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Abstract

Stability and Performance of Oxygen Electrodes for Reversible Solid Oxide Cells

Justin Gary Railsback

Worldwide, governments are beginning to take action to reduce anthropogenic CO2 emissions in
order to mitigate the extent of global climate change. The largest fraction of global CO2 emission
comes from electrical power generation, which is rapidly being replaced by wind and solar
installations. The intermittent nature of renewable resources requires that large scale energy
storage be implemented to ensure grid stability. Pumped hydro storage is currently the only
technology available for large scale energy storage; however, pumped hydro remains
geographically confined and susceptible to seasonal fluctuations and offers limited discharge
hours. Recent system level models predict that reversible solid oxide cells may be a competitive
solution, but two key advancements are required to realize the technology: low cell resistance (<0.2
Qecm? at <650 °C), particularly low polarization resistance at the oxygen electrode, and low
degradation rate (<0.5%/khr for 50,000 hours). The oxygen electrode is typically the largest
contributor to the total cell resistance, and when a cell is operated in electrolysis the oxygen

electrode is known to degrade quickly. This work focuses on both aspects of the oxygen electrode.

A PraNiOg4 based electrode is developed that has improved phase stability and good polarization
resistance (~0.1 Qscm? at 650 °C). The electrode is prepared by wet chemical impregnation

(infiltration) of Pr2NiO4 precursors into a Lao.oSro.1Gao.sMgo.203 scaffold. Electrochemical data for
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a number cells is presented and the number of infiltrations is optimized. Preliminary life tests and

X-ray data are presented.

Pressurization of the oxygen electrode is predicted to decrease its polarization resistance and
pressurization of the reversible solid oxide cell system is desirable to achieve high round-trip
efficiency. The electrochemical performance of mixed electronic-ionic conducting electrodes has
not been reported above 1 atm. Four candidate electrodes are examined under pressurization up to
10 atm: Pr2NiOg infiltrated Lao.oSro.1GaosMgo.203, SmosSrosCoOs infiltrated Ceo.9Gdo102, single
phase Lao.eSro.4Coo.2Feo803, and single phase Nd2NiO4. The role of the ion conduction mechanism
(vacancy or interstitial) is explored in relation to the decrease in polarization resistance with

increased pressure.

Current switched life-tests designed to emulate reversible solid oxide cell operating conditions
were performed for a range of current densities and overpotentials on three candidate systems:
composite Lao.7Sro.3Mn0O3-ZrogaYo1602, single phase LageSrosCoo2FeosO3, and LaxNiOs
infiltrated LageSro1GaosMgo203. The degradation mode of each system is determined by
impedance spectroscopy and post-test microstructural analysis. Operating regions of improved
stability are identified for each system based on the measured degradation rates. Overpotential is

determined to be the major controlling factor in Lao.7Sro.3sMnO3-Zro.4Y0.1602.

Analysis and modeling for predicting the long term degradation of an infiltrated electrode is
presented. Coarsening of the nanoscale features is thought to be the main contributor to
degradation under annealing for infiltrated electrodes and so a combined electrochemical —
coarsening model is presented to understand the limitations of such an electrode. The model is fit

to prior results to better understand the trade-off between coarsening rate and initial good
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performance. A figure of merit is presented for selecting materials for infiltration that takes into

account the coarsening behavior.
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Chapter 1
1.1 Introduction and Overview
The expansion of renewable power sources in recent years is motivated by the desire to mitigate
anthropogenic CO> emissions and avert global catastrophe. An effect of the conversion of the
established power grid to renewable sources is an increasing need for large scale energy storage
technology due to the fluctuating nature of wind, solar, and water resources. Recent developments
in reversible solid oxide cells (SOCs) suggest that the technology is competitive with other storage
schemes in terms of round-trip efficiency and cost per kWh stored, and has a unique key advantage
of very high maximum discharge hours. However, there are two issues that need to be addressed
for this technology to become a reality: the cell resistance at low temperature (~0.2 Qecm? at
<650°C) and the durability under current switching conditions (<0.5 %/khr degradation). These

two technological challenges motivate the developments that compose the body of work here.

Low cell resistance at low temperature is required to achieve high round-trip efficiency, as
described in chapter 2. The cell component that typically contributes the highest resistance at low
temperatures is the oxygen electrode, as the oxygen reduction reaction typically has a higher
activation energy than oxygen transport through the electrolyte or fuel oxidation at the fuel
electrode. The polarization resistance at the oxygen electrode can be lowered by changing the

structure, chemistry, or oxygen pressure at the electrode (Chapters 4 and 5).

Previous work on the durability of the oxygen electrode under current switched conditions
(mimicking electrolysis and fuel cell cycles of a storage system) have shown that the degradation
in LSM-YSZ electrodes is similar to degradation in solid oxide electrolysis cells. However, the

root cause of degradation remains an open question. Therefore it’s of interest to extend current life
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tests to other systems and look for similarities in the context of previously developed theories
(Chapter 6). Moreover, current switched life tests at a range of current densities and overpotentials
are required to determine whether stable operating conditions exist and what those conditions are

(Chapter 6).

Nanostructured electrodes are widely known to offer a path to low polarization resistance at the
oxygen electrode, owing to the high volume specific surface area of the active material. However
there is a trade-off between the high surface area and long term durability of the nanostructured
electrodes: high surface areas provide a driving force for coarsening at operating temperatures
where surface diffusion is sufficiently active. It is therefore desirable to determine what the right
combination of particle size and operating temperature is to have sufficiently low degradation at
an acceptable polarization resistance and to determine how to select materials that can meet those

criteria (Chapter 7).

The focus of each chapter is described briefly:

Chapter 2 outlines the fundamentals of SOCs including the thermodynamics and kinetics of
operation as they relate to energy conversion and storage. The materials properties and
microstructures of modern SOCs are reviewed with a focus on the oxygen electrode and low
temperature (450-650 °C) operation. The known degradation mechanisms that affect the oxygen

electrode in SOCs are reviewed and discussed.

Chapter 3 discusses specific methods used in this work in more detail than would be appropriate
for the experimental section of any particular chapter. These include sample preparation for SEM,

imaging conditions for SEM/EDS, and Impedance spectroscopy and circuit modeling.
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Chapter 4 discusses the development of a new low resistance PraNiO4 based oxygen electrode that
may be a good candidate for reversible SOCs. The electrode has improved phase stability
compared to other PraNiO4 electrodes and sufficiently low polarization resistance compared to

other oxygen electrodes generally.

Chapter 5 reports the operating characteristics of four different candidate electrodes for SOCs
under oxygen pressures up to 10 atm. Two of the electrodes are analyzed in detail to investigate
the role of different itinerant oxygen ion defects on observed changes in pressurized performance.
The results suggest that rare-earth nickelates may have an advantage in pressurized conditions

compared to perovskite materials and confirm trends from lower pressure studies.

Chapter 6 explores the durability of oxygen electrodes under current switching operation. Three
different materials systems are used and subjected to thousands of hours of current switched
operation under varying current densities. Electrochemical data of the life-tests are presented along
with microstructural data to establish trends in how these electrodes degrade under different
operating conditions. More stable operating conditions are determined, and some failure

mechanisms are determined.

Chapter 7 explores the role of nanoparticle coarsening in the degradation of nanostructured oxygen
electrodes. A refined electrochemical coarsening model is presented and fit to a previous student’s
data. Predictions on the long term performance of the electrodes and a figure of merit for the

selection of nanostructured electrodes is presented.

Chapter 8 summarizes the work performed here and gives a perspective on future directions for

research relating to the stability of oxygen electrodes for reversible solid oxide cells.
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Chapter 2: Background

2.1 Climate Change, Renewable Energy Adoption, and Energy Storage

Following the grim evaluation of the climate future written in the International Panel on Climate
Change (IPCC) 2014 report !, international cooperation has intensified to combat anthropogenic
climate change 2. The United States has recently committed to the first universal agreement on
emissions reduction from the Paris talks  that mandates our CO2 production be limited to a total
of 6.6 million additional gigatons of CO2 by 2100. The overarching goal is to limit the temperature
anomaly to 2° C by the end of the century by reducing greenhouse gas emissions. Half of this goal
would be met if just 36% of energy production were renewable by 20302. In the United States,
about half of CO, emissions are from power generation and related industrial activity 4, so
compliance with the agreement means increasing the fraction of electricity generated by renewable
sources, especially by developing wind and solar resources. Detailed plans at a state by state level
exist for utilizing our renewable resources to meet or exceed the entire current energy demand?.
The rapid decline in the cost of solar energy and advancements in offshore wind technology are
bringing the cost of renewable energy on a levelized cost/kWh basis very close to our already
developed coal and natural gas sources (including tax credit)®. The combination of international
cooperation and increasingly cost competitive renewable technology makes it ever more likely that
the worst consequences of anthropogenic climate change may be averted. However, one of the last
technological hurdles damping the adoption of more widespread renewables is the issue of large

scale energy storage.
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Wind and solar resources are fluctuating and intermittent over hours, days, and seasons. Moreover,
electricity demand also fluctuates daily and seasonally, making it difficult to rectify these supply
and demand curves. Currently, matching electricity supply to demand is accomplished using
peaker plants and by changing production rates at baseload facilities. Wind and solar have less
control over production rate than a natural gas or nuclear power plant and so a similar rectification
strategy is not possible. Increasing the fraction of renewable power sources in the US electrical
grid(s) will therefore lead to instability or significant power curtailment without a large scale
storage option. Figure 2.1 shows the National Renewable Energy Laboratory’s projections for
curtailment as a function of renewable production fraction. Curtailment in this case is a term
meaning the purposeful conversion of over-production of electricity to heat through a variety of

methods including turbine breaking, shunting to resistors, and impedance shifting’.
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Figure 2.1. NREL projection of renewable energy curtailment as a function of the energy mix.

Reproduced from®

Recent studies of power usage in the United States indicate that, in order to have a 100% renewable

energy grid, between 15-20% of annual power output must be stored at any one time®. As of 2014
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the annual US electricity production was 4.1x10% Wh, suggesting about 8.1x10*" Wh of energy
storage space is required to meet US demand'®. Energy storage development is consequently a
very active area including advancements in flow batteries ', pumped hydroelectricity'?*,
compressed air energy storage’*, and hydrogen storage®>!6. The energy storage association (ESA)

compiles data on energy storage advancements for power conditioning and longer term storage

Figures 2.2 and 2.3.
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Figure 2.2. Capital cost of power system versus round-trip cost of stored energy*’
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Figure 2.3. Power rating versus discharge time for various storage technologies'’

Currently, the only large scale energy storage technology in use is pumped hydroelectricity, but
this technology is affected by seasonal variations and is limited to wet, mountainous regions.
Stable storage time on the order of months is a difficult challenge (note y-axis of figure 2.3) and a
more promising solution is electrolysis of a feedstock to stable products®®, Many technologies
must also be cost competitive with activating a peaker plant on a levelized basis unless storage
becomes federally subsidized or mandated. A good storage technology will therefore have storage
times of thousands of hours, round trip efficiencies commensurate with electricity cost (>~70%),

and levelized cost/kWh stored on the order of a few cents/lkWh (2016 USD)*8:1°,

While developments in flow battery technology and compressed air energy storage are gaining

notice, solid oxide cells (SOCs) have also recently become a promising technology®2°. Solid oxide
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cells offer stable, energy dense storage products through the co-electrolysis of water and CO2 while
also delivering high round-trip efficiencies. Solid oxide cells have historically been a high cost
option for energy conversion, but high round-trip efficiencies and new low-temperature materials
are beginning to enable competitive embodiments for energy storage®®. This work focuses on the
performance and degradation of one of the components of a solid oxide cell, the oxygen electrode,
with the aim of understanding and improving the component’s durability and performance for grid

scale energy storage applications.

2.2 Solid Oxide Fuel Cells

A solid oxide cell is an electrochemical energy conversion device that converts chemical energy
to useful electrical work by separating a combustion reaction into two half reactions mediated by
an external electrical circuit and a ceramic membrane that transports oxygen ions. When operated
in forward mode to consume fuel it is known as a solid oxide fuel cell, and when operated in
reverse is it known as a solid oxide electrolysis cell, or for simplicity just a solid oxide cell for
either direction (SOC). The electrodes (fuel electrode and oxygen electrode) play critical roles in
catalyzing the half reactions and transporting ions to and from the electrolyte and electrons to and

from the circuit. Figure 2.4 shows a schematic embodiment of a solid oxide fuel cell.
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Figure 2.4. Diagram of a solid oxide fuel cell

2.2.1 Electrochemistry

2.2.1.1 Reactions

Fuel is supplied to the anode of a solid oxide fuel cell as hydrogen or a hydrocarbon where it is
oxidized by oxygen ions from the electrolyte material. The anode reaction for the hydrogen case
IS:

(Equation 2.1)

H, + 0%~ > H,0 + 2e~

An oxygen chemical potential gradient is formed across the electrolyte between the fuel side and
the air side and both oxygen vacancies and oxygen ions move in response. Oxygen from the air

side of the device adsorbs into the cathode and is split into atomic oxygen, charged, and enters
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available vacancy sites to be transported across the electrolyte. The cathode reaction can be written

as:

(Equation 2.2)

1
502 +2e” - 0%

Reactions on both sides of the device are completed by exchanging electrons with an external

circuit where the electron flow is opposite the oxygen ion flow. The complete reaction is then:

(Equation 2.3)

Z0,+H, » H,0

2.2.1.2 Nernst Potential
The work, in the form of electricity and heat, extracted for use by an SOFC is directly related to

the Gibbs’ free energy of the electrochemical reaction at standard conditions:
(Equation 2.4)
Wyep = AG = —nFE

Where n is the number of moles of electrons involved in the reaction, F is faraday’s constant
(96,480 C/mol), and E is the ideal cell (Nernst) potential. The potential which arises from a

chemical potential of oxygen across the electrolyte can be written:

(Equation 2.5)
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RT Il product fugacit
F=fo— ( p fug y)

nF  \Il reactant fugacity

The fugacity of the product and reactant gases are generally approximated to be equal to the partial

pressures of the gases. The Nernst potential is:

(Equation 2.6)

RT p(H,0)

E = E° — ﬁln 1
p(H3)p(0,)2

This is the ideal voltage of an SOFC at these operating conditions in open circuit. However, this
voltage is never actualized and the observed voltage, particularly under a current load, due to

kinetic losses in the device.

2.2.2 Kinetics

Voltage losses in an SOFC are the result of slow reaction rates at the electrodes, ohmic losses in
the electrolyte, and gas diffusion limitations. These losses are displayed graphically in figure 2.5

showing the theoretical cell potential and a typical current-voltage plot for an SOFC.
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Figure 2.5. IV curve and associated voltage losses in a typical SOFC?

