen and CO2 content significantly increased, the 

shoulder on hydrogen decreased, and M39 and M41 disappeared. The oxygen and argon still 

indicate a competitive leak. Hydrogen and water may have been flushed from the walls and dead 

space thanks to the flow. The spectrum was consistent with the composition of the flow since 

nitrogen content should dominate followed by CO2. 
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Figure 3.7. Mass spectrum comparing the MS chamber to that of the reactor chamber with 

and without any flow. Inset shows M28. 

 The spectrum with flow at OCV and the MS chamber spectrum were subtracted from 

each other to characterize the contents associated with the flow upstream of V13, see Figure 3.8. 

The spectrum was analyzed using standard fragmentation patterns, see Appendix A, and the 

default universal sensitivity factor of the MS. Table I displays the resulting mole fractions 

depending on the analysis method used to determine CO content. To summarize, the “M12” 

method uses the contributions of CO2 and CO to M12 to determine CO content, the “M28 and 

M14” method uses N2, CO, and CO2 contributions to M14 and M28 to determine CO content, 

and the “M12 and M16” method uses contributions from O2, H2O, CO, and CO2 to M12 and 

M16 to find the CO content. Other than CO content, the mole fractions appeared consistent with 

the composition of the inlet flow. All analysis cases yield significantly different CO contents.  
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Figure 3.8. Mass spectrum representing the difference between a spectrum of the MS 

chamber and the spectrum with flow at OCV. Inset shows M28. 

 

Table 3.4. Comparison of quantitative gas analysis from a mass spectrum using three 

different methods. 

 

Gas Mole Fraction Mole Fraction Mole Fraction 

Analysis method M12 M28 and M14 M12 and M16 

N2 0.904 0.756 0.915 

CO2 0.0756 0.0651 0.0508 

O2 0.0138 0.012 0.012 

CO 0.0029 0.163 0.0177 

H2O 0.0029 0.0025 0.0026 

H2 0.00063 0.00054 0.00055 

Argon 0.00102 0.00088 0.00089 
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The difference may stem from the fact that the sensitivity factors and fragmentation 

patterns specific to this MS have not been determined recently with pure gases in the absence of 

an oxygen leak. Either the “M12” or “M12 and M16” method seems to have the most reasonable 

mole fractions when considering the mole fractions of the inlet flow rate. Without this 

calibration, the MS is best for monitoring relative changes. The CO concentration was overall 

difficult to determine because all its signals m/e (28, 16, 12) are diluted by contributions from N2 

and CO2, which have much larger inlet feed concentrations.  

3.5.3 Current-Voltage Curve 

 Figure 3.9 shows the electrolysis mode I-V curve for the cell at 800 ⁰C. The I-V curve 

was varied from OCV to 1.6 V, spanning a steady state current range of near 0 to 4.633 mA. 

Time correlated mass spectra of M2, M18, M32, M44 and M14 are superimposed on the I-V 

data. The early current appears to be associated with oxygen reduction until about 1.05 V. At 

1.05 V, hydrogen starts to be produced. At 1.3 V it appears that CO2 becomes more activated, 

and that hydrogen continues to be active as well. At about 1.4 V the hydrogen starts to plateau, 

and a little before 1.6 V, the mass transport limited current density is reached. The steepest slope, 

and therefore least resistive portion, occurs between 1.3 and 1.4 V. 
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Figure 3.9. I-V curve from polarizing the cell at 1 mV/s. M2, M18, M32, M44, M14, and 

M28 (not shown) are time correlated with the voltage and current. The top x axis is voltage. 

3.5.4 EIS Results 

 Three EIS curves at 0.9 V ± 150 mV, 1.05 V ± 150 mV, and 1.05 ± 100 mV are shown in 

Figure 3.10. A separate one at 1.41 V ± 137 mV is shown in Figure 3.11. Labeled are the 

frequencies at which FRMS was done, the peak frequency, and last frequency taken. There are 

two apparent arcs, a high frequency arc and a near semi-circular low frequency arc. The high 

frequency arc is common to all four spectra and has an arc width of 13 Ω. The width of the low 

frequency arc, the peak frequency, and the estimated capacitance for each DC and AC 

perturbation are presented in Table 3.5. Figure 3.12 shows that the phase angle for the low 

frequency arcs were similar and around 65-70⁰. 
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Table 3.5. Observed EIS curve parameters. 