2.2.2.1 Activation Polarization

The activation polarization is caused by languid reaction kinetics at the electrodes. The atomistic
details and exact reaction pathways of the half reactions at the electrodes (egs. 2.1 and 2.2) are
complex and involve many steps dependent on the exact surface structure and chemistry of the
electrodes. Each step of each half reactions has its own rate and activation energy that can vary
between materials and operating conditions. Practically, these series of steps are characterized by
a single lumped activation overpotential and associated polarization resistance. The activation
overpotential is typically described by the semi-empirical Tafel equation for a typical overpotential

(50-200 mV):

(Equation 2.7)

_ RTl (])

Where R, T and F have their typical meaning, n is the number of moles of electrons involved in
the reaction, o is electron transfer coefficient of the electrode (typically ~0.5), j is the applied
current, and jo is the exchange current density. The exchange current density is described by the
linearization of the 1V plot using the Tafel equation (Figure 2.6). Physically it is a description of

the rate of forward and reverse reactions at open circuit voltage.
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At lower currents the activation polarization is better approximated as:

(Equation 2.8)

2RT j
Nact = F asinh (E)

Using this form, the derivative is closely approximated by another easily experimentally accessible

value defined as the polarization resistance, owing to its similarity to Ohm’s law:

(Equation 2.9)

R dV] RT
P — . =~ — B
dj =0 nFj,
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The large voltage drop at low currents in figure 2.5, highlights the importance of using an electrode
that promotes fast reaction Kinetics. jo depends on the chemistry, microstructure and gas

environment of the electrode.

2.2.2.2 Ohmic Polarization
The ohmic polarization arises due to conduction losses in the electronic, ionic, and contact

components of the cell and is defined:

(Equation 2.10)

Nohm = j(Relectronic + Rionic + Rcontact)

For electrolyte supported cells and button cells generally, the ionic component is far greater than

either the electronic or contact resistances and is typically approximated:

(Equation 2.11)

Ronmic = Rionic

Contact resistance becomes significant in large planar anode supported cells. The large losses in
the resistance loss portion of figure 2.5 highlight the importance of using an electrolyte with high

ionic conductivity.

2.2.2.3 Concentration Polarization
Concentration polarization, also known as gas transport loss, results from depleting the reactant at
the electrode faster than it can be supplied and so is limited by gas phase diffusion of reactants.

This loss typically appears at higher current densities or low reactant concentrations for typical
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electrodes and is affected by electrode microstructure and diffusion properties of the gas.

Mathematically, the concentration polarization can be described:

(Equation 2.12)

Where j is the limiting current defined as the current density resulting in zero cell voltage.
2.1.1 Efficiency

The efficiency of an SOFC is a combination of the reactant thermodynamics, kinetic losses, and
fuel utilization. The reversible thermodynamic efficiency of the reactants is defined as the ratio of
the extractable work to the change in enthalpy of the products and reactants. The higher heating

value of enthalpy is used as the products are exhausted and returned to ambient temperature:

(Equation 2.13)

AG
€Ethermo — E

The voltage efficiency is the ratio of the Nernst potential of the cell and the actual operating

voltage:

(Equation 2.14)

Vactual _ Enernst — Nact — Nohmic — Nconc

Evoltage -

ENernst ENernst
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The fuel utilization efficiency arises from the fact that not all the fuel fed to the anode will be

oxidized and is described as the conversion rate divided by the molar flow rate:

(Equation 2.15)

s
nkF

Vfuel

€fuel =

Where v, is the fuel flow rate (mol/sec). The overall SOFC efficiency is then:

(Equation 2.16)

€total = €thermo " Evoltage " Efuel

An implication of this efficiency formulation is that operating at higher current densities leads to
lower efficiencies, and yet higher power densities per cell are desirable for reasonable capital costs.
Ultimately, from figure 2.5 and equation 2.14, the best way to maintain high efficiency at

reasonable power density is to minimize the activation and ohmic losses.

2.3 Reversible Solid Oxide Cells

2.3.1 Introduction

The reversible solid oxide cell (ReSOC) refers to an SOFC that is designed to operate under
electrolysis conditions for a significant period of its lifetime. The target application for the ReSOC
is closed loop energy storage for a more stable grid coupled with renewable sources (Figure 2.7).
Under electrolysis conditions, the fuel side of the device is enriched in reaction products and

current is driven backward through the device to reverse the half reactions at the electrodes (green
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arrows). The device can be operated in fuel cell mode (red arrows) to provide efficient energy

conversion.
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Figure 2.7. Diagram of a reversible Solid Oxide Cell adapted from??

2.3.2 Electrolysis and energy storage

2.3.2.1 Efficiency of storage

The ideal round-trip efficiency of a ReSOC at the cell level is defined as:

(Equation 2.17)

c = Vsorc
VsoEc

Where Vsorc is the operating voltage actual in forward mode and Vsoec is the operating voltage
actual in reverse mode. These voltages are subject to the same losses compared to the Nernst

potential as discussed in section 2.3. Note there is no fuel utilization term as a reversible fuel cell
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is a closed system and waste streams are not exhausted. However, an additional requirement for
ReSOCs is that they be thermally self-sustaining in electrolysis mode. This is not an issue for
SOCs operated in forward mode as the overall reaction (eq. 2.3) is exothermic. Rather than employ
heaters, a typical method for overcoming the heat requirement of the endothermic electrolysis
reactions is to operate at a voltage such that the joule heating of ions moving through the electrolyte

balances the energy requirements. This voltage is known as the thermoneutral voltage Vn:
(Equation 2.18)

AH

Vsorc = Vrn = 7

Figure 2.8 illustrates a typical 1-V curve for a ReSOC operated on 50% H2/50% H>O mixture,
indicating the thermoneutral voltage. The thermoneutral voltage requirement puts hard limits on
the round-trip efficiency that present a challenge for the commercialization of the technology. For
example, at 800 °C and 1 atm, for H2O electrolysis, AH = 248.3 kJ mole™, Vsoec > 1.3 V, and for
COz electrolysis, AH =282.4 kI mole™, Vsoec > 1.48 V. A reasonable operating voltage in forward

mode (at about 0.5 A/cm?) is 0.87 V, which would yield efficiencies of 67% for H,0O and 59% for

COa.
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generated consumed \V oltage Heat generated
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Figure 2.8. Typical I-V behavior of a ReSOC indicating the thermoneutral voltage reproduced

from?3.

2.3.2.2 Storage Chemistry and Thermodynamic Considerations

The outlook on round-trip efficiency is not as bleak as the thermoneutral voltage requirements
might make it seem, as the AH term in equation 2.18 can be changed by temperature, pressure, and
chemistry. The storage chemistry in particular is important as the co-electrolysis of water and CO-
that occurs at lower temperatures to produce methane is less endothermic than either the H>O or
CO: electrolysis reactions alone. Figure 2.9 shows the pressure and temperature effects on the

methane content of outlet gas stream using a water and CO> feedstock.
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Figure 2.9. (a) corner of the O-H-C phase diagram showing the gas constitution of the feedstock
tank (Pt. 1) and Fuel tank (Pt.2) as well as graphite forming boundaries at 600 °C and 700 °C and
1 and 10 atm. (b) methane content at Pt. 2 as a function of temperature and pressure simulated

using thermocalc software reproduced from?2.

The less endothermic electrolysis reactions that form high methane fractions at higher pressures
and lower temperatures result in a lower thermoneutral voltage. The temperature and pressure

effects on the thermoneutral voltage are displayed in figure 2.10.
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Figure 2.10. Thermoneutral voltages as a function of temperature at 1 and 10 atm. The shaded
regions represent the Nernst potential as a function of temperature and at the storage and fuel gas

constitutions. Reproduced from?2

The closer the thermoneutral voltage is to the Nernst potential, the more efficiently the cell can be
operated and maintain temperature. The ability to drive the thermoneutral voltage toward the
Nernst potential was the fundamental development that allowed ReSOCs to become competitive
as a storage technology, as they are no longer limited to low round-trip efficiencies. Therefore, the
pressurization of the SOC stack is a key feature that transforms an unworkable technology into a
competitive one. This development has motivated recent system-level simulations to understand
how a realized ReSOC system would compare to existing storage technologies. It is important to
note however, that relatively little is known about the behavior of an SOC, especially the electrode
components, under pressurization. Later chapters investigate oxygen electrode pressurization

experimentally.
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2.3.3 Comparison to other storage methods
Large scale energy storage is necessary to convert the energy grid to a distributed, renewable
system. A good storage system is judged on the basis of three main criteria: cost per kilowatt-hour
stored, maximum discharge hours, and round-trip efficiency. The round-trip efficiency was
addressed in the previous section, and for a ReSOC operating at 600 °C with an Rp of 0.2 Qscm?
at about 0.5 A/cm?, a round trip efficiency of 80% at the cell level is possible. This is comparable
to the round trip efficiency of a Li-ion battery, for example. The stable storage time for a ReSOC
fuel supply is essentially on a geologic time scale since the fuels are stable. The fuels are also
energy dense compared to compressed air or water and so have a longer discharge time for a given
volume. Discharge on times on the order of months are possible. However, the cost for a ReSOC
system is high, and difficult to estimate because of the sophisticated balance of plant. Recent
studies were performed exploring the techno-economic performance of a ReSOC system'°?4, The
study by Jensen et. al. proposes an embodiment that utilizes geologic storage for the ReSOC fuels
and CO; feedstock, largely because the storage tanks are the largest single cost component of the
system. Figure 2.11 shows the result of this simulation as compared to other storage technologies.
Without geologic storage, using steel pressure vessels, the ReSOC is about twice as expensive as

displayed on the chart.
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Figure 2.11. Comparison between existing storage technologies and ReSOC reproduced from?*®

Currently the only technology competitive with ReSOCs is pumped hydroelectricity, but it’s only
available in certain geographical regions and is subject to seasonal variations. H» storage suffers
from low round-trip efficiencies due to limitations in the thermoneutral voltage for SOCs operated
on water, and high overpotentials for PEM fuel cells. Other technologies are useful for power

conditioning and daily storage, but are incapable of long-term storage.

2.4 Current State of the Art Solid Oxide Cell Materials

The projected economic performance of a reversible solid oxide cell energy storage system
depends on being able to achieve low cell resistances (<0.2 Qecm?) at low temperatures (450-650
°C). Reducing the operating temperature of a solid oxide cell while maintaining low cell resistance

is difficult because the reactions at the electrodes and oxygen transport through the electrolyte are



42
Arrhenius processes. This challenge can be met by optimizing both the microstructure of the cell
and the materials of which it is composed. The following is a brief review of current materials and

microstructures as they relate to low-temperature SOCs.

2.4.1 Electrolytes
The primary function of an SOC electrolyte is to transport oxygen ions and block electronic
conduction. The metrics used to describe these characteristics are the oxygen ion conductivity o

and ionic transference number:

(Equation 2.19)

Eq
o;T = Aexp (— k_T>
and,
(Equation 2.20)
Tign = —
on = 5. + g,

Where oi is the ionic conductivity, ce is the electronic conductivity, Tion the transference number,
A an exponential prefactor, Ea the activation energy for oxygen diffusion, and k and T have their

usual meaning.
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Figure 2.12. Conductivity of electrolyte materials that have been successfully employed in low
temperature SOCs. The dotted lines represent the thickness of the electrolyte to achieve an ohmic

resistance of 0.1 Qscm? at 10 and 1 um. Reproduced from?

Figure 2.12 shows the ionic conductivity of electrolyte materials under investigation for low
temperature SOCs. Yttria stabilized zirconia ZrossYo.1602-s (YSZ) is the prototypical electrolyte
material owing to its good ionic conductivity, near unity transference number, good mechanical
strength, favorable thermal expansion coefficient, low cost, phase stability between 25 and 1000
°C, and stability in both reducing and oxidizing conditions. However, this electrolyte must be
processed to less than ~3 microns to achieve the target resistance (0.1 Qscm?) value at ~600 °C,
which can be challenging (Figure 2.12). Scandia stabilized zirconia (ScSZ) has a notably higher
conductivity than YSZ?® and meets the requirements for operation at 600 °C, though it comes with
challenging stability issues?’. LaosSro2GaosMgo10s5 (LSGM) is a promising material, having
many of the same qualities as YSZ, and with higher ionic conductivity?®. Several examples of high

performing LSGM based cells exist?® 3°3! and it has the added benefit of being chemically
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compatible with many high performance cathode materials. However, there are concerns about
LSGM’s reactivity with nickel, a typical anode material®*33, Anodes for LSGM electrolyte cells
must therefore be either processed at low temperatures when using a Ni-based anode3*%,
Ce0.9Gdo.102-5 (GDC) has high conductivity, low-cost, and simple processability, sharing many
characteristics with YSZ3¢%. Many examples of GDC based cells exist including a metal
supported variety produced commercially by Ceres Power. However, GDC is known to be mixed
conducting in the low pO, environment at the anode®. For thin electrolytes, mixed conductivity at
the anode leads to a reduction in the open cell voltage and the power density achievable at practical
operating conditions (around 0.7 V). Newer bismuth based electrolytes (DWSB and ESB) show
promise but are not as well developed as YSZ, ScSZ, LSGM, or GDC. Concerns about the long
term stability of bismuth based systems persist, though DWSB has seen fledgling commercial
development at Redox Power®®. Chief concerns about bismuth based systems are the metastable
phases observed upon cooling®, and low melting point, limiting processing with other typical fuel
cell materials. Moreover, they are not stable in contact with the low pO. fuel atmosphere and must

be used with a barrier layer such as ceria*!. The materials space for SOC electrolytes is not fully

explored, and remains an area of active research.

2.4.2 Fuel Electrode materials

Fuel electrode materials will be discussed briefly here for completeness, but are somewhat outside
the scope of this work. Important concepts and some design considerations are introduced here.
The archetypal SOC fuel electrode consists of a porous cermet, typically a mixture of electrolyte

particles and metallic nickel. The electrochemical half reaction to oxidize the supplied fuel occurs
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in the vicinity of the three phase boundary (TPB) between the gas phase, nickel metal, and

electrolyte material:
(Equation 2.21)
H,(gas) + 05 (electrolyte) - H,0(gas) + 2e~ (Ni) + V" (electrolyte)

Under electrolysis this reaction proceeds in the reverse direction. The nickel provides an electronic
conduction path, the electrolyte material provides an ionic conduction path, and the gas phase
allows for fast mass transport of reactants and products. The reaction is confined to within a few
nanometers of the TPB and so is thought of as a 1 dimensional curve in 3-space*?. Anodes of this
type are therefore typically described in terms of their volumetric TPB density. The transmission
line model (modified in chapter 7) provides the link between the microstructure and polarization

resistance for an electrode®:

(Equation 2.22)

R l
LS oth| 1 |TPB

RP =
Oilrpp OiRs

Where R is the polarization resistance of the fuel electrode, R, is the polarization resistance per
unit length of TPB, o; is the ionic conductivity of the ion conducting phase (electrolyte), I pgis
the length of TPB per unit volume, and L the thickness of the electrode. For a typical anode
composed of a YSZ-Ni cermet, there has been extensive work done in determining the value of
R, at various temperatures and typical anode atmospheres using model electrodes**. For a cermet
with similar volume fractions of YSZ and Ni, the theoretical polarization resistance in the thick

anode limit can be calculated for a range of temperatures and particle sizes (Figure 2.13).
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Figure 2.13. Theoretical polarization resistance for a Ni-YSZ anode in the thick electrode limit

for a range of particle sizes and temperatures, reproduced from?,

This shows that to meet the target resistance (<0.1 Qscm?) between 550 and 650 °C for a Ni-YSZ
anode, the microstructure must be very fine, ~100 nm particles. This type of microstructure may
leave the electrode susceptible to coarsening over the operational lifetime due to high surface area
to volume ratios in the nickel phase. Moreover, it may be difficult to achieve such a fine
microstructure through typical powder processing due to the high sintering temperature of YSZ

(~1400 °C), and more novel low temperature methods such as infiltration may have to be

employed.