Voltage 

Low Frequency 

Arc Width (Ω) 

Peak Frequency for Low 

Frequency Arc (mHz) 

Estimated Capacitance of 

Low Frequency Arc (F) 

0.90 V ± 150 mV 812.9 3.00 0.065 

1.05 V ± 100 mV 833.42 0.501 0.381 

1.05 V ± 150 mV 812.9 0.501 0.391 

1.41 V ± 137 mV 199 1.00 0.800 

 

 

Figure 3.10. EIS spectrum for 0.90 V ± 150 mV, 1.05 V ± 100 mV, and 1.05 V ± 150 mV at 

800 ⁰C. 
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Figure 3.11. EIS spectrum for 1.41 V ± 137 mV at 800 ⁰C. 
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Figure 3.12. Phase angle for each spectrum between the high frequency arc and the beginning 

of the low frequency arc.  

3.6 DISCUSSION OF TECHNIQUE DEVELOPMENT 

A strength of this technique, and inherently in the FFT, is that small signals can be 

extracted from noise. Figure 3.13 shows six waveform time correlated comparisons between 

M18, M32, M44, M2, M14, and M28 and the current and voltage signal. All signals are from a 

1.05 ± 150 mV perturbation collected over 369 waveforms. Among all the masses, it is only 

apparent that M2 is oscillating.  
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Figure 3.13. Time correlations of M2, M18, M28, M32, M44, M14 with current and voltage 

at 1.05 V ± 150 mV at 1 mHz. 

However, after taking the Fourier transform of this data, it became clear that underneath 

the noisy signals are oxygen, carbon dioxide, and hydrogen signals at the perturbation frequency 

of 0.01 Hz. These can be seen in Figure 3.14. As expected, voltage has a single first order 

harmonic at 10 mHz, while current has up to five measurable harmonics. This exhibits another 

highlight of this technique: the ability to deconvolute higher order harmonics in the temporal 

mass data, which is not apparent in the temporal data itself. The 0th order harmonics are a result 

of a mean variation in the data. Looking at Figure 3.15, this is from a decaying signal for some 

species after time zero, lasting about 1000 seconds. It is unclear why this occurs; however, it is 

possibly because of outgassing from the MS filament turning on.  
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Figure 3.14. FFT of M2, M18, M28, M32, M44, M14 with current and voltage at 1.05 V ± 

150 mV at 10 mHz. 
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Figure 3.15. Time domain signal of M2, M18, M28, M32, M44, M14 with inset of masses 

smaller than M28. For 1.05 V ± 150 mV at 10 mHz. 

 Notably there are no peaks in M28, M14, nor M18. No peaks in M14 suggests no change 

in total pressure as nearly all M14 represents N2 content. In all fluctuation experiments (not 

shown) there was no observable fluctuating signal for M14. M18, which represents water 

content, did not show any frequency peaks at 10 mHz, nor did it in any experiment. In Figure 

3.9, it did, however, appear to slightly decrease after the activation of significant hydrogen 

production. It is likely that water is difficult to measure because the MS is not in line of sight 

with the cathode and water adsorbs strongly to walls of the vacuum chamber. The adsorption 

effect is suspected to have dampened any M18 fluctuations. It is likely that, given the weak 

signal of CO2 at 10 mHz, there was not enough fluctuation in the M28 signal from a change in 

CO composition to register with the MS. This is because M28 is a combination of N2 and CO of 

which CO likely contributes less than 1.5%. A 10% change in CO signal would only be a 0.15% 

change in the M28 signal. 
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 Another strength of this technique is the ability to correlate gas phase observations with 

positions on an I-V curve and impedance spectrum. Figure 3.9 is reproduced here with guidelines 

to show where the impedance spectra of Figure 3.10 and Figure 3.11 were taken. 

 

Figure 3.16. I-V curve at 1 mV/s superimposed with M2, M18, M44, M14, M28 (not shown), 

and M32 signals. Labeled guidelines show where EIS was measured. The figure on the left is the 

same as the figure on the right, but with different guidelines; done for clarity. 

Examining CO2 as an example, it would be expected for the CO2 signal in the mass perturbations 

to grow from 0.9 V DC bias ± 150 mV AC to 1.41 V ± 137 mV AC. The graphs in Figure 3.17 

show this to be true at a 6 mHz perturbation. There is no signal M44 signal at 0.9 V, which is 

dominated by oxygen reduction on the I-V curve. There is a significant increase by about a factor 

of 30 between 1.05 V ± 150 mV and 1.41 V ± 137 mV for M44. 
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Figure 3.17. FFT of M44 at multiple DC and AC bias for 6 mHz perturbations.  

 Correlations with the impedance spectra demonstrate frequency dependence of the gas 

phase perturbations. Reconsider the positions of 6 mHz, 10 mHz, and 80 mHz on Figure 3.10 

and Figure 3.11. At 1.05 V ± 150 mV, 6 and 10 mHz are significantly further up the low 

frequency arc than 80 mHz. Comparisons of the FFT graphs of M44 at these three frequencies 

are shown in Figure 3.18. 1.05 V ± 150 mV is enough overpotential to activate CO2 reduction, 

but the signal is frequency dependent; the peaks at 6 mHz are slightly larger than those of 10 

mHz. This is congruent with the difference in distance along the low frequency arc. At 80 mHz, 

an order of magnitude faster than 6 mHz, the CO2 signal is erased all together. This evidence 

suggests the enhanced activation of CO2 reduction is associated with the low frequency arc. 