In the previous section it is noted that electrolyte materials will likely be different than YSZ, and
have higher ionic conductivity. Equation 2.22 shows that increasing the ionic conductivity in the
thick electrode limit reduces the expected polarization resistance. R, ¢ values are not as well known
for Ni-GDC or Ni-LSGM, though there are reports showing low total polarization for full cells

utilizing these anodes?>*°. Nanostructured anodes produced by infiltration in LSGM have been
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shown to possess high triple phase boundary densities and low polarization resistance (Figure

2.14).

Figure 2.14. Ni infiltrated LSGM showing fine Ni particles supported on an LSGM scaffold with

high TPB density?.

The coarsening of these nanostructured electrodes under reduced operating conditions remains an
open question as to whether they will maintain low enough polarization resistance at required

device lifetimes (50,000 hours).

An exciting new direction in anode materials is utilizing mixed conducting oxides to serve as both
the electronic and ionic conducing components, effectively allowing the electrochemical reaction
to take place anywhere on the surface of the oxide. These materials also have the benefit of low
coking during operation as carbon allotropes to not typically build up on oxide surfaces compared
to transition metal surfaces. Lanthanum chromates, strontium titanates*®, and strontium
molybdenates*’ substituted with various transition metals have proved to be promising candidate

materials delivering polarization resistances of 0.1 Qecm? as low as 750 °C*®. Moreover small
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amounts of precious metals have been substituted into these oxides to yield exolved nanoparticles
during operation®®. These materials show promise in moving toward a mixed conducting oxide
anode. However, to date these materials have much higher polarization resistances than Ni cermets
at temperatures where reversible SOC operation is most economical (550-650 °C). The materials
space for all oxide anode materials has not been fully explored and there may be materials yet to

be discovered that work for low temperature applications.

2.4.3 Oxygen electrode materials
To prepare the reader for the rest of the experimental work which focuses on the oxygen electrode,
this section will cover details of oxygen electrode chemistry, structure, materials parameters, and

microstructure.

The most well studied high temperature solid oxide cell oxygen electrode is a composite of
ionically conducting YSZ and electronically conducting (La1-xSrx)MnOs (LSM) (Figure 2.15). The
A-site in this perovskite material is typically engineered deficient to prevent Sr reactivity with
YSZ. The optimized Sr value for x is 0.5, though most groups use 0.2 or 0.1 to prevent zirconate
phase formation if higher temperature firing steps are used®2. Similar to the Ni/YSZ anode, the
electrochemical reaction takes place at TPB sites where the LSM meets the YSZ. These electrodes
can be described by the Tanner-Fung-Virkar model similar to (equation 2.22) using a line specific
resistance®. The resistivity of the TPB joining the gas phase, YSZ and LSM at a typical operating
temperature of 800 °C is 1.26 — 1.9 x 10° Q « cm as determined by patterned electrodes and full
electrode 3-D reconstruction®:®*. The processing and microstructure for this material has been
optimized. The LSM-YSZ electrode is only useful at high temperatures (800-1000 °C) due to its

high area specific resistance at lower temperatures and so is not viewed as suitable for a realized
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ReSOC system. However, the abundance of literature available for this electrode makes it an ideal

model for life-tests as treated in section 6.2.
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Figure 2.15. Microstructure of a typical LSM-YSZ oxygen electrode®!

The polarization resistance associated with the oxygen electrode R, is a key issue for meeting
resistance targets for ReSOCs at low temperatures. The large activation energy associated with the
oxygen reduction reaction causes R to be the dominant cell loss as temperatures are reduced.>>->’
A good cathode material for low temperatures must have sufficient electronic conductivity
(typically > 100 S/cm at 600 °C), good thermal expansion coefficient matching with electrolyte
materials ~ 10 —12.5 x 107 K~ and phase stability over the processing and operating
temperature range®. Long term stability is also a critical issue that will be examined later in this
document (Chapters 6 and 7). If these above criteria can be met, then the R, can be understood
and even predicted by a combination of other materials parameters and microstructural parameters.
The oxygen reduction reaction is a complex process that includes surface exchange processes
(including O-adsorption, dissociation and charge transfer), O-ion diffusion (along the oxide
surface or bulk), and O-ion transfer across the electrode/electrolyte interface. However it is

typically understood that the rate limiting steps are grouped as oxygen surface exchange and
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oxygen bulk/surface diffusion.>®>” Following this understanding, the best low temperature cathode
materials are mixed electronic and ionic conductors (MIECs) as the ORR can take place on the
surface of the material rather than just the TPBs®. These materials are characterized by high
oxygen surface exchange coefficients k and oxygen bulk diffusion coefficients Ds. The
microstructure of the electrode also plays a role as the electrode must have high internal surface
area to maximize the number of sites available for the oxygen reduction or evolution reaction. The
electrode must also have sufficient porosity and tortuosity for gas phase transport of oxygen. These
microstructural and materials parameters are related to the R, through the Adler-Lane-Steele

model®® which predicts a chemical resistance Rxenm, typically the main contributing factor to Rp:
(Equation 2.23)
RT 1

Repem = 4F2 T
\/4aTROCOx§D5

Where R, T, and F have their usual meanings, a is the specific surface area of the solid phase, € is
the porosity of the electrode, t is the tortuosity of the solid phase, R, is the molar surface exchange
rate which is related to k through the incorporation mechanism®®, ¢, is the concentration of mobile
oxygen in the solid, and x is the itinerant O-ion defect concentration (vacancies or interstitials).
This description of the polarization resistance of the oxygen electrode is valid for a single phase
material where the total electrode thickness is greater than the utilization length 5 and the

characteristic particle size of the electrode is smaller than Is:

(Equation 2.24)
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L= (1 —€)Dgcoxy
6= 4atR,

Physically this describes the situation where oxygen vacancies or interstitals can move quickly
enough from the electrolyte to the surface of the MIEC such that the surface of the MIEC is used

more evenly active and out of the TPB-like regime used to describe anodes (Figure 2.16).

Particle Diameter m

Figure 2.16. Qualitative sketch of an MIEC particle where the particle size is a) smaller than [

and b)larger than Ls. The lines in the particles are vacancy concentration contours. Adapted from>e,

For poor ion conductors such as the prototypical high temperature cathode material (Lai-
xSrx)MnOs (LSM), this utilization length is on the order of a few tens of nanometers, leading to a
TPB description for these high temperature oxygen electrodes, while MIECs such as
Lag 6Sro4Coo2FeosOs (LSCF) can have utilization lengths larger than 10 microns®*°8. From
equation 2.23, the Rp can be minimized by maximizing the internal surface area of the electrode,
the surface exchange rate, and the oxygen diffusion. However, nanostructuring the electrode for
high surface area may lead to fast degradation rates even at reduced temperatures because of the

high driving force for coarsening leads to reduced surface area within the device lifetime (Chapter
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7). The surface exchange rate and the oxygen diffusion are dependent on the chemistry of the

materials.

Among candidate MIECs for oxygen electrodes there are three main families of perovskite related
materials: cubic perovskites (ABO3), layered perovskites (AA’B20e¢), and Ruddlesden-Popper
(RP) phases (An+1BnOzn+1). Layered perovskites are not used experimentally later in this work, but
are described here for completeness. Figure 2.17 shows the structures of these oxides. All of these
materials have a 6-fold coordinated transition metal (BOs) scaffold joined at the vertices along
which electronic conduction takes place. At the A-site exists either lanthanide or alkaline earth
metals, the distribution of which determines the crystal structure and the type and amount of O-
ion point defects®. For cubic perovskites, the alkaline earth (Ca, Sr, Ba) and lanthanide (Ln= La,
Nd, Pr, Sm etc.) metals are randomly distributed on the A-sites and oxygen vacancies are randomly
distributed on the oxygen sublattice (Figure 2.17a). In the double perovskite compounds a large
difference in radius between two A-site cations drives ordering into layers. Typically Ba is the
large alkaline earth metal used with an A’ Ln. In these layered perovskites, the Ln ion decreases
its coordination number, localizing oxygen vacancies to the LnO layers. This leads to two
dimensional oxygen ion transport in these materials, leading to different k and Ds values for
different crystallographic directions, but decreased electrical conductivity perpendicular to oxygen
transport®:%2, In the RP series materials, the n=1 phase (A2NiO.) is typically of greater interest
than higher order phases. In these materials, the bond length difference between the B-O and the
A-O bonds leads to layering of AO and ABOs layers that can be thought of as alternating rock salt
and perovskite structures (Figure 2.17c). The free space in the rock-salt layers allows the

introduction of O-interstitial defects to reduce the free energy of the structure®. Within n=1 RP
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materials these interstitial oxygen defects are the primary mobile species for oxygen transport,
though vacancies may still exist in the perovskite layers. The layered transport of oxygen causes

anisotropy of the material’s activity toward the oxygen reduction reaction®.

Perovskite ABO, Double Perovskite AA'B,0 5
< alkali . A = high radii alkaline earth {i.e. Ba) Ruddlesden—PopperA,BO,,;
A = alkaline earth or lanthanide metal = ; : 1
B = Transition metal A’ = low radii lanthanide metal A = lanthanide or alkaline earth
Dovmcancy randomiv disinbatic 8 = Transition metal (i.e. Co) B = Transition metal (i.e. Ni)
¥ Y O-vacancy located on A'O layer O-interstitial located on AO layer

eree

orrw®

Figure 2.17. Structures of a) perovskite b) double perovskite and c) Ruddlesden-Popper MIECs.

Reproduced from?

Perovskite MIECs have been studied extensively for use as oxygen electrodes, and a wide range
of Kkinetic data is available for these materials (k and D). Figure 2.18 shows kinetic data for the
most active and well-studied perovskite compounds including the LaixSrxCo1yFeyOs.s (LSCF)
system, the Bao 5Sro5C01.yFeyOs.5 (BSCF) system, and the Sm1.xSrxCo0z-5 (SSC) system. LSCF is

an especially attractive material because it is stable across the whole Fe-Co composition space and



54
has good electronic (100-1000 S/cm) and ionic conductivities (0.001-0.1 S/cm) at 600 °C®. The
iron rich LSCF Lao.eSro4Co0o.2FeosOs is widely used because its thermal expansion coefficient
matches more closely with commonly used electrolyte materials, despite the Co rich compounds
typically having smaller polarization resistances®®. Note in figure 2.18 that there is a wide
dispersion of k* and D* values for similar composition and even identical compositions of LSCF.
The surface of the material is especially important for k* as different surface reconstructions,
contaminants and SrO surface segregation are thermal history dependent and change the measured
k*. Exacerbating this situation further is that a number of techniques exist to perform isotope
exchange depth profiling and conductivity relaxation that must be matched to the correct sample
geometry (pellet, porous sample, film etc.) without knowing the utilization length a priori®” e,
This leads to further errors as some techniques are more surface sensitive than others and the

sample geometry may or may not be appropriate for the method applied.
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Figure 2.18. Literature isotope exchange data for perovskite cobalt-ferrite materials, including (a)

k* versus temperature and (b) D* versus temperature. In those cases where chemical coefficients
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were reported, the isotopic oxygen diffusion and exchange coefficients were estimated by using
thermodynamic factor and oxygen concentration data of the same or similar compositions (*).
Symbols represent literature data for: BaosSrosCoosFeo20ss5:—a-% - 70 (*¥)u-T1
(*).Lao6Sro.4Co1-yFeyOss: y = 0.2: —=-"2 (*),-a-"3 (*); y = 0.4: “(*),y=05 v B (*)y=
0.8: 576 (%), 3 (*). La1xSr«C003.5: X = 0.1:—a— "7 x = 0.2: —o— 78 —a— 79 80 (%) " 8I.

X =04 —a 82, _A_ 82' A 83 (*)’_A_ 84(*); X =05 - 80(*)’_0_ 83(*)’ X =07 —* 85 _— 80(*)'

SM1xSrkC0035: X = 0.0 8; x = 0.2—9— 8: x = 0.4-4- 8, x=0.5: 8 — - 87(*): x = 0.6:

8, LaixSrxFe0ss:x = 0.1:-8- %% x = 0.25:-- %% x = 0.4-+- %°, Adapted from [Ref*]

Still, some general trends within the kinetic data from the perovskites can be identified. In cases
where the A-site is co-doped with a lanthanide and strontium, the Sr-rich compounds exhibit faster
kinetics. Sr additions decrease the energy for oxygen vacancy formation and promote hole creation
in the O-2p band associated with B-site transition metal reduction to maintain charge balance®.
Increased oxygen vacancy content promotes surface exchange and oxygen diffusion. Compounds
with Sm at the A-site generally show faster kinetics than La containing compounds which has
sparked great interest in SSC, despite its restriction to low processing temperatures (~800 °C) due
to cobalt volatility. BSCF compounds generally have the fastest transport Kinetics, but the large
size mismatch between Ba and Co places the compound at the edge of stability for the cubic
phase®. A hexagonal phase has been observed to form in BSCF electrodes over time with lower
electronic conductivity and oxygen transport kinetics®*t, LSCF and SSC are utilized in chapters
(5, 6, and 7) because they have fewer stability concerns than BSCF while still having good oxygen

transport properties, making them the most promising perovskite based electrode materials.
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Layered perovskites, notably the LnBaCo20s-5 System, are attractive due to their high electronic
conductivity (~1000 S/cm) and good oxygen transport Kinetics. Figure 2.20 shows the kinetic data
available for layered perovskites as a function of temperature. Note that the data for PCBO may
be exaggerated due to measurement artifacts®, but otherwise the layered perovskites show kinetic
coefficients comparable to LSCF and SSC. These compounds, unlike BSCF, are phase stable, and
are a promising area of development for oxygen electrodes. The anisotropic movement of oxygen
vacancies make these materials intriguing for use in electrodes with selective orientations of the
active material, as reducing the amount of exposed c-plane oriented material may increase the
apparent surface exchange rate. The layered perovskites are not further explored in later chapters,

but are worth mentioning as a possible development path for high performance oxygen electrodes.
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Figure 2.20. Literature isotope exchange data for cobalt-rich layered perovskite materials,
including (a) k* versus temperature and (b) D* versus temperature. In those cases where chemical
coefficients were reported, the isotopic oxygen diffusion and exchange coefficients were estimated

by using thermodynamic factor and oxygen concentration data of the same or similar
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compositions(*).  Symbols represent literature data for: PrBaC0206.:—m— 9 (*)-o— %-a— 94,

GdBaC0206.5: - % —e= % PrBaCos sFeos06.5 —=— *. [adapted from ref?’]

Ruddlesden-Popper (RP) phases (AO)(ABO3)n (A= La, Nd, Pr) (B= Cu, Ni, Co), where n=1, are
perovskite-related MIECs that transport oxygen ions interstitally along rocksalt layers. °% Their
electronic conductivities at low temperatures are not as high (~ 50 — 100 S/cm vs 100-1000 S/cm)
as the other perovskite-related compounds, but their thermal expansion coefficients closely match
those of commonly used electrolyte materials. Most of the work has focused on compounds with
Ni as the B-site constituent. RP cuprates have also been explored, but only ProCuQj4 has a sufficient
electronic conductivity, k*, and D* to make it potentially suitable for applications. *® Figure 2.21
shows selected literature k* and D* data. Some of the compounds, e.g., PraNiO4 and La;NiOa, are
of interest as LT-SOFC cathodes because their k* and D* values are similar to those of the best
perovskite materials. Interestingly, in these nickelates such as La>-xSrxNiOas+5, A-site doping with

Sr decreases D* and, to a lesser extent, k*, opposite the trend noted for perovskites 100101,

Stability issues are a concern for some RP materials. In particular, PraNiOs (n=1) decomposes to
Pr4NisO10 (n=3) and PrsO11 over time below 1000°C 02104 gybstitution with La, Cu, or Ga may
stabilize this material in the n=1 phase %5197, The stability of ProNiO4 is discussed in chapter 4.
Higher order RP phases containing La or Pr appear to have useful MIEC properties as well 1%,
Lanthanum nickelate is particularly interesting in this regard as the n = 1, 2, 3 phases are stable at
typical SOC operating temperatures. %111 The higher order phases have different characteristics
than the n=1 compound, most notably higher electronic conductivity and vacancy-dominated
oxygen diffusion. 1** This is somewhat intuitive since a larger fraction of the material is composed

of perovskite blocks. A pseudo-ternary phase diagram in the relevant operating temperature range
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has been reported for the Lam+1NimOame+1)+s System 113, and similar information on other RP higher-
order phases will be useful towards their further exploration as electrode materials. The n=1 phase
is used as an electrode in chapter 6. PraNiOs, Nd2NiO4, and LazNiO4 appear in this work owing to
their good fundamental properties and relatively fewer reports with these materials compared to
perovskite compounds. Moreover, chapter 5 shows that the interstitial oxygen conduction plays an

interesting role in a practical electrode at high pressure.
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Figure 2.21. Literature isotope exchange data for Ruddlesden-Popper nickelate materials,
including (a) k* versus temperature and (b) D* versus temperature. In those cases where chemical
coefficients were reported, the isotopic oxygen diffusion and exchange coefficients were estimated
by using thermodynamic factor and oxygen concentration data of the same or similar compositions
(*). Symbols represent literature data for: LasNiOsss:m 114 @ 1004 101§ 97 o 115 ¢ 116, | )
xSIxNiOss5: X = 0.2 101 x =0.1: & 100, Nd2NiOgi5:m 97, @ 117; 4 118 (%) v 84 (%) PrNiOgi5: ¢ 7

LazNio5CuUo504+5:m 114 @ 114 [adapted from ref?]



59

a b

Figure 2.22. Schematic cross-sectional microstructures for low temperature oxygen electrodes a)

single phase b) composite c) infiltrated

Three basic microstructures describe oxygen electrodes: single-phase, composite, and infiltrated
(figure 2.22). The porous single phase electrode is the most basic oxygen electrode structure and
is described by the ALS model (equation 2.23). Using the kinetic data described in the previous
section it is possible to predict the polarization resistance for a chosen material of any imagined
single phase microstructure, provided it lies within the utilization length requirements. Figure 2.23
shows the predicted polarization resistance for a single phase electrode as a function of k*D* and
specific surface area in air at 600 °C. The plot demonstrates that a reduction in feature size from 1
micron to 1 nanometer results in a factor of 30 reduction in the polarization resistance. However,
at small feature sizes there is a trade-off between performance and durability due to coarsening at
useful operating temperatures (discussed in chapter 7). Most single phase electrodes have particles

sizes greater than 100 nm, but there are examples of LSC electrodes with features sizes on the
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order of a few tens of nanometers!®®,
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ALS model at 600°C
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Figure 2.23. Expected polarization resistance in air (pO2 = 0.21 atm) at 600 °C versus the specific

surface area, for a generic electrode with k*D* values ranging from 107*3-10"* cm?3s2. [reproduced

from ref?]

Composite oxygen electrodes consist of a MIEC mixed with an ionic conductor (IC), typically the
same as the electrolyte material. If the ionic conductor has a much greater oxygen diffusivity than
the MIEC, then it will provide a short circuit diffusion path and effectively increase the utilization
length allowing for thicker cathodes with more active surface area. An analytical model by
Mortensen et. al. 2% shows explicitly how a composite electrode increases the effective vacancy

diffusivity for a perovskite-type MIEC composite:

(Equation 2.25)
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—  $ic Cyic bumiec
Dy =— Dy 1c + —— Dy miec
Tic Cy,MIEC TMmIEC

Where Dy, is the effective oxygen vacancy diffusivity, ¢; is the volume fraction of the ith phase,
7; s the tortuosity of the ith solid phase, c, ; is the vacancy concentration of the ith phase, and D, ;
is the vacancy diffusivity of the ith phase. If the IC has a much greater diffusivity, then the effective
diffusivity increases, and it is possible to increase the active surface area in a thicker electrode,
leading to a lower polarization resistance. Composite electrodes are found commonly in SOC
literature for this reason, and many examples exist!?%12!, Note that MISC/IC composites are
different than LSM/YSZ composites used in chapter 6, as the goal is to improve oxygen transport

to and from the reaction site rather than to increase the volumetric density of TPBs.

Infiltration, also known as wet chemical impregnation, is a general method by which high surface
area electrodes can be produced without subjecting the active materials to high processing
temperatures'?2, A solvent solution, typically water, containing metal salts and surfactants is
introduced to a pre-fired porous scaffold or backbone composed of and prepared on an electrolyte
material. The solution is then dried and calcined to drive off water and precursor small molecules
and pyrolyze any organics. The remaining oxidized metal ions form either a film or islands on the
scaffold depending on the wetting properties'?2. The infiltration step is repeated until the desired
loading fraction is reached, after which a final firing step produces the desired phase in the active
material. Electronic percolation is essential for the electrode to work properly which is why higher
loadings (>15 vol%) are typically preferred'?3. There are also less common examples of infiltration
being applied to single phase MIEC electrodes to enhance the activity of the existing

material!?212412 Infiltrated electrodes have generally the lowest polarization resistances of the
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three microstructures discussed here owing to the small particle sizes of the fired material and the
high specific surface area that results. Additionally, the oxygen diffusivity is somewhat less
important for infiltrated MIECs and the surface exchange plays a more important role because of
the small diffusion distance between an infiltrated particles surface and the ionic conductor
backbone. This suggests that materials like Nd2NiO4 that have high k* and low D* would benefit
from an infiltrated microstructure. Following this, infiltrated materials are sometimes
characterized by a surface resistance in order to predict their properties in a real electrode (Figure
2.24). The surface resistance is measured as the area specific polarization resistance of a thin film
microelectrode. This sample geometry is thought to closely mimic the performance of an infiltrated
MIEC particle. The SIMPLE model*?®?" is an example of one model used to describe the

polarization resistance of an infiltrated electrode in terms of a surface resistance.
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Figure 2.24. Surface resistance values of perovskite MIECs measured using thin film

microelectrodes. Reproduced from 128
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2.5 Degradation in SOC Oxygen Electrodes

Long term durability is a key scientific and economic issue for the adoption of SOCs. The United
States Department of Energy has issued target degradation rates for SOCs as part of an ongoing
effort to expand the use of SOCs in distributed generation and electrolysis applications!? . The
overall measure of degradation in an SOC is the increase in polarization resistance or voltage over
time, typically reported in %/khr. Degradation at the oxygen electrode can occur as (1) structural
changes that modify the TPB density or specific surface area, (2) chemical segregation at the
electrodes that slow the reaction kinetics, (3) impurity migration to active sites from sealing or
contact components, (4) catastrophic electrode delamination under electrolysis. The degradation
at the oxygen electrode under electrolysis severely limits the device lifetime and has been the
subject of intense investigation in recent years. An overview of known degradation mechanisms

in fuel cell mode and electrolysis mode for SOCs is given.

2.5.1 Degradation in Electrolysis

Degradation of the oxygen electrode in solid oxide electrolyzers and degradation in fuel cell mode
has been observed in multiple studies using LSM, LSCF, and LSM-YSZ electrodes®*°1%. In long
term stack tests in fuel cell mode, the primary degradation is slow and associated mainly with
interconnects and Mn diffusion into the electrolyte!®!. For high current densities in fuel cell mode,
the LSM has been observed to coarsen and accumulate near the cathode/electrolyte interface®!. In
electrolysis, often the degradation, often by delamination, begins within the first 1000 hours of
operation, limiting the practical use of these devices for high temperature steam

electrolysis!32137:142143 The delamination mode of failure is of interest in ReSOCs because about
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half the operational life of the oxygen electrode will be operating in conditions similar to these
high temperature steam electrolysis studies: applied negative current, air or enriched oxygen
atmosphere, and 550-800 °C. The failure of the electrode/electrolyte interface does not appear to
be a sudden process, but happens gradually and continuously over several hundred hours allowing
the process to be observed over time in EIS measurements**3, In post-test analysis of SOEC stacks,
the delamination is observed by SEM to occur at the electrode electrolyte interface with less severe

degradation within the electrode or electrolyte'®’ (Figure 2.25).

Bond Layer/
Oxygen Electrode

Electrolyte

Steam Electrode

Figure 2.25. SEM of delamination of the oxygen electrode after a long term electrolysis test in a

full SOC stack. Adapted from ¥/

The delamination at the electrode/electrolyte interface has only been observed for the LSM-YSZ
system, but only because this system is the most standard and intensely investigated. A few
theories persist that attempt to explain the origin of this failure including LSM lattice
contraction/zirconate formation'*® and oxygen bubble nucleation'*°. In the LSM lattice contraction

case, stable electrolysis is not possible, as the high effective pO2 at the LSM TPB will always result
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in excess oxygen content in LSM and zirconate formation and thus lattice contraction and stresses
that cause crack formation and delamination; there is no prediction of stable condition. In the case
of the oxygen bubble nucleation explanation, the effective oxygen pressure in the electrolyte at the
electrode/electrolyte interface must exceed the stresses required for crack growth, giving hope for
a region of stable operation. Figure 2.26 shows the electric and chemical potential across a device

at the open cell voltage, fuel cell mode, and electrolysis mode.
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Figure 2.26. Diagram of the chemical potential of O and electric potential across an SOC at open

cell voltage, fuel cell mode, and electrolysis mode.



66

The large chemical potential of oxygen in the electrolyte leads to a high effective pressure of
oxygen in pores and cracks in the electrolyte near the electrode electrolyte interface. Since the
oxygen chemical potential is linked to the cell voltage, the effective pressure at the electrode
electrolyte interface is controlled by the applied overpotential. This value is positive in electrolysis

and is related to crack growth through equation 2.26:

(Equation 2.26)
e g R, T K
a=Ber =M [ = v)2c2p,

Where E, is the applied overpotential, E., is the critical overpotential required for stable crack
growth, K, is the electrolyte material fracture toughness, p,is the oxygen partial pressure of the
atmosphere, v is the poisson ratio, c is the initial crack length, and R,T,F, and = have their usual
meanings. At 800 °C in air, assuming an initial crack length of 10 microns and a YSZ electrolyte
the critical overpotential is 0.245V. Estimating the overpotential as the product of the cathode
polarization resistance and current density, values of overpotential smaller than 0.24 are achievable
at moderate current densities. One consequence of this reasoning is that oxygen electrodes with
smaller polarization resistances should be more stable under electrolysis conditions. Moreover,
from section 2.4.2 this implies that co-electrolysis of water and CO: at a lower voltage may not

only have a higher round-trip efficiency, but also may make the device more durable in
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electrolysis. Experimental evidence for oxygen bubble nucleation and crack growth exists in TEM

analysis of a post-test electrode*.

Recent works by Hughes et. al. and Jensen et. al. show that for the LSM-YSZ system, current
cycling between SOFC and SOEC modes results in delamination failure similar to SOEC mode.
However, an important distinction is that the rate of degradation decreases with an increase in
cycling frequency compared to DC electrolysis. Jensen et. al. found that periods of SOFC mode
between mostly SOEC mode slow the degradation rate dramatically. Hughes et. al. current cycled
several LSM-YSZ symmetric cells for 1000 hour tests. The results showed that for a constant
current density, the degradation rate was slowest for a 1 hour cycle (30 minutes DC operation in
each direction) , followed by a more realistic 12-hour cycle, and fastest degradation for DC

electrolysis (Figure 2.27)%.
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Figure 2.27. Current-cycled life tests for LSM-YSZ showing the effects of current density and

cycling period. Reproduced from!4®

Additionally it showed that smaller current densities are linked to slower degradation rates. In the
context of the oxygen bubble theory, the suggestion is also that since current density and
overpotential are linked, that there may be an operational region where stable current switching

operation is possible. This is explored further in chapter 6.

2.5.2 Other Degradation Phenomena

2.5.2.1 Cation Segregation

Oxygen electrode polarization resistance degradation over time is often attributed to phase
segregation, typically the surface enrichment of strontium, as observed in many Sr-containing
perovskites including LSCF, %6 LSM 7 LSC 48149 and STF 0. In experiments on dense
LSCF pellets, Sr surface segregation at zero bias was observed as SrO islands, along with
subsurface depletion of strontium and transition metals. 1. LSC thin film results show a clear link
between Sr surface enrichment, as measured by time of flight secondary ion mass spectrometry
(ToF-SIMS) and inductively coupled plasma optical emission spectrometry (ICP-OES) over time
at cell operating temperature (no applied bias and zero current density), and increased Rp 4°.
Similar Sr segregation has been observed in LSCF electrodes prepared on GDC where the
performance degradation is linked directly to the quantity of SrO present!®2, Figure 2.28 shows the
Rp evolution during aging and after a chemical etching cleaning the surface. Recent work utilizing

low energy ion scattering has demonstrated that A-site surface enrichment occurs generally in
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perovskite compounds, double perovskites, and RP materials 3. Sr segregation and degradation

was also observed for porous LSCF electrodes in anode-supported cells. 146
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Figure 2.28. a)EIS data showing performance degradation for two LSCF/GDC cells annealed at
800 °C for 800 hours b) ICP-OES data comparing water etched control and aged samples

controlled for internal surface area. Adapted from*®2

The effect of potential or current density on the kinetics of Sr segregation is an open question, but

there is some evidence pointing to operation dependent enrichment *>* 15°, Periodic applications of
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large anodic DC biases has been shown to reduce surface resistance and drive excess Sr away from
the surface of Co-rich LaosSro4Coi1-xFexOs-s microelectrodes **°. The authors attribute this effect
to a change in vacancy concentration at different overpotentials that affects how Sr moves to the

surface.

2.5.2.2 Coarsening

The ALS model informs our understanding of the relationship between the structure and
performance of the oxygen electrode. Maximizing the surface area of an MIEC, or maximizing the
TPB density of an LSM-YSZ composite will minimize the polarization resistance.
Nanostructuring the electrode to maximize surface area is then a logical step to achieve better SOC
performance. Nanostructuring an oxygen electrode through infiltration is a common practice in a
research setting. However, even low temperature solid oxide cells still operate above 550 °C where
cation surface diffusion is still prevalent. The particle coarsening is described generally by

equation 2.27:

(Equation 2.27)

ln_lg =KDt

Where [ is the effective particle diameter [, is the original particle diameter, K}, is the effective

cation diffusion rate, t is time, and n is an exponent based on the mechanism at work (typically 4

for surface diffusion) $571%,
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Consequently, the coarsening of the finely structured electrode is a concern as the specific surface
area is directly linked to the polarization resistance. This implies a trade-off between performance
and stability for a chosen material. The rate of degradation by coarsening and whether there is a
point at which the resistance is acceptably low and the degradation rate is also acceptably low is
an open question. This trade-off is a major criticism of electrodes produced by infiltration. The
process of coarsening has been described for LSCF infiltrated into GDC°. Figure 2.29 shows the

degradation of infiltrated LSCF at a range of temperatures described by a coarsening model.