Similar conclusions can be drawn for the comparison of the oxygen signal as shown in Figure 

3.18. However, oxygen was still present at 80 mHz, perhaps indicating faster kinetics for oxygen 

reduction than CO2 reduction at this condition.  
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The change in hydrogen from 6 mHz to 80 mHz is different from CO2 and O2 in three 

ways. The signals are roughly an order of magnitude larger than either CO2 or O2. Though it is 

unclear if this was because more was produced or because hydrogen’s baseline was much 

smaller, and therefore, small changes in hydrogen concentration manifest in larger fluctuations. 

Secondly, hydrogen exhibits higher order harmonics at 10 and 6 mHz, mimicking the behavior of 

the current, which also has higher order harmonics. The significance of the higher order 

harmonics in a mass signal is outside the scope of this dissertation. The only time O2 exhibited 

higher order was at 0.9 V ± 150 mV at 6 mHz. The only time CO2 exhibited higher order 

harmonics was at 6 mHz at 1.41 V ± 137 mV. Thirdly, the hydrogen signal peaks at 10 mHz 

rather than 6 mHz, suggesting that the low frequency arc may be more associated with CO2 

reduction rather than water reduction at 1.05 V ± 150 mV. An alternative assessment is that, as 

CO2 becomes more activated, more hydrogen is consumed in the RWGS reaction, lowering the 

perturbation amplitudes. Lastly, the hydrogen had a stronger presence at 80 mHz than CO2. 

Perhaps this indicates faster kinetics for water reduction under these conditions despite the 

significantly larger amount of CO2 present than water. 
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Figure 3.18. FFT of M44, M2, and M32 at multiple frequency perturbations (80, 10, and 6 

mHz) at 1.05 V ± 150 mV. 

  Lastly, the most unique characteristic of FRMS is the ability to phase correlate the 

voltage, current, and mass signals providing yet another dimension of information. This is 

important because, from the I-V curve, it is difficult to tell what species the faradaic current is 

associated with and what species may be reacting chemically with products of that faradaic 

current. For each experiment, the measured voltage and current first harmonics were extracted, 

and their phase relationships established. Similarly, if there was a signal in the MS FFT, each 

mass had its first harmonic amplitude and phase relationship with the current extracted as well. 

The extraction process involves fitting the real and imaginary components of the signals to a 

time apodized and Fourier transformed linear superposition of steady periodic harmonics. 

Fourier coefficients for each harmonic were extracted from the fit and used to reconstruct phase 

relationships and first harmonic waveforms. A detailed explanation of the fitting procedure is 

found elsewhere79. Quick fitting was executed using the Python frxas.py package found open 
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source on GitHub78. Extracted first harmonic amplitudes and phase angles were then used to 

construct sinusoidal waveforms for visual comparison. 

 Figure 3.19 shows the phase relationships between M2, M44, and where applicable M28 

for different DC and AC potentials at 6 mHz. Table 3.6 presents the phase relationships between 

the  

 

Figure 3.19. Phase relationships between the extracted first harmonics of current (j), M2, 

M44, and M28 where applicable at 1.05 V ± 100 mV, 1.05 V ± 150 mV, 1.41 V ± 137 mV. 
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first harmonics for voltage, M2, M32, M44, and M28, where applicable, referenced to the 

current. As DC voltage and AC voltage increased, the phase angle for CO2 approached 90 

degrees out of phase with the current. The figures show that peak hydrogen production, where 

dM2/dt is the largest, is associated with peak current (dC/dt) at 1.05 V, i.e., 90 degrees out of 

phase. At higher voltages, this relationship beings to deviate and perhaps not all H2 production is 

associated with the faradaic current. Similarly, for CO2 at lower voltages the phase angle is far 

from 90 degrees, but at higher voltages, the peak current lines up at nearly 90 degrees out of 

phase with peak CO2 consumption and peak CO production (M28).  

This evidence suggests that at higher voltages, more H2 is being made by the WGS 

reaction and less by water electrolysis. On the other hand, at lower voltages CO2 is being mostly 

consumed by RWGS, but at higher voltages, CO2 electrolysis is more activated and more directly 

associated with the fluctuations in current. It is possible that at 1.41 V, the RWGS reaction on the 

surface is much slower than CO2 electrolysis, allowing CO to be consumed and some H2 to be 

produced by WGS. This shifts their phases away from being 180 degrees out of phase with CO2 

and away from being 90 degrees out of phase with current. 

Table 3.6. Phases referenced to current for Figure 3.19 

Experiment at 

6mHz 

M2 Phase 

Angle 

M44 Phase 

Angle 

M32 Phase 

Angle 

M28 Phase 

Angle 

Voltage 

Phase 

Angle 

1.05 V ± 100 mV -85.87 35.39 74.28 n/a -57.63 

1.05 V ± 150 mV -88.85 67.51 55.99 n/a -54.72 

1.41 V ± 137 mV -71.54 87.49 n/a -78.08 -36.66 
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3.7 TECHNICAL DISCUSSION 

The mass spectrum deduced mole fractions are difficult to interpret for water and CO; 

therefore, a quantitative assessment of whether the gases are in RWGS equilibrium could be 

unreliable. At 800 ⁰C, the equilibrium constant is 0.9615 meaning either direction is favorable 

depending on initial inlet conditions. Despite no intentional introduction of water, it is suspected 

that some entered with the air leak. Hydrogen was not introduced into the system and has a low 

natural occurrence in air. Therefore, if the WGS were active, it would likely boost CO2 

production and consume water and CO.  

The gas phase kinetics of the RWGS, using the mole fractions from Table 3.4, would 

indicate a reaction rate of the order of 10-14 mol/s in the hemisphere where the electrode sits 

(0.54 cm3) of the ceramic reaction chamber, six orders less than the magnitude of the CO2 molar 

flow rate of 2.68x10-8 mol/s36,80. The molar flow rate of CO2 was calculated using the ideal gas 

law, a flow rate of 0.5 sccm, CO2 composition of 7.2 mol %, and standard temperature and 

pressure (1 atm, 0 ⁰C). Using Faraday’s law for CO2 electrolysis, the equivalent current to 10-14 

mol/s is approximately 2 nA, significantly less than measured in this work. Therefore, a 

significant contribution from gas phase RWGS is unexpected due to the vacuum conditions. A 

strength of this technique may be the isolation of surface reactions for study.  

 The I-V and EIS characterization suggests that the GDC10 electrode performance was 

kinetically limited under conditions tested rather than co-limited by mass transport and kinetics. 

First, experiments with 0.5 sccm of CO/CO2/N2 flow all occurred below the voltage associated 

with limited current density (1.6 V). Secondly, under all conditions the shape of the low 

frequency arc appeared semicircular with no Warburg or Gerischer-like features (45⁰ high 

frequency tails). The phase angle at high frequency is greater than 60⁰. A Gerischer or Warburg 
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high frequency tail would be a key feature of a mass transport limited system, whether gas, 

surface, or bulk transport. 

Wolfgang Bessler has detailed a stagnation point flow geometry model for a fuel cell 

anode (i.e., an electrolyzer cathode) dominated by coupled convective and diffusive mass 

transport limitations72. Bessler’s work has been shown to explain impedance spectra of water 

electrolysis on Ni-YSZ electrodes by Primdahl and Mogensen81. This model describes similar 

geometry to that used in this work. Bessler’s results with the RE in a constant environment are 

used for comparison. Among other sensitivities discussed, Bessler argues that an increase in 

overpotential should not influence peak frequency in the limit of significant mass transport 

limitations. However, 0.9 V, 1.05 V, and 1.4 V all have differences in peak frequency in Figure 

3.10 and Figure 3.11. Bessler makes a similar argument for the influence of AC amplitude, 

though that, too, is not observed for 1.05 V ± 100 mV and ± 150 mV. Finally, at low flow 

velocity, which corresponds to a low flow rate here, Bessler argued that a semi-circle with a 

small 45-degree high frequency tail should be observed. While a distorted semicircle was 

observed here, in no case did any spectra appear to have a 45-degree angled high frequency tail. 

Even as flow rate, and thus pressure was increased, no Gerischer or Warburg features were 

present. 

The reason this model may not work for this cell configuration is because an assumption 

of the model is the existence of a stagnation layer above the electrode. A stagnation layer forms 

because of the assumption of zero-velocity at the surface of the electrode, where diffusion is 

dominant over convection. Because of the vacuum at total pressure of 0.68 Torr, there likely is 

no stagnation zero velocity layer at the electrode surface because the Kn number is greater than 

0.01. Between 0.01 and 1, the vacuum flow is characterized as neither viscous nor molecular 
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flow, but a transition region between the two where the velocity at the surface is not zero (as 

assumed by viscous laminar flow) and the reflection of species off surfaces is not diffuse as in 

molecular flow38. 