0.9

Figure 2.29. Degradation in the polarization resistance of an infiltrated LSCF electrode

reproduced from?e°,
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2.5.2.3 Silver Migration
In SOCs, the metal contacts to the SOC must be designed to avoid migration of metals to the active
sites in the SOC. In laboratory settings, gold or platinum is used to contact the cell as they are non-
reactive and have high melting points. However, both are expensive and platinum may produce
spurious results due to its high catalytic activity. Silver is often used to contact symmetric cells,
but has been known to migrate to the active sites in full cells or symmetric cells where current is
flowing for extended periods of time. Figure 2.29 shows a case where silver has migrated to TBP

regions near the electrolyte in an LSM-YSZ electrode®®! .

Figure 2.30. FIB polished cross-section of a symmetric LSM-Y SZ cell operated under DC current

showing the migration of silver from the contact to the active region near the electrolyte!®!
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Chapter 3: Methods
This chapter briefly explains characterization methods and experimental apparatuses used in

chapters 4, 5, 6, and 7.

3.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is one of the few characterization methods
available that allows the kinetics of the electrochemical reactions occurring at SOC electrodes to
be probed under operating conditions. EIS is used heavily throughout this work to characterize the
performance of cell components including oxygen electrodes and electrolytes. An overview of the

theory, data analysis and specific experimental setups for EIS are described.

3.1.1 General Method

In its most basic embodiment, EIS is used to deconvolute the total cell resistance into ohmic
resistance (ion transport through the electrolyte) and polarization resistance (reaction kinetics at
the electrode). This is possible because the characteristic frequency for the chemical reactions at
the electrodes occurs at a much lower frequency than electronic or atomic transport processes in
the electrolyte bulk. In EIS, a small perturbing AC signal (5-20 mV) is introduced to the cell and

the current response is measured (Figure 3.1).
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Y

! load

Figure 3.1. Schematic of electrochemical impedance spectroscopy where at an applied DC bias
(typically zero, OCV) a small perturbing voltage signal is introduced and the current response is

measured. The relationship between the signals gives the impedance. Reproduced from12

The relation between the phase lag and the amplitude change gives the complex impedance. The
voltage signal is then stepped through a range of frequencies from about 10%-10"* Hz. The upper
frequency is typically limited by inductance in the test setup (high-frequency cut-off) and the lower
frequency is the DC limit where the imaginary portion of the impedance drops to zero and the real
impedance matches the resistance in DC operation. Practically, the frequency may not go all the
way to the DC limit because at very low frequencies, the collection time becomes unreasonably
large. The data is displayed as a Nyquist plot that plots the real versus the imaginary impedance,
and a Bode plot that plots the imaginary impedance versus the frequency of the AC voltage signal
(Figure 3.2). The ohmic resistance is taken to be close to the lower x-intercept (this is shifted by
the inductance), the total resistance is the upper x-intercept (matches the DC resistance), and the

polarization resistance is roughly the difference between the intercepts. Note in figure 3.2, the
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inductance in the test setup returns positive imaginary losses above ~2x10* Hz even though the

scan runs from 10°-10"! Hz, the high frequency ‘cut-off’.
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Figure 3.2. Nyquist and Bode plots showing the ohmic, polarization, and total resistance for a

generic SOC device.

3.1.2 Circuit Modeling

In order to obtain accurate values of the ohmic, polarization, and total resistance, equivalent circuit
modelling is often employed. The simplest function of an equivalent circuit is to correct for the
inductance in the test setup to obtain an accurate value of the ohmic resistance, and extrapolate the
low frequency portion to the x-intercept to obtain an accurate value of the polarization and total
resistance. More than apportioning the resistance values, an equivalent circuit model informed by
physical intuition can also provide insight to other physical processes occurring in the device.

Table 3.1 gives an overview of the circuit element types used in this work.
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Table 3.1. Overview of circuit element types used in this work

Element Symbol Mathematical Comments
(Label) form
Inductor (I 7 =iwl Imaginary
(L) contribution
dependent on test
setup
Resistor YAV Z=R Describes ohmic
(R) resistance of the
electrolyte
Constant Phase > 1 Describes chemical
Element Z= (Qiw)™ capacitance and
(QPE) accounts for

distribution of

relaxation times
Gerischer Element G _ R Describes ORR when
(G) Z= (1+ iwt)/2 the ALS model applies

RQ Element I R Generic kinetic
(RQ) s ~ 1+ R(Qiw)® Process at an electrode

Z = impedance, R = resistance (), Q = chemical capacitance(F),i
= imaginary number,
w = angular frequency (Hz),L = inducance (H), T = time constant (s),and 0
<n<l1

EIS interpretation through equivalent circuit models is prone to error as once enough degrees of
freedom are introduced, anything can be fit. The object then is to use the fewest number of
equivalent circuit elements that captures the physics of the response while also achieving an
adequate fit. This typically means a single inductor and resistor in series to describe the wire
inductance and electrolyte followed by one or more RQ or Gerischer elements to describe the
process at the electrodes. Gerischer elements are assigned for mixed electronic ionic conductors
where the ALS model applies, due to the similarity of the mathematical form between the gerischer

element and the physical parameters predicted by the ALS model®®. A more detailed discussion of
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the Gerischer element appears in chapter 5. Otherwise, in this work, generic RQ elements are
assigned to each individual response observed in the impedance response. These RQ elements can
also be used to describe the characteristic frequency (fmax) Of these processes. It can become very
useful to measure the EIS response at a range of temperatures and gas compositions to determine
what is limiting the performance of the electrode and to better assign the right number of circuit
elements to a system for interpretation. Figure 3.3 shows an example of a real data set. It is clear
that there are two distinct processes, so two elements were assigned to describe the response. Often
the circuit model is written in shorthand ‘Boukamp’ notation, the one in figure 3.3 can be written
as L-R-RQ-G, denoting series connection with a dash and parallel elements with parentheses or
simply putting them adjacent. Note the shift in the real ohmic resistance in the Nyquist plot (0.8
rather than 0.815). The sum of the inductor, resistor, RQ and G elements give the red curve. The
sum of the RQ and G arcs gives the polarization resistance. The first x-intercept of the RQ arc
gives the real ohmic resistance. Note that the total resistance can be read directly from the plot
without adjustment. Knowing more about the physical system can lead to more accurate models
and a better understanding. For example, charge transfer and gas diffusion could have different
rates and both be contributing to the polarization resistance, but if the EIS response was collected
at varying oxygen pressures, it would be clear which response changes and with what magnitude.
Measuring the device response under different conditions can clarify which processes are

occurring.
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Figure 3.3. Example of how an equivalent circuit is used to fit experimental data, the inductor is

not shown as it is below the x-axis. The inductor has a large magnitude at high frequencies.

3.1.2  Full versus symmetric cells

It is desirable to understand the EIS response of each electrode so that a focused effort can be made
to improve the SOC and reduce the polarization resistance. However, a weakness of EIS is that the
fuel electrode response often overlaps with the oxygen electrode response and can be difficult to
deconvolute. In order to examine the oxygen electrode response in detail, symmetric devices are

often utilized. In a symmetric device, oxygen electrodes are processed on both sides of an

electrolyte (Figure 3.4).
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Figure 3.4. Schematic drawing of a symmetric device and a full fuel cell

A symmetric device is typically tested in a single chamber atmosphere, there is typically no gas
seal between the electrodes. No voltage evolves as there is no net chemical reaction. However, if
a current is driven through the device from an external source, the oxygen reduction reaction
(ORR) with occur on one electrode, and the oxygen evolution reaction (OER) will occur on the
other as oxygen is pumped from one side to the other through the electrolyte. In zero current, the
polarization resistance of both electrodes can be probed, similar to a fuel cell at the open cell
voltage. These diagnostic devices also have the benefit of simplifying the test setup as fuel does
not have to be supplied to them, only ambient air, or a single chamber controlled atmosphere. If
both electrodes are processed the same way, the area normalized resistances divided by two yields

the resistances (ohmic, polarization, total) of an individual electrode.

3.1.3 Current Switched Setup

A real ReSOC will operate in DC electrolysis and in DC fuel cell mode for roughly equal portions
of time, and the consequences of this kind of operation on electrode degradation need to be
assessed (Chapter 6). To simulate this operation on an oxygen electrode, a current switched setup

was used (Figure 3.5).
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Figure 3.5. Diagram of current switched life-test setup for oxygen electrodes

A symmetric cell is contacted by two porous LSM pellets initially affixed to the device by an
LSM paste composed of LSM particles and an organic vehicle that burns out upon ramping to
operating temperature. The purpose of using ceramic contacts is to prevent electromigration from
the silver wires to the electrode electrolyte interface!®l. A current is driven through the cell using
an external sourcemeter that is programmed to switch polarity in a 12 hour cycle. The applied
current effectively pumps oxygen through the cell each direction on a 12 hour cycle. The operation
of the cell and interpretation of the EIS spectra is greatly simplified since each electrode
experiences an equal amount of time operating in fuel cell mode and electrolysis mode, and the
only responses are coming from the oxygen electrodes. This setup is used for all EIS results

displayed in chapter 6.

3.1.4 Pressurized Setup
A custom designed pressurized furnace (Deltech) was utilized for the pressure and atmosphere
dependent work in chapter 5. Figure 3.6 shows a schematic drawing of the pressure chamber. The

separated hot-zone and lower area allows for polymer insulated wires and electronics. The separate
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outer chamber and inner gas chamber allows an inert gas to be flowed over the heating elements
and not subjected to the more oxidizing atmosphere within the quartz tube. Inside the quartz tube,
a symmetric cell may be suspended at the end of the alumina gas manifold. The alumina insulated
silver wires provide the mechanical support for the symmetric cell. The wires are attached to the
cell using a silver based resin DAD-87 from the Shanghai Institute of Polymer Science. The
chambers are pressurized passively from compressed gas cylinders that feed into them. Mass flow
controllers for nitrogen and oxygen control the gas composition at the inlet. The pressure is
controlled by relief valves (Brooks Instruments) at the outlets at the base of the chamber. The small
volume of the quartz tube allows the gas composition around the cell to be replaced quickly such
that a series of measurements can be taken within a day and negligible changes to the cell take

place over time between measurements.
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Figure 3.6. Schematic of the pressurized atmosphere controlled furnace used in this work*®?

3.2 SEM/EDS
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) are both very
common techniques in materials science and so only special considerations for sample

preparations and imaging conditions for this work are discussed in this section.

3.2.1 Sample Preparation

In order to evaluate microstructural changes that occur over the length of a current switched life
test (~1000 hours), large cross-sectional areas of the cell must be imaged by a scanning electron
microscope. However, fracture cross-sections are inappropriate as damage from fracture would be
indiscernible from microstructural changes that may have occurred over the lifetime of the test.
Therefore, to more cleanly image a post-test electrode epoxy infiltration is utilized. Following
similar sample preparation utilized in FIB-SEM tomography®:'%4 symmetric cells are first
fractured and vacuum infiltrated with EpoThin Epoxy. This step holds the microstructure in place
for subsequent polishing steps and gives good contrast between the pores and the solid phases. The
resulting epoxy puck that contains a piece of the device is then diced into a small cube appropriate
for mounting on an SEM stub (~3-5 mm on an edge) using an accutom 5 saw with an alumina cut-
off wheel. The cube containing the sample is then glued to an SEM stub and hand polished down
to a 1 micron diamond slurry (Buehler). This step allows for the controlled removal of material
near the original fracture surface, so that a pristine region of the device is presented at the top
surface for imaging. To provide appropriate electronic conductivity to prevent sample charging,

the cubes are coated in 15 nm of Osmium using a commercial Os plasma enhanced chemical vapor



83
deposition chamber (SPF). Carbon tape is placed near the sample and provides an additional path

to ground.

In some cases, due to imaging limitations in the epoxy infiltrated samples, fracture cross-sections
are imaged. These samples are simply fractured, osmium coated, and carbon taped to a stub. It is
appropriate to do this when the feature sizes of interest are significantly smaller than 1 micron.
This kind of sample preparation is performed for infiltrated electrodes where the individual

particles are of interest.

3.2.2 Imaging Conditions

To get a better understanding of what occurs microstructurally after a life-test, or even to
characterize a freshly fabricated cell, it is desirable to image large areas of the electrode and
electrode/electrolyte interface. This becomes challenging when the epoxy and solid phases are
non-conductive and a uniform conductive coating is placed on the surface of the polished sample.

In typical imaging conditions, such as those used in FIB-SEM (Table 3.2), only the top surface is

visible, showing a uniform coating of osmium (Figure 3.7).
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Figure 3.7. A polished and Os coated SOC sample at a) 2kV, 5 mm WD, upper detector b) 25kV,

15 mm, lower detector

In order to image the features of interest contained in the subsurface layer the interaction volume
of the sample and the electron beam has to be increased by increasing the accelerating voltage.
Moreover, information from the top layer is not valuable, and so every effort should be made to
filter out the high energy secondary and backscattered electrons originating from this layer. To
accomplish the electron filtering, the lower detector of the Hitachi SU8030 is used so a larger
fraction of back scattered (and lower energy) electrons are collected. The net effect is that a much
larger fraction of electrons from the subsurface layer are imaged compared and so there appears to
be better contrast between the pores and the solid phase. These imaging conditions are also used
for EDS, as the 20 kV operating voltage is high enough to collect Ka x-rays from all elements of
interest. Figure 3.7 shows the difference in imaging conditions and detectors for a typical epoxy

infiltrated SOC.

Table 3.2
Condition FIB-SEM SEM EDS
Accelerating Voltage (keV) 2 20-25 20-25
Working Distance (mm) 4 15 15
Detector Upper Lower X-ray
Osmium thickness (nm) 0* 15 15
*The imaged area has no Os as it’s milled away, but the rest of the sample has a 30 nm coating
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Chapter 4: Oxygen electrode characteristics of PraNiOg+s-infiltrated porous
(LaosSro.1)(GaosMgo.2)O3-5
4.1 Introduction
Reducing the polarization resistance of the oxygen electrode in SOCs for reversible operation is
key to increasing the round-trip efficiency and may play a role in improving the device stability
(discussed in chapter 6). Thus there is considerable interest in creating an electrode that operates
below 650 °C with low polarization resistance and with good stability. Equally important to the
materials properties for the oxygen electrode is processibility into the desired microstructure and
the long term stability. Rare earth nickelates with the Ruddlesden-Popper (RP) structure
(Ln2NiO4+s, Ln=lanthanide) are a promising class of MIEC oxygen electrode materials owing to
their good electronic conductivity, good TEC match to common electrolyte materials, and high k
and D values. These materials avoid the Sr segregation problem at the outset because they are Sr
free. Lan+1NinOsn+1 has attracted much attention since it is both stable in contact with common
electrolytes and exhibits relatively fast oxygen transport coefficients®”1%°, Lan+1NinOzn+1 has been
prepared in the n=1, 2, and 3 phases'®1%, and even in combination as a functionally graded cathode
that combines the high surface exchange of the n=1 phase with the superior electronic conductivity
of the n=3 phase!®®, representing the current best-in-class cathode for Lan+1NinOsn+1 With a
polarization resistance of 1.06 Qecm? at 650 °C. Ndn+1NinOsn+1 has proven to be reactive with some
common electrolytes and has moderate oxygen transport coefficients compared with other rare

earth nickelates!®’-171,

Prn+1NinOsn+1 electrodes have shown the lowest Rp amongst the RP materials'’21", but there are

significant stability issues. The n=1 compound powder has been observed to decompose to the
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n=3 phase and PrsO11 below ~ 1000 °C"*. The material is also reactive with yttria stabilized
zirconia (YSZ) and unstable on ceria electrolytes!™. Pr,NiOs (PNO) in contact with (GDC) has
been reported to decompose to PrNiO3z and PreO11, and perhaps NiO,® different than for PNO
powder alone. The decomposition of PNO on (Lao.9Sro.1)(GaosMgo.2)Os-5 (LSGM) does not follow
the same sequence as on GDC or in powder form®. PNO based cathodes on LSGM!"? have
yielded Rp = 0.87 Qscm? at 600 °C. PNO based cathodes on GDC'"® have been reported to yield
Rp as low as 0.08 Qecm? at 600 °C (although more recent reports by the same group give a value
of 0.28 Qecm?)®; these relatively low resistances are somewhat surprising given that the nickelate
is unstable and may react with the electrolyte as suggested by the appearance of NiO peaks in X-
ray'®s, Substitution of Sr'”®, La, Cu or Gal’®" in ProNiO4 has been shown to improve stability,

polarization resistance, and oxygen diffusivity.

There is relatively little information on the long-term resistance stability of RP electrodes, an
especially important question given the above-mentioned phase stability issues. One report of a
PNO electrode prepared on LSGM showed good stability,'’2 but there are no reports of polarization

resistance versus time for praseodymium nickelate on GDC.

Finally, even though infiltration has been widely used to produce high-performance perovskite
electrodes'?5127178 there are only two prior reports of infiltrated RP electrodes — La;NiO4 and
LasNizO10 on YSZ8 and Nd2NiO4+5 on scandia stabilized zirconial’®. These yielded relatively low
Re values at 750°C of 0.120 Qecm?, 0.068 Qscm? and 0.059 Qecm?, respectively, despite reactivity

with YSZ7°,
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This chapter describes the fabrication, performance, and stability of infiltrated PraNiO4 cathodes
on LSGM. Besides providing Rp values comparable to the best prior reports of RP electrodes, the

infiltrated ProNiO4 shows improved stability compared to prior reports on this material.

4.2 Experimental

The oxygen electrodes were prepared on LSGM electrolyte supported symmetrical cells. LSGM
powder was synthesized from stoichiometric amounts of SrCOs (Sigma), La>0z (Sigma), Ga>03
(Sigma), and MgO (Alfa Aesar), which were ball milled for 24 hours in ethanol, dried, and then
reacted at 1250 °C for 12 hours. This LSGM powder was then ball milled in ethanol and 2 wt. %
polyvinyl butyral (Aldrich) binder, dried, and pressed into 500 mg 19 mm diameter pellets. The
green bodies were then sintered at 1450 °C for 4 hours. LSGM scaffolds were screen printed onto
the electrolyte pellets using an ink composed of commercially available LSGM (Praxair), Heraeus
737 vehicle, and 30 wt% of KS4 graphite flakes (Timrex) as pore former. Four screen printed
layers were applied to each side, then heated to 600 °C for one hour to burn away the pore former,
and then fired at 1200 °C for 4 hours to form a porous scaffold layer with interconnected LSGM
particles 1-3 microns in size. A current collector was then applied on each scaffold by screen
printing one layer of an (Lao.eSro.4)(Coo.8Feo.2)O3-5 ink consisting of the same vehicle, pore former,
and LSCF powder (Praxair). Note that the current collector was omitted for samples to be studied
with X-ray diffraction, in order to avoid additional reflections from LSCF. The entire assembly
was then fired at 1100 °C for one hour to produce a suitably porous current collector that was also

well bonded to the scaffold. The resulting scaffold thickness was ~ 40 um and the LSCF layer was

~ 10 um thick.



88
The electrode infiltrate was a 2 M nitrate solution prepared by dissolving stoichiometric amounts
of Pr(NO2)3*6H20 (Aldrich) and Ni(NO2)3*3H20 (Fischer) in water and subsequently adding 0.06
mol of Triton X-100 (VWR). This solution was stirred for 24 hours to ensure good mixing. Each
scaffold was infiltrated with this solution using excess fluid (~6 pL) and removing the excess after
allowing solution to infiltrate the porous scaffold for 5 minutes. The infiltrate was decomposed by
heating to 450 °C for 0.5 hours, leaving oxides of the respective metal ions. After the desired
number of infiltrations, ranging from 4 to 16, was complete, the symmetric cells were typically
fired at 1000 °C for 4 hours, All specimens were cooled no faster than 5 °C/min. Infiltrate volume
fractions were determined from the mass difference between the final cell and the structure prior
to infiltration. The infiltrate volume fraction was obtained from this mass difference and the
theoretical density of ProNiOs, and then dividing by the total electrode volume. Finally, powders
were produced by drop casting the infiltrate solution onto an alumina plate and subjecting it to a
similar firing program as above with the maximum temperature ranging from 900 to 1100 °C. The
resulting material was gently scraped from the plate and ground by mortar and pestle for powder

X-ray.

A silver current-collector grid was screen printed onto each electrode using Heraeus unfritted silver
paste, and a silver wire attached for electrochemical impedance testing. Impedance testing was
performed using a Zahner IM6 between 10° and 10 Hz. All EIS data sets were modeled using an
equivalent circuit consisting of three RQ elements and a resistor in series. The fits were used to
obtain polarization resistances and the ohmic resistance. X-ray diffraction data was collected using

a Scintag XDS2000 using Cu Ka 1.54 A and a solid state detector.
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4.3 Results and Discussion
4.3.1 Processing and Phase Formation
Figure 4.1 shows that nitrate solutions fired at 900 and 950 °C for 4 hours result in a mixture of
NiO and PreOq1. Nitrate solutions fired at 1000 °C and 1100 °C for four hours result in the n=1 R-
P phase (Pr2NiO4) with small amounts of PrsO11. These x-ray results suggest that the nickelate-
forming reaction between the NiO and PrsO11 phases is not spontaneous below 950-1000 °C, but
that ProNiOg is formed at higher temperature. This is consistent with previous studies,*’*& which

indicated that ProNiOg is stable at temperature >850-950 °C.

Similar to the powder results in Figure 4.1, ProNiOys is also obtained after infiltrating and firing at
1000 °C in the scaffold, as shown by XRD (Figure 4.2b). Based on these results, all further PNO

infiltrated electrodes in this study were treated at 1000 °C for 4 hours.
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Figure 4.1. X-ray diffractograms of the PNO powders after 4 hour heat treatments in air at 900,

950, 1000, and 1100 °C. Reacting the oxides at 1000 °C for 4 hours produces PraNiOas.
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Figure 4.2a shows a fracture cross-section SEM image of the infiltrated scaffold, current collector,
and a portion of the electrolyte of a typical as-prepared cell after infiltrate firing at 1000 °C. The
current collector and infiltrated LSGM scaffold show similar porous contrast, whereas the LSGM
appears reasonably dense. The EDS line scan superimposed on the image shows that both porous
electrode layers contain Pr and Ni, including the region near the electrode/electrolyte interface.
The apparent Pr signal in the LSGM was due to an overlap of the Pr peak with the La peak. Figures
4.2c and d show higher magnification fracture cross-sectional SEM images of an un-infiltrated
LSGM scaffold, for comparison with similar images taken from an infiltrated but otherwise
identical scaffold (Figures 4.2e and f). Although there was low contrast between the LSGM and
the infiltrated phase, the presence of the infiltrate is suggested by the slight roughness seen at high

magnification.
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Figure 4.2. a) EDS line scan of an infiltrated cell showing the entire thickness of the cathode
contains Pr and Ni. b) X-ray scan of an infiltrated cathode fired at 1000 °C and without current
collector. The microstructure of an uninfiltrated scaffold is shown in ¢) and d), and compared with

that of an 8-times infiltrated scaffold shown in ) and f).
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4.3.2 Phase Stability

Figure 4.3 compares the X-ray diffractograms from the as-prepared bulk ProNiOs powder
(prepared at 1000 °C as described above and also shown in Figure 4.1 (a) and the same powder
subsequently annealed in air for 100 hours at 650 °C (b). The X-ray results shows that the lower-
temperature treatment fully decomposed the PraNiO4 powder into PrsNis3O1o (the n=3 R-P phase)
and PreO11. That is, PraNiOgs is unstable at 650 °C. This is consistent with prior reports showing
that ProNiO4 decomposes to PraNizO10and PreO11 in air at temperatures below 900 °C.174180 Thys,
while PraNiO4 can be produced by firing at >1000 °C, it is expected to decompose if used in a

solid oxide cell at lower temperature.
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Figure 4.3. X-ray diffractograms from (a) as-prepared PraNiO4 powder; (b) the powder shown in
(a) after aging for 100 hours at 650 °C; (c) the 12-times infiltrated ProNiO4 cathode and (d) the
cathode shown in (c) after aging for 100 hours at 650 °C. The inset (e) highlights the reflection at

24.4°, the only ProNiO4 peak not overlapped with a peak from another phase. All unlabeled peaks
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correspond to LSGM. The infiltrated cathodes were prepared the same as those used in EIS
measurements, except that the LSCF current collector was omitted to eliminate its extra x-ray

reflections.

Figure 4.3 also compares the x-ray scans from the as-prepared PNO infiltrated cathode, shown in
Figure 2 to be predominantly PraNiO4 (c) compared with the same electrode annealed in air for
100 hours at 650 °C (d). Unlike the powder results, there is little apparent effect of annealing;
both scans show peaks as expected for Pr2NiOa4+s, along with peaks from the LSGM scaffold. This
suggests that the n=1 phase is retained when annealed in the LSGM scaffold. This can be seen
more clearly in Figure 4.3 (e), which shows a magnified view of the n=1 peak at 24.4°, the only
RP-phase peak not overlapped with another peak, for all four samples. This peak is present in the
as-prepared powder (a), but is not present in the aged powder (b) because of the transformation
from n=1to n=3. For the infiltrated LSGM scaffolds, this peak does not change after annealing at
650 °C, indicating that, at most, only a small fraction of the material transformed to n=3. That is,
the n=1 phase in the LSGM scaffold was more stable than the powder. This may be explained by
the physical constraint on any transformation with an associated volume change or distortion,
caused by the intimate contact between the infiltrate and LSGM. In particular, the a and b lattice
constants remain relatively unchanged for the transformation from n=1 to n=3, but the c direction
in the n=3 phase (27.50 A) is smaller than would be expected relative to the n=1 (12.45 A) phase
given the number of atoms in the unit cell'’18%  Alternatively, there may be significant
interdiffusion during infiltrate firing at 1000 °C: diffusion of lanthanum, strontium or gallium from

the LSGM into the PNO could help stabilize the n=1 phase. Both lanthanum and gallium have
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been shown to increase the low temperature stability of the n=1 phase, materialt®”176:181,
Phillippeau et al reported a reaction between PNO and LSGM at 1150 °C forming a praseodymium
gallate, which is not observed for our processing temperature, but does show the possibility of

gallium diffusion?®,

4.3.3 Electrochemical Characteristics

Cells were infiltrated 4, 8, 12, or 16 times, resulting in measured volume fractions of ~ 10, 12, 14,
and 16%, respectively. Five cells were fabricated for each level of loading, and considerable
variation in polarization resistance, by as much as a factor of 2, were observed, but the shapes and
peak frequencies of the impedance responses did not vary significantly. Figure 4 shows Nyquist
and Bode plots of the EIS data measured in air at 650 °C from the best devices at each infiltrate
loading. There was one main depressed arc in all cases, peaked at a frequency of ~ 30 Hz, that
decreased with increasing loading. A smaller response is also observed at ~1000 Hz. The
polarization resistance Rp, measured by fitting the responses using an equivalent circuit, decreased
with increasing loading to a minimum of 0.11 Qscm? at 12 infiltrations, and appeared to increase
slightly at 16 infiltrations. This is similar to the loading dependence observed previously for
infiltrated LSCF and SSC perovskite cathodes'?”1", This dependence has been explained by an
increase in the infiltrate surface area and an increase in the fraction of infiltrated particles that are

electrically percolating and, therefore, active for the oxygen reduction reaction’8182

Figure 4.5 shows Nyquist and Bode plots of the EIS data taken from the 12-infiltration cathode at
various temperatures. The main polarization response increases rapidly in magnitude with
decreasing temperature, and also shifts to lower frequency, as expected given the resistance

increase. The model used for fitting is shown in figure 4.5. Two R-Q elements are used to model
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the main polarization response as they resulted in better fits for all EIS data, especially at longer
times where two responses are apparent (Figure 4.7). Both responses are thought to correspond to
a co-limited ORR process involving oxygen surface exchange and bulk diffusion, similar to
previous work on infiltrated cathodes'?”’8, A third response at high frequency, > 10° Hz, also
appears at low temperature. This high frequency response is likely an interfacial process, either

from grain boundaries or from the transport of oxygen across the PNO/LSGM interface.

Figure 4.6 shows the Rp values measured for all samples at each loading, plotted versus inverse
temperature. The activation energies versus infiltration number, obtained by fitting the temperature
dependences for each cell, are displayed as an inset in figure 4.6. The value obtained is 1.4 eV *
0.2 eV. Loading beyond 12 infiltrations offers minimal further decrease in Rp, and may actually
slightly increase Rp. The average polarization resistance for 8 devices at 650 °C and 12 infiltrations

is 0.16 Qecm?, with values ranging from 0.11 to 0.22 Qecm?,
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Figure 4.4. Nyquist and Bode plots of the electrochemical impedance response measured in air at
650 °C for cells infiltrated 4, 8, 12, and 16 times. The high-frequency intercept of the fitted
equivalent circuit was set to zero in the Nyquist plots to allow easy comparison of the polarization

arcs.
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Figure 4.5. Nyquist and Bode plots of the electrochemical impedance response measured from a
12-times infiltrated cell in air at various temperatures. The high-frequency intercept of the fitted
equivalent circuit was set to zero in the Nyquist plots to allow easy comparison of the polarization

arcs. An example of an equivalent circuit is shown on the plot.
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Figure 4.6. Polarization resistance plotted versus inverse temperature for all cells tested at each
loading level. The lines show the best overall fits to an Arrhenius dependence for the data at each
loading. The inset shows a plot of the activation energies obtained from Arrhenius fits to all cells,

versus number of infiltrations.

4.3.4 Electrochemical Stability

In order to provide a preliminary measure of electrode stability, three identical symmetric cells,
each infiltrated 12 times, were maintained at 650 °C in air for 500 hours. Figure 4.7 shows
representative Nyquist and Bode plots of the EIS data taken periodically during the test. Figure 8
shows the Rp values versus time derived from fits to the EIS data. The response changes
significantly in the first 100 hours — the main response at ~ 30 Hz decreases slightly and shifts to
slightly higher frequency, while a new smaller response at ~ 1 Hz appears — resulting in a slight
overall decrease in Rp. After ~ 100 h, the shape of the response does not change, but the size of
the responses increases gradually, with Rp increasing by ~0.05 Qecm?/kh following the initial drop
in the first 100 h. Longer term tests will be required to determine if Rp eventually stabilizes or

continues to increase.