For example, the smallest mean free path among the molecules of interest is for water and 

CO2. Their mean free paths at 800 ⁰C and 0.68 Torr are 175 μm. A reasonable characteristic 

length to choose would be the radius of the hemisphere in which the electrode exists which is 

6.35 mm. The Kn number for CO2 and H2O is thus 0.027. The other species have higher Kn 

numbers. Complicating matters further, the alumina pipe that delivers gas presses a gold wire 

mesh into the gold current collector layer for good electrical contact as shown in Figure 3.20. 

The characteristic distance between the ceramic feed outlet and the electrode surface is not clear, 

but may be less than 1 mm. The characteristic length is therefore somewhat uncertain since the 

gas enters this mesh of twisted wires. The consequence is likely an increase the Kn number as 

the characteristics dimension would be smaller than the hemisphere radius.  

 

Figure 3.20. Diagram of cathode reaction chamber zoomed in on the reaction volume. A gold 

wire mesh is shown pressing into a gold current collector layer for good electrical contact. 

Lastly, the stagnation point flow model assumes no obstruction between the inlet feed 

pipe and the electrode surface. In this experimental apparatus, the gold wire mesh is an 
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immediate obstruction to that flow. Perhaps at even higher pressures, a Kn number greater than 

0.01 can still be achieved because of the gold mesh layer. Future work must be done to model the 

flow to account for any pressure gradients created by the mesh. 

The I-V curve reached a mass transport limitation around 1.6 V and 4.633 mA. This 

current is just under the 5.17 mA limit of full consumption of the CO2 molar flow. It is therefore 

congruent with the flow rate that the mass transport limitation would be approached as 5.17 mA 

is approached. 

The EIS curves in Figure 3.10 have capacitances of approximately at 65 mF at 0.9 V, 381 

mF at 1.05 V ± 100 mV, and 391 mF at 1.05 V ± 150 mV. These capacitances are likely a 

measure of the capacitance of the bulk ceria for oxygen. This conclusion would be congruent 

with the thermodynamics. At higher DC potentials and AC potentials, more vacancies are 

created as shown in Figure 1.4, which shows the nonstoichiometry of GDC10 as a function 

of 𝑝O2. A voltage of 50 mV corresponds directly to a change in one order of magnitude of 𝑝O2.  

Based on a unit cell dimension of 0.54 nm, a difference in a nonstoichiometry from O1.95 

to O1.77 of in GDC10 represents an O2 capacity change on the order of 2x10-7 moles of oxygen. 

The hemisphere at 0.68 Torr and 1073 K is estimated to have approximately 6x10-11 moles of 

oxygen based on the mole fraction estimated from the MS and the OCV. The GDC10 can absorb 

about 3000 times more oxygen than there is present in the hemisphere. This is congruent with the 

observation of oxygen reduction in the I-V curves as potential was swept from OCV to 1.6 V. 

Given the massive capacitance difference between the bulk ceria and gas phase, it is likely that 

the capacitance of the low frequency arcs was associated with the capacitance of the ceria bulk. 

The reason for the change in resistance between 1.05 V and 1.41 V is unclear, however the I-V 

curve (Figure 3.9) indicates that the window around 1.41 V has steeper slopes indicating less 
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resistance for the mechanism occurring around there, which appears to be significant water and 

CO2 reduction. At the lower voltage, it appears that there was a mixture of water reduction and 

oxygen reduction. 

Lastly, the CO production is associated with co-electrolysis rather than RWGS. The I-V 

curve of Figure 3.9 shows a significant presence and production of hydrogen before 1.3 V. At 1.3 

V, CO2 consumption became measurable. If RWGS were significant under the conditions 

studied, then as hydrogen presence became significant, there should have been significant CO2 

consumption before 1.3 V to maintain equilibrium, yet there was none. This conclusion is further 

supported by Figure 3.19. At 1.41 V ± 137 mV the CO production and H2 production were phase 

aligned; their peak productions were aligned with peak current. CO2 peak consumption aligned 

with peak current as well. If co-electrolysis were dominant, this would be the expected phase 

relationship between current, H2, CO, and CO2. Additionally, as lower DC and AC voltages were 

used, hydrogen maintained the same relationship with current, yet CO2 transitioned closer to 

having peak CO2 consumption at peak hydrogen presence. This is congruent with the observation 

of little to no CO2 consumption under 1.3 V in the I-V curve of Figure 3.9. It also means that the 

little amount of CO2 that was consumed was likely from a slow RWGS reaction below 1.3 V. 

3.8 CONCLUSION 

 A new technique for investigating time correlated behavior of gas phase species with 

electrochemical perturbations was presented, named Frequency Resolved Mass Spectrometry. 

FRMS has a few unique strengths: detecting small signals, the ability to isolate the behavior of 

certain gas species at time scales of interest, and the ability to extract phase correlated first 

harmonic signals. The extraction and correlation of gas phase species provides a deeper level of 

information, providing insight into gas species association with the faradaic current.  More 
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technique development is required to fully characterize the breadth of information this technique 

can offer. 

Better control of gas phase species such as oxygen and water content should be 

prioritized in future research. With stricter control over composition, analysis can be done 

around equilibrium potentials instead of requiring high overpotentials to eliminate oxygen 

content.  Furthermore, strict quantitative analysis of gas phase species would be especially 

helpful and allow determination of whether the gas phase is in RWGS equilibrium.  

The high oxygen capacitance of the GDC10 contributed to very low peak frequencies that 

were inaccessible by the frequency generator. The low frequency arc is the arc most associated 

with the kinetics of the reaction. The tuning of that arc to be within the max frequency that can 

be measured by the MS (80 mHz) and the lowest frequency that can be applied by lab hardware 

(6 mHz) should be prioritized. This perhaps can be done with dense thin films of GDC10, which 

would also eliminate uncertainty surrounding electrode geometry such as porosity, thickness, and 

tortuosity. 

It is concluded that under the scope of the conditions studied here, RWGS contributed 

negligibly to the production and consumption of CO and CO2, respectively. Co-electrolysis 

dominated above 1.3 V. Below 1.3 V, water electrolysis and a slow RWGS caused fluctuations 

in the gas phase perturbations. This conclusion is supported by the lack of appropriate CO2 

consumption in the presence of significant H2 production below 1.3 V, and the phase alignment 

of peak current with CO and H2 production and CO2 consumption above a DC bias of 1.3 V. 

Below 1.3 V, CO2 fluctuation amplitude was significantly smaller than above 1.3 V, and CO2 

peak consumption transitioned closer to phase alignment with peak H2 presence. 
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Modeling of the gas flow within the vacuum would also provide a better understanding of 

how to model mass transport in the gas phase and deconvolute any contributions from this. More 

conditions should be explored in future research including different compositions, temperatures, 

pressures, electrodes, electrode geometries, and different types of reactions to be studied. FRMS 

has great potential to provide insight into many reaction mechanisms and may prove a highly 

useful tool for the electrocatalytic community.  

3.9 APPENDIX A 

 Figure 3.8 is analyzed here in three different ways to find CO content. Table 3.7 shows 

the standard fragmentation pattern fractions for each species from the SRS RGA software. 

Table 3.7. Fragmentation pattern fractions (α) for Ar, CO, CO2, H2, H2O, N2 

Species 

Fragmentation Pattern 

                m/e                              α (%) 

Argon 

18 0.0904977 

38 0.0904977 

36 0.271493 

20 9.04977 

40 90.4977 

 

Carbon Dioxide 

46 0.392157 

45 0.784314 

12 4.70588 

16 7.05882 

28 8.62745 
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44 78.4314 

 

Carbon Monoxide 

30 0.18315 

14 0.915751 

29 0.915751 

16 1.8315 

12 4.57875 

28 91.5751 

 

Hydrogen 

1 4.76191 

2 95.2381 

 

Nitrogen 

29 0.740741 

14 6.66667 

28 92.5926 

 

Oxygen 

33 0.0893655 

34 0.357462 

16 10.1877 

32 89.3655 

 

Water 

19 0.0744048 

20 0.223214 

16 8.18452 

17 17.1131 

18 74.4048 
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3.9.1 Method M12 

 Each of the partial pressure is found using the measured pressure at a given m/e (Mi) and 

the fragmentation pattern fractions. 

 𝑝CO2 =
𝑀44

𝛼44CO2
  (3A.1) 

 𝑝O2 =
𝑀32

𝛼32O2
  (3A.2) 

 𝑝N2 =
𝑀14

𝛼14N2
  (3A.3) 

 𝑝H2O =
𝑀18

𝛼18H2O
  (3A.4) 

 𝑝H2 =
𝑀2

𝛼2H2
  (3A.5) 

 𝑝Ar =
𝑀40

𝛼40Ar
  (3A.6) 

 𝑝CO =
(𝑀12−𝑝CO2𝛼

12
CO2)

𝛼12CO
  (3A.7) 

Then the mole fractions are found by taking the partial pressures and dividing by the total 

pressures. 

 𝑦𝑖 =
𝑝𝑖

∑𝑝𝑖
   (3A.8) 

3.9.2 Method M28 and M14 

 In this method, most partial pressures are calculated similar to the M12 method, but a 

system of two equations is used to solve for 𝑝CO and 𝑝N2 using 𝑀14 and 𝑀28. 