The initial changes in electrode response shown in Figures 4.7 and 4.8 are presumably caused by
equilibration of the electrode to the testing conditions. The steady increase in Rp of both responses
at longer times may be related to a decrease in the PNO surface area due to coarsening®?®. It may
also arise from a partial phase transformation of the n=1 nickelate phase, although the X-ray results
shown in Figure 4.3 suggest that this was mostly suppressed in these electrodes. Recent reports
utilizing low energy ion scattering suggest that A-site surface enrichment may occur in R-P

materials, which may also account for the resistance increase.'8
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Figure 4.7. Bode and Nyquist plots of EIS data taken from a cell with 12-times infiltrated

PNO/LSGM electrodes taken during a 500 h life test in air at 650 °C.
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Figure 4.8. Polarization resistance versus time for 3 identically processed 12-times infiltrated

cells at 650 °C.

4.3.5 Comparison with Other MEIC Electrodes
Figure 4.9 shows Rp as a function of temperature for the present best cathode compared to prior

reported values for R-P electrodes. The present electrodes are as good or better than prior

electrodes except for one report which gives a value of 0.08 Qscm? at 600 °C*"3. Also shown for

comparison are the values reported for the perovskite cathodes LSCF!?” and SSC.1’® These were
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prepared using a similar infiltration method as the present nickelate cathodes, including infiltration
with aqueous metal nitrates and optimized levels of active material loading. The infiltrated PNO
electrodes provide similar Rp values as these state-of-the-art perovskite MIEC electrodes, although
the comparison is not perfect as the LSCF and SSC cathodes were infiltrated into GDC scaffolds,

not LSGM, and they were calcined at a lower temperature.
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Figure 4.9. Comparison between single phase RP cathodes!®16518 and infiltrated LSCF%/,
SSC'’®, and PNO (this work) in the temperature range from 450-650 °C on the indicated

electrolyte.

4.4 Conclusions

The Ruddlesden-Popper oxide ProNiOs was synthesized by infiltration onto an LSGM scaffold
and firing at a temperature > 950-1000 °C. The lowest polarization resistance was obtained for
electrodes with 14 vol% PNO (12 infiltrations), ranging from 0.11 to 0.21 Qecm? measured at 650

°C inair. Preliminary life tests showed a polarization resistance increase of ~ 10% after 500 hours
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operation at 650 °C. However, the infiltrated ProNiO4 electrodes showed no evidence of the
decomposition to PrsNi3O10 and PrsO11 normally observed for ProNiO4 powders and powder-based
electrodes maintained below 900 °C. Given resistance values that are competitive with infiltrated
perovskite cathodes, and the absence of the Sr segregation and cobalt disposal issues associated
with the perovskites, infiltrated PNO on LSGM is a promising IT-SOFC oxygen electrode
material. This electrode is further characterized in chapter 7 under pressurized conditions and
future studies on the long term stability, especially under current loading, would be of interest in

continuing to develop this electrode.
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Chapter 5: High-Pressure Performance of Mixed-Conducting Oxygen Electrodes: Effect of
Interstitial Versus Vacancy Conductivity
5.1 Introduction
The pressurized operation of solid oxide cells (SOCs) has been proposed and investigated as a
means to improve cell performance,?18418 to better interface with a downstream process or to
alter reaction products.®?>  For example, solid oxide fuel cell — turbine hybrid systems are
generally designed to operate at elevated pressure.®18  Solid oxide electrolysis cells can be
pressurized so that cell products can be easily introduced into pressurized catalytic reactors.20:18°
Recently, reversible solid oxide cells have been proposed as the basis for a new electrical energy
storage technology; however, achieving round-trip efficiencies >70% requires cell operation under

pressurized conditions, and preferably at low temperature (< 600 °C) 1922190191

There have been a few reports describing the performance of SOFCs at high pressures 20:185192-194
but few examples where the pressure dependent electrochemical characteristics of an individual
SOC electrode has been characterized 1%. One report in particular, examines the operational
characteristics of short stacks of anode supported Ni-YSZ/YSZ/LSM-YSZ cells and notes a
decrease in the total overpotential with increased pressure on both sides of the device!®. There are
no reports, to our knowledge, showing the effect of pressurization on mixed ionically and
electronically conducting (MIEC) electrodes, which are typically used as the oxygen electrodes in
low-temperature SOCs.?® Understanding MIEC electrochemical characteristics at high pressure is
important for predicting how pressurized SOC stacks will perform. Furthermore, it is useful to

identify specific materials that yield low oxygen electrode resistance under pressurization,
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especially since oxygen electrodes are typically a primary factor limiting SOC performance, at low

temperature.?®

Here new results are presented on the electrochemical characteristics of several promising low
temperature MIEC electrode materials under pressurized conditions: two oxygen-ion vacancy
conducting MIECs, (SmosSros)Co0s.5 (SSC) and (Lao.eSro.4)(Coo2Feos)Oss (LSCF), and two
oxygen-interstitial conducting MIECs, Nd2NiO4+5 (NNO), and Pr2NiO4+5 (PNO). The SSC and
PNO electrodes were made by infiltration into ionic-conductor scaffolds, whereas the LSCF and
NNO electrodes were made by conventional powder processing methods. In all cases, the
interstitial-conducting MIECs show a larger decrease in polarization resistance with increasing
oxygen pressure pO> than the vacancy conductors. It is proposed that increasing pO. improves
defect transport kinetics in nickelate electrodes due to an increasing interstitial concentration,
whereas defect transport kinetics in perovskite electrodes are degraded by decreasing vacancy
concentration. This hypothesis is tested by manipulating the Adler-Lane-Steele (ALS) model in
order to calculate pressure-dependent point defect concentrations in LSCF % and NNO 1%
electrodes, utilizing measured electrochemical characteristics and 3D tomographic microstructural

data.

5.2 Experimental

Four different types of symmetrical cells were prepared and electrochemically tested versus pOo.
Two of the cells had infiltrated electrodes, (1) PNO infiltrated into LSGM scaffolds with LSGM
electrolyte, and (2) SSC infiltrated into GDC scaffolds with GDC electrolyte. Two of the cells
had powder-processed single-phase porous electrodes, (3) NNO on LSGM electrolyte and (4)

LSCF on GDC electrolyte.



103

5.2.1 Single Phase LSCF Symmetric Cell Fabrication

The cell fabrication method is similar to that described in Ref. 12, Briefly, gadolinium doped ceria
(Rhodia) was ball milled in ethanol for 24 hours, dried, and pressed into 19 mm diameter 0.4 g
pellets without binder. These pellets were fired at 1450 °C for 6 hours and served as the electrolyte
support for symmetric LSCF electrodes. The LSCF (Praxair) was three-roll milled with Heraeus-
\/737 organic vehicle ina 1:1.17 mass ratio to form an LSCF ink. The LSCF ink was screen printed
onto the sintered pellets and fired at 1100 °C for 1 hour resulting in a ~20 um thick electrode.

Silver metal grids were applied as current collectors for electrochemical testing.

5.2.2 Single Phase NNO Symmetric Cell Fabrication

The cell fabrication method is similar to that described in Ref. %°. Briefly, commercial LSGM (Fuel
Cell Materials) was pressed to 19 mm diameter pellets and sintered at 1500 °C for 4 hours to form
the electrolyte support for the NNO symmetrical cells. NNO powders were synthesized by a sol-
gel route.!® Nd20s and Ni(CHsCOO); -HO were dissolved with acetic acid,
hexamethylenetetramine (HMTA) and acetylacetone, using a ligand to metal molar ratio of 3:1.
This solution was heated to gel and then fired at 400 °C and calcined at 950 °C for 12 hours. The
resultant NNO powder was suspended with polyvinyl butyral (2wt%), polyethyleneglycol (1 wt%),
ethanol (30 wt%) and a-terpineol (27 wt%), which were then deposited onto the LSGM pellets by
spin coating. These electrodes were dried and fired at 1000 °C for 1 hour resulting in a final
thickness of ~10 um. Gold metal grids were applied as current collectors for electrochemical

testing.
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5.2.3 SSC Infiltrated GDC Symmetric Cell Fabrication

The cell fabrication method is similar to that described in Ref. 1%, Briefly, pellets of GDC were
fabricated as above to serve as electrolyte supports. For the GDC scaffold inks, the GDC (Rhodia)
powder was three-roll milled with Heraeus-VV737 organic vehicle to form a 7.31 vol% GDC ink.
The GDC ink was screen printed onto the sintered pellets and fired at 1100 °C for 4 hours with a
final scaffold thickness of ~20 um. A layer of LSM ink was then screen printed and fired at 800
°C for 1 hour as a current collector to a thickness of 10 um. The SSC infiltrate solution was
prepared by dissolving Sm(NO3)3:6 H20, Sr(NOs)2, and Co(NOs)2-5 H,O (Alfa Aesar) in
deionized water, mixed with citric acid in a 1:1 metal nitrate to citric acid molar ratio, adjusted to
pH 6.5 with ammonium nitrate, and diluted with deionized water to 1M. Excess SSC solution was
infiltrated into the scaffolds, and fired at 450 °C for 0.5 hours to decompose the nitrates. The cells
were infiltrated 8 times to about 20 vol% and finally fired at 800 °C for 1 hour. Silver metal grids

were then applied as current collectors for electrochemical testing.

5.2.4 Pr2NiOg Infiltrated LSGM Symmetric Cell Fabrication

The cell fabrication method is similar to that described in Ref. 1%, For the LSGM electrolyte,
LSGM was first synthesized via solid state reaction. LSGM powder was synthesized from
stoichiometric amounts of SrCOs (Sigma), La.O3 (Sigma), Ga203 (Sigma), and MgO (Alfa Aesar),
which were ball milled for 24 hours in ethanol, dried, and then reacted at 1250 °C for 12 hours.
This LSGM powder was then ball milled in ethanol and 2 wt. % polyvinyl butyral (Aldrich) binder,

dried, and pressed into 0.5 g 19 mm diameter pellets. The green bodies were then sintered at 1450



105
°C for 4 hours. LSGM scaffolds were screen printed onto the electrolyte pellets using an ink
composed of commercially available LSGM (Praxair), Heraeus 737 vehicle, and 30 wt% of KS4
graphite flakes (Timrex) as pore former. Four screen printed layers were applied to each side, then
heated to 600 °C for one hour to burn away the pore former, and then fired at 1200 °C for 4 hours
to form a porous scaffold layer with interconnected LSGM particles 1-3 microns in size. A current
collector was then applied on each scaffold by screen printing one layer of an
(Lao.eSro.4)(Coo.8Fen2)0s-5 ink consisting of the same vehicle, pore former, and LSCF powder
(Praxair). The entire assembly was then fired at 1100 °C for one hour to produce a suitably porous
current collector that was also well bonded to the scaffold. The resulting scaffold thickness was ~
40 um and the LSCF layer was ~ 10 um thick. The cathode infiltrate was a 2 M nitrate solution
prepared by dissolving stoichiometric amounts of Pr(NO2)z*6H20 (Aldrich) and Ni(NO2)3*3H>O
(Fischer) in water and subsequently adding 0.06 mol of Triton X-100 (VWR). This solution was
stirred for 24 hours to ensure good mixing. Each scaffold was infiltrated with this solution using
excess fluid (~6 pL) and removing the excess after allowing solution to infiltrate the porous
scaffold for 5 minutes. The infiltrate was decomposed by heating to 450 °C for 0.5 hours, leaving
oxides of the respective metal ions. After 12 infiltrations, the symmetric cells were fired at 1000
°C for 4 hours to form ProNiO4. Silver metal grids current collectors were applied for

electrochemical testing.

5.2.5 Pressurized Electrochemical Impedance Spectroscopy (EIS) and Analysis
A custom designed pressure system (Deltech Furnaces Inc, Denver, CO) was used to collect EIS

data. The system is capable of reaching pressures up to 11 atmospheres, and temperatures up to
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850 °C. Details of the system geometry and controls are described elsewhere %, The single-phases
NNO/LSGM and LSCF/GDC symmetric cells were operated at 700 °C and the two-phases
infiltrated PNO-LSGM and SSC-GDC symmetric cells were operated at 550 °C for the entire
measured pressure range. EIS data was collected for a range of oxygen pressures for all cells from
0.2 bar to 10 bar. Below 1 bar oxygen, the total pressure in the system remains at 1 bar and is
balanced with nitrogen with a total flow rate of 40 sccm. EIS data was collected in the frequency

range 0.1-108 Hz using a Zahner IM6 impedance spectrometer.

Equivalent circuit model fitting was performed using Matlab and Excel software?® in order to
obtain the most accurate possible Rp values from the data. The circuit models used for the
infiltrated electrodes were either (L-R-RQ) or (L-R-RQ-RQ), where L is an inductance, R is a
resistance, and RQ represents a constant phase element. The circuit model used for powder
electrodes cells was (L-R-G in Boukamp notation), where G represents a modified Gerischer
element that accounts for the distribution of relaxation times?®’. The inductor accounts for
inductance in the wire leads through the system, the resistor represents the electrolyte resistance,
and the Gerischer element represents the impedance associated with the co-limiting oxygen surface
exchange and diffusion processes in the porous MIEC electrode, as described in the ALS model.*®
Other contributions to the polarization resistance (such as gas diffusion) were found to be

negligible.
5.3 Results

Figure 5.1 shows the Nyquist and Bode plots of the EIS spectra taken at 550 °C from infiltrated
SSC-GDC electrode cells at selected pO2 values. Figure 5.2 shows the same for infiltrated PNO-

LSGM electrode cells. Both electrodes have relatively low polarization resistance Rp, given the
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relatively low operating temperature, that is further decreased with increasing pO2. The arcs are
depressed and reasonably symmetric. The PNO-LSGM electrode arcs had peak frequencies that
increased with increasing pOo, i.e., with decreasing Rp, - the normal dependence observed if the
electrode capacitance remains approximately constant. The SSC-GDC electrode showed the
reverse trend of peak frequency with pO., suggesting a substantial increase in capacitance with

increasing pOa.

Figure 5.3a shows the polarization resistance Rp of infiltrated SSC-GDC and PNO-LSGM
electrode cells, derived best fits to EIS data such as that shown in Figures 5.1 and 5.2, as a function
of oxygen pressure. Rp for the PNO infiltrated electrode has a stronger power-law dependence,
pO2 %24 than that for the SSC infiltrated electrode, pO2%*°. Figure 5.3b shows the dependences
of the time constant (taken as the inverse of the peak frequency) for the two electrodes. The time
constants show opposite trends with pO.: increasing slightly in SSC/GDC as pO2°!! and

decreasing as pO2 3" in PNO/LSGM.
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Figure 5.1. Nyquist and Bode plots as a function of oxygen pressure at 550 °C for (Smo.5Sro.5)C003
infiltrated into GDC. The resistance values are taken from fits using a general (L-R-RQ) circuit.
Fits are displayed as solid lines on the plots and the maximum frequency is outlined on the Bode

plot.
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Figure 5.2. Nyquist and Bode plots as a function of oxygen pressure at 550 °C for PraNiO4
infiltrated into LSGM. The resistance values are taken from fits using a general (L-R-RQ-RQ)
circuit. Fits are displayed as solid lines on the plots and the maximum frequency is outlined on the

Bode plot.
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Figure 5.3. a)Polarization resistance as a function of oxygen pressure at 550 °C for PNO/LSGM
and SSC/GDC. The resistance values are taken from fits in figures 1 and 2. b) Time constants as a
function of oxygen pressure at 550 °C for PNO/LSGM and SSC/GDC. The time constants are the

inverse of the peak frequency.