 𝑝CO2 =
𝑀44

𝛼44CO2
  (3A.9) 

 𝑝O2 =
𝑀32

𝛼32O2
  (3A.10) 

 𝑝H2O =
𝑀18

𝛼18H2O
  (3A.11) 
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 𝑝H2 =
𝑀2

𝛼2H2
  (3A.12) 

 𝑝Ar =
𝑀40

𝛼40Ar
  (3A.13) 

 𝑀14  =  𝑝N2𝛼
14
N2  +  𝑝CO𝛼

14
CO  (3A.14) 

 𝑀28 = 𝑝CO2 𝛼
28
CO2  +  𝑝CO 𝛼

28
CO  +  𝑝N2 𝛼

28
N2  (3A.15) 

Then the mole fractions are found by taking the partial pressures and dividing by the total 

pressures. 

 𝑦𝑖 =
𝑝𝑖

∑𝑝𝑖
  (3A.16) 

3.9.3 Method M28 and M14 

 In this method, most partial pressures are calculated like the M12 method, but a system of 

two equations is sued to solve for 𝑝CO and 𝑝CO2 using 𝑀16 and 𝑀12. 

 𝑝O2 =
𝑀32

𝛼32O2
  (3A.17) 

 𝑝H2O =
𝑀18

𝛼18H2O
  (3A.18) 

 𝑝H2 =
𝑀2

𝛼2H2
  (3A.19) 

 𝑝Ar =
𝑀40

𝛼40Ar
  (3A.20) 

 𝑀12  =  𝑝CO2𝛼
12
CO2  +  𝑝CO𝛼

16
CO  (3A.21) 

 𝑀16 = 𝑝CO2 𝛼
16
CO2  +  𝑝CO 𝛼

16
CO  +  𝑝O2 𝛼

16
O2 + 𝑝H2𝑂 𝛼

16
H2𝑂   (3A.22) 

 𝑝N2  =
 (𝑀28−𝑝CO 𝛼

28
CO − 𝑝CO2𝛼

28
CO2)

𝛼28N2
  (3A.23) 

Then the mole fractions are found by taking the partial pressures and dividing by the total 

pressures. 

 𝑦𝑖 =
𝑝𝑖

∑𝑝𝑖
   (3A.24) 
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3.10 APPENDIX B: SUMMARY OF FFT AND EXTRACTION OF FIRST HARMONICS 
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Chapter 4. SUMMARY 

4.1 SUMMARY OF RESULTS 

This research work details a new method to deconvolute the contributions of RWGS and co-

electrolysis to CO2 consumption and CO production. Within the literature, there is no consensus 

on the governing rate laws for this combination of reactions. It is complicated by coupling of 

mass transport on the surface, gas phase, and bulk with thermodynamics and kinetics. It is further 

convoluted by differences in experimental set up, cell microstructure, and electrode material. 

Among the materials studied within the literature are MIECs, of which GDC10 is one. GDC10 

was chosen as an electrocatalyst here because of its activity, resistance to carbon deposition, 

resistance to degradation by oxidation, and its extensive characterization within the literature due 

to its use as an electrolyte12,21–25,27. 

Here, the effects of inadequate current collection were highlighted as a potentially convoluting 

phenomenon for interpretation of electrochemical characterization of cells. Experiments with a 

porous current collecting layer and without a porous current collecting layer of gold were 

completed and showed significant differences in impedance spectra. The low frequency arc 

resistances were orders of magnitude different, despite being studied under the same conditions. 

COMSOL modeling revealed how a combination of sheet resistance, electrolyte resistance, pitch 

of current collector mesh, and electrolyte thickness influence the spread of electrical current 

throughout the cell. At high sheet resistance, a smaller amount of cell area is used, while at low 

sheet resistance, the entire expected cell area is used. The amount of cell area used is also 

frequency dependent. The effect of inadequate current collection can make a reaction appear 

mass transport limited in shape when it is actually kinetically limited.  
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A 2D physics-based model was developed that fits well the asymptotic limits of the 3D 

COMSOL simulation.  The 2D model fails to capture an intermediate region, a region in which 

spread of current in the x and y dimensions matched the thickness of the electrode. Given the 

experimental cell parameters, the 2D model determined it was unlikely that sheet resistance 

should have been influencing the experimental results. The same was indicated from a literature 

review. The conclusion was that the gold meshes being used in the experiments were not 

properly contacting the surface of the electrode. This could be the result of a mechanism that 

prevents good electrical contact between the electrode surface and the mesh. It was 

recommended that, to mitigate the risk of inadequate current collection, a layer of porous current 

collector be used on top of the electrode if the electrode is not conductive enough by itself.  

The mitigation of uncertainty in current collection allowed more certainty in interpreting the 

results of all GDC10 cells within the lab. This included the novel technique development of 

Frequency Resolved Mass Spectrometry (FRMS). A vacuum reaction chamber was developed to 

enable online mass spectrometry that can be phase-aligned in the time domain with current and 

voltage perturbations in the electrode. The technique enables a deeper level of understanding of 

reaction mechanisms.  

While still in development, the FRMS technique has been demonstrated to have several 

strengths. It can correlate steady state change in current and voltage with gas phase data. It uses 

FFT to deconvolute signals that are unrecognizable with noise. It can detect higher harmonics in 

gas phase waveforms. Finally, it can reveal which gas phase species are active at different time 

scales by controlling perturbation frequency. This is information that cannot be retrieved from 

EIS or I-V curves alone. 
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It was concluded that co-electrolysis dominated the production of CO and consumption of CO2 

under the conditions studied. The RWGS was deemed negligible based on an I-V curve that 

showed no significant consumption of CO2 below 1.3 V despite significant production of H2, and 

an FRMS analysis that showed the peak consumption of CO2 and peak production of H2 and CO 

aligned with peak current above 1.3 V DC bias. FRMS phase analysis indicated that below 1.3 

V, a faint CO2 first harmonic signal was likely the result of a slow RWGS compared to water 

electrolysis. This was indicated by peak hydrogen presence nearly aligning with peak CO2 

consumption.   

It was also concluded that water electrolysis is more active than CO2 reduction because in 

nearly all frequencies and amplitudes attempted, hydrogen fluctuations were measurable. These 

fluctuations are typically 90 degrees out of phase with the current. Peak current is attributed to 

peak hydrogen production. The only time this was not true was at higher voltages (1.41 V) where 

more CO2 reduction was active. Estimation of gas phase RWGS rates indicated that gas phase 

RWGS was unlikely to be competitive in the vacuum chamber at 0.68 Torr.  

Based on impedance spectra, the GDC10/YSZ10/Pt cell is likely kinetically limited. This is 

indicated by the semicircular shape of all low frequency impedance arcs, none of which exhibits 

high frequency Warburg tails or Gerischer shapes. A stagnation layer mass transport model that 

couples gas phase diffusion with convection was consulted. It was found that mass transport was 

unlikely to be an issue because the vacuum created a situation in which the no-slip condition no 

longer held. The chamber’s gas species likely have Kn numbers between 0.01 to 1, in which the 

flow is no longer considered no-slip at surface.  
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4.2 FUTURE WORK        

Technique development of FRMS needs to continue to better understand its potential. Control 

of inlet feed composition should be a priority for future research. Because of the oxygen leak, it 

was impossible to study the reaction mechanism around equilibrium. The source of the oxygen 

leak has not been determined, despite significant efforts to do so.  A more effective process for 

baking out the vacuum system could have alleviated this problem.  Plastic tubing used for gas 

flow from pressure tanks should be replaced with stainless steel tubing to lower the likelihood of 

oxygen or water leaking into the gas lines. 

Unfortunately, the frequencies of the low frequency arcs were so low that much of them were 

impossible to study due to equipment limitations. This was likely caused by the high capacitance 

of the porous GDC10 electrode. It is recommended that thin films of GDC10 be used to 

eliminate uncertainties in microstructure and to reduce the capacitance so that lower frequencies 

can be studied. 

Quantitative gas analysis should also be pursued by calibrating the MS with pure gases after 

the MS air leak is resolved. Custom sensitivity factors and fragmentation patters need to be 

developed and periodically checked as the MS ages. Also, a water collection system should be 

added to the vacuum system to include water in a mass balance of species. Perhaps a humidity 

sensor downstream of the reactor could be used for water instead. For a better measure of CO, it 

is suggested to replace N2 with Ar as a diluent so that M28 is dominated by CO instead of N2. 

Quantitative gas analysis could have determined if the species were in RWGS equilibrium. 

Different flow compositions, voltage, AC perturbations, flow rates, total pressures, and 

temperatures should be investigated to further characterize the cell. Additionally, other electrode 
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materials, such as perovskites, can be painted on the inside or outside of the YSZ tube and 

studied with the apparatus setup. 

Modeling should be done of the coupling of the gas phase and current fluctuations. A micro-

kinetic model that assumes a rate law can be coupled with a sinusoidal perturbation of current. 

This model can explore expected gas phase fluctuations as a function of rate limiting steps or 

competitiveness between reactions. Modeling of gas flow within the vacuum system may allow 

further understanding of mass transport limitations. 

Finally, it is suggested to pursue an oxygen isotope exchange study. Water can be made by 

feeding hydrogen and 18O2 into a pre-reactor, before being fed into the vacuum reaction chamber. 

The water will be mixed with CO2 and CO within the vacuum reaction chamber. If 18O 

exchanges with CO2 and CO, then that could be measured by MS. The degree to which 18O is 

exchanged would be a measure and indicator of the degree to which surface and/or gas phase 

exchange is occurring for RWGS. 
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