Figure 5.4 shows EIS data at selected pO- values for a Nd2NiOas-electrode symmetric cell. Figure
5 shows EIS data at selected pO. values for an LSCF symmetric cell. For both cells, the
characteristic frequency of the dominant process shifts to higher frequencies with increasing pO2,
as Rp decreases, but the shift is greater for LSCF. Fitting was done using a single Gerischer

element, where the complex resistance (Zg) is defined:

(Equation 5.1)

’ 1
Ze =R; |/———
G G 1+ jwtg



110

where Rg and tg are measured from the EIS fit, ® is angular frequency, and j is the imaginary
number. The fits are reasonably good for most pO. values, suggesting that the ALS model, where
the electrode process is co-limited by surface exchange and diffusion processes, should provide a
reasonable representation. This agrees with previous studies performed in the low pO2 range below
1 atm.%®>° The deviations from a perfect Gerischer shape may indicate slight deviations from the
ALS model, perhaps due to the electrode utilization length becoming either too large (comparable
to the electrode thickness) or too small (comparable to the electrode feature size).>®*° Since there
is only one element fitting the electrode polarization response (the response at > 10* Hz is attributed

to the electrolyte), the fitted Gerischer resistance gives the total electrode polarization resistance,

1.e., Rr = Re.
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Figure 5.4. Bode and Nyquist plots of an NNO symmetric cell at 700 °C in the pressure range

from 0.2 to 10 bar pO.. Solid lines are (L-R-G) equivalent circuit fits.
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Figure 5.5. Bode and Nyquist plots of an LSCF symmetric cell at 700 °C in the pressure range

from 0.2 to 10 bar pO2. Solid lines are (L-R-G) equivalent circuit fits.

Figure 5.6a plots the pO>—dependence of the Gerischer resistance Rg for the NNO and LSCF

symmetric cells, obtained by fitting the EIS data at 700 °C as shown in Figs. 5.4 and 5.5. The data

are fit reasonably well by a pO,?3° dependence for NNO and pO,*! for LSCF, as shown. Figure

5.6b shows the tc values obtained from the fits; the time constant values, the inverse of the peak

frequencies discussed above, decrease with increasing pOa.
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Figure 5.6. a)Polarization resistance versus pO. for LSCF and NNO at 700 °C. Data points are
taken from L-R-G circuit models fits to the EIS data, and solid lines indicate power law fits. b) tg

values obtained from the fits versus pO for LSCF and NNO at 700 °C

5.4 Discussion

The above results show a significant difference in the pO2 dependences of electrode polarization
resistance for nickelate versus perovskite electrodes. The difference is observed for two different
nickelate and perovskite compositions, and for different electrode structures — single phase porous
electrodes and electrodes formed by infiltration of the MIEC into a porous ion conducting scaffold.
This suggests that the different pO> dependence arise from an inherent difference between
perovskite and nickelate MIECs. We propose that this is related to the different dominant ionic-
charge carrier types — oxygen vacancies in perovskites and oxygen interstitials in nickelates. In
particular, oxygen pressurization is expected to reduce the oxygen vacancy concentration, which
are the O-ion charge carriers in a perovskite, degrading its ability to transport oxygen ions, and
mitigating the performance improvement expected because of the increased pO2. On the other
hand, pressurization is expected to increase the oxygen interstitial concentration, responsible of
the O-ion transport at the nickelates, improving oxygen ion transport and leading to a larger
performance improvement. The differences between the pO. dependences are less for the
infiltrated electrodes, perhaps because the ionically-conducting scaffold has a constant oxygen
vacancy concentration that provides fast oxygen transport regardless of the pO2. In this case, the

changes in MIEC defect concentration with pressure affect only the surface exchange process.
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In the following, the ALS model®®™° is applied in an attempt to test the above hypothesis and
quantify the defect concentration variations with pO2 As noted above, the utilization length should
be much smaller than the electrode thickness and much larger than the electrode feature size;>8°9202
this criterion will be checked below. The ALS model predicts the Gerischer response shown in

eq. 5.1 with tc given by:

(Equation 5.2)

. (1—é€)coxy
7 4aR,A,

and Rg given by

(Equation 5.3)

R.— RT T
“ 7 4F? |4a(1 — €)R,cox3D

Where ¢ is the electrode porosity, a is the internal specific surface area of the solid phase, 1 is the
tortuosity of the solid phase, co is the concentration of oxygen sites involved in diffusion, xs° is the
molar fraction of interstitial or vacancy defects at equilibrium, Ao is the thermodynamic factor, D

is the oxygen diffusivity, and Ro is the molar surface exchange rate defined as:

(Equation 5.4)

ken
R, = CAem (POZ)O'SCO
0




114

Here, Kcnem is the surface exchange coefficient and relates to ks and k* as:

(Equation 5.5)

Where ks and k* refer to the normalized and isotope exchange derived surface exchange values.
Similarly,

(Equation 5.6)

Where D5 and D* refer to the normalized and isotope exchange derived oxygen diffusion

coefficients.

Substitution of eq. 5.4 into eq. 5.3 yields

(Equation 5.7)

n RT TA} (p0,)~025
¢ 4F? 4a(1 - E)kchemchgDChem PY

Note that if all the terms in eq. 5.7 were independent of pOz, then R; o pO2%%, as compared to
the fits at pO2 1! for LSCF and pO2%3° for NNO shown in figure 6. The thermodynamic factor Ao

is a function of oxygen chemical potential,
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(Equation 5.8)

1 d 1 (0ln(pO
Ao =t (oo ) _ 1 (0In(@0:)
2RT \0In(xy) 2 \ dIn(xy)

the (-) sign corresponds to O-vacancies and (+) to O-interstitials. A, can often be assumed constant
with reasonable accuracy over the measured pO; range at low non-stoichiometric values.!®’
Furthermore, Kchem and Dchem should be independent of pO2°®2%. The only other term in eq. 7.7
that might be expected to vary with pOz is the oxygen non-stoichiometry xg. Thus, the observed

deviations of measured R from the pO2%2% dependence can be explained by variations in xJ.

An expression for x3 can be obtained by rearranging eq. 5.7:

(Equation 5.9)

R2T27A2

(p0,)™°3
64F4Réa(1 - E)Cgkchechhem P2

x) =

That is, the non-stoichiometry can be obtained from the Rg data, if the electrode material
parameters Ag, o, Kchem, and Depem are known along with the microstructural parameters a, &,

and z. Alternatively, plugging eg. 5.4 into eq. 5.2 and re-arranging yields:

(Equation 5.10)

datgkcnem (pOZ)O'S
1—¢€

Xy =

Thus, the non-stoichiometry can also be determined from tc data if select materials and
microstructural parameters are known. Using eg. 5.9 with the measured R values yields x; values

for each pO., but substitution in eq. 5.2 yields poor agreement with measured tc values. Similarly,
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using eq. 10 with the measured tg values yields a set of xJ values, but substitution in eq. 5.7 yields
poor agreement with measured Rg values. These disagreements could arise in part from the wide
variations in literature kcpe,, . In order to obtain a set of xJ values that provide a good match to
both the Rg and tc values versus p0O,, a combined expression, obtained by multiplying equations

5.9 and 5.10, was used:

(Equation 5.11)

RTAO tGT
4F2RG(1 - 6-)CO Dchem

xg =

Note that both Rg and tg appear in eq. 5.11, and the terms a, kcpem, and (p0,)°> are eliminated

in the combined expression.

The molar fraction of vacancies or interstitials is obtained from eq. 5.11 for each pO; using the
measured tc and Rg values, T and € measured for each particular electrode microstructure®®%2, and
literature values of Dchem = 6.0 X 10 cm?/s for LSCF 2% and 2.9 x 10" cm?/s for NNO °. The
NNO oxygen interstitial concentration in Figure 5.7a increases slowly with increasing pOz, and is
fit reasonably well by the power law pO2°%. This slope appears to be in good agreement with
changes in x3 with pO, measured at < 1 atm, also shown in the figure. The LSCF oxygen vacancy
concentration x3 in Figure 5.7b decreases with increasing pOa, fitting to the power law pO, %%,
This slope is in fair agreement with the variation in vacancy concentrations, for < 1 atm, from Ref.
%8 As shown in Table 5.1, there are different reported Dchem Values, but their spread is relatively
small. We have simply chosen the value that provides a better match to literature xJ values. Note

that the calculated x2 values will shift slightly with the Dchem Value chosen, but the slope with pO>
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will not. That is, the trends shown in Figures 5.7a and 5.7b are valid, even if the absolute values
may have some error. Note that the Ao values used in eq. 5.11 are obtained directly from the slopes

in these figures, as per eq. 5.8, yielding 1.417 for LSCF and 14.47 for NNO.
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Figure 5.7. Oxygen non-stoichiometry & versus oxygen pressure for Nd2NiOss5 (a) and
LaosSro4Coo2F08035 (b) at 700 °C. Literature values for oxygen non-stoichiometry values are

displayed in black.5%1%

The match between the measured and calculated Re and tc values, based on the above xJ
dependences, is shown for NNO in Figure 8, and for LSCF in Figure 9. Note that calculation of
these values using egs. 5.7 and 5.2, respectively, requires values of kecnem. HOwever, as mentioned
earlier, there is a wide variation in reported kenem values, making it difficult to choose a
representative value. Thus, kcnem is used as a constant fitting parameter here to match the Rg and
tc data in figures 5.8 and 5.9. Table 5.1 shows that the kcnem Values obtained — 3.83x10® (cm/s) for
LSCF and 1.21x10* (cm/s) for NNO — are well within the range of values reported in the literature.
There is generally good agreement with the experimental data shown in the figures (the only

significant deviation is at 0.1 atm), verifying that eq. 5.11 yields x§ values that are consistent with
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the measured data. That is, the change in the concentration of these defects can explain the different

dependences of the measured Rg and tg on pO., for both NNO and LSCF. For NNO, R¢ decreases

slightly faster than the pO2%% dependence shown in eq. 5.7, because the interstitial content

increases modestly. For LSCF, R decreases much slower than pO,°2° because the vacancy

content decreases substantially.
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Table 5.1. Oxygen diffusion and surface exchange coefficients for LSCF and NNO

LSCF D at 700 °C (cm?/s)

NNO D at 700 °C (cm?/s)

Dchem?® 2.04 x10® D7 3.0x108
Dchem?% 6.03 x10°® D™ 2.0 x108
D*152 5.27 x107%°

LSCF kat 700 °C (cm/s)

NNO k at 700 °C (cm/s)

Kchem!52 9.56 x10° Kehem 1.82 x10*
Kchem?%2 1.05 x10° Kehem®’ 8.00 x10°°
Kchem?%8 1.04 x10°® Kehem (this work) 1.21 x10*
Kchem (this work) 3.83 x10°
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As noted earlier, the ALS model is only valid for reasonable utilization lengths, which can be

calculated using:

(eq. 5.12)

I, = \/(1 — €)Dgcox
4atR,
Using the above values, the utilization length for LSCF is found to range from 15.4 to 2.1 microns
over the 0.1 to 10 atm pressure range. Utilization lengths in NNO were smaller, varying from 396
nm to 134 nm over the same range. The utilization lengths being smaller than the electrode
thickness ~20 microns indicates that the electrodes satisfy the thick electrode assumption to be
analyzed by the ALS model. However, the NNO electrode utilization length is comparable to the

electrode particle size.

The above analysis using the ALS model is applicable to the porous single-phase electrodes.
Although a defect concentration analysis was not done for the more complicated infiltrated
composite SSC and PNO electrodes in this study, similar trends with pO2 are observed. In
analyzing the infiltrated composites, it should be considered that they contain ionic conductors
(GDC or LSGM) with oxygen defect concentrations that, unlike the MIECs, do not vary with pOa.
This probably explains why the difference in the pO2 dependences for SSC and PNO is smaller

than for the single-phase electrodes.

While there is little other data available for MIEC electrodes under pressurized conditions, data
for pO2 < 1 atm generally supports the present trends. That is, the perovskites show weaker pO-

dependences, e.g., m ~ -0.13 for LSCF at 750 °C 2" and m ~ -0.17-0.22 for LSC at various
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temperatures,®

whereas nickelates show stronger pO2 dependence, e.g., m ~ 0.25-0.5 for NNO
at various temperatures 920829 The unique feature of the present results is to demonstrate that

these trends continue to pO2 values up to 10 atm.

5.5 Conclusions

The polarization resistances of nickelate (NNO and PNO) electrodes were found to decrease more
rapidly with increasing oxygen partial pressure up to 10 atm, than perovskite (LSCF and SSC)
electrodes. The differences were explained based on the different oxygen defect types — the
oxygen interstitial concentration in the nickelate electrodes increased with increasing pO2, whereas
the oxygen vacancy concentration in the perovskites decreased. The different dependencies of Rp
on pO; for single-phase porous NNO and LSCF electrodes were explained quantitatively by the
ALS model for reasonable variations of interstitial and vacancy concentrations. The infiltrated
composite nickelate (PNO) and perovskite (SSC) electrodes showed a similar effect, although
there was less difference between their Rp dependences. Thus, if nickelate and perovskite
electrodes shown similar Rp under ambient air, the nickelate electrode can be expected to provide

lower Rp under pressurized conditions.
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Chapter 6: Current-Switched Life Tests
6.1 Introduction
The durability of the oxygen electrode in a reversible SOC system is a primary technological
concern. System models predict that the SOC stack will be about 25% of the cost of a whole
system, and so should degrade as slowly as possible. The DOE sets targets for SOFC systems and
recommends that an SOFC stack for a stationary application should degrade slower than 25% over
a 50,000 hour period, or about 0.5%/khr. Previous work by Hughes et. al. showed that degradation
in LSM-YSZ follows a similar failure mode to DC electrolysis cells at high current densities, and
lower current densities or faster cycling times slows degradation. In this chapter additional life
testing on the LSM-YSZ system was done to clarify the degradation mechanisms at work and
determine the stable operating conditions for LSM-YSZ. Similar life tests were performed on the
lower temperature LSCF on GDC system to determine more stable operating conditions and how
degradation proceeds. Preliminary life tests were performed on La;NiOg infiltrated into LSGM,

again to observe the degradation mode and find more stable conditions.

6.2 Degradation of (Lao.sSro.2)0.9sMnOs-s - Zro.s4aY0.1602-y Composite Electrodes During
Reversing Current Operation

6.2.1 Introduction

Degradation in ReSOCs is similar to that observed during solid oxide electrolysis, which has been
studied in some detail 130140210211 Delamination of the oxygen electrode (electrolysis anode),
typically (La0.sSro2)o98MnOss - ZrossYo01602y (LSM-YSZ), is the dominant degradation
mechanism.'®!  Furthermore, reversing current operation does not introduce new degradation

mechanisms, and in fact reduces the delamination degradation when compared with DC
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electrolysis operation.'®:?12 |t was possible to essentially eliminate degradation at 1.0 A/cm? by
using a cycle with very short periods of electrolysis separated by fuel cell operation,?*? but such a
cycle would not be practical for most storage applications. Current density J (or the electrode
overpotential #) has a large impact on the degradation rate, with rapid degradation at 1.5 A/cm? (
=0.37 V) but no detectable degradation at 0.5 A/cm? (4 = 0.18 V).?®* Based on these ReSOC
reports, and also prior reports on solid oxide electrolysis cells*3>'%®, it appears that there is a

threshold current density of ~ 0.5 - 1.0 A/cm? above which oxygen electrode degradation is fast.

In order to design a ReSOC system and assess its performance and economic viability, 2421 it is
important to know more accurately the maximum J and 7 values that are consistent with long-term
stable operation. In order to be an economically viable storage method, cell lifetimes should
exceed 40,000 h and 2,000 cycles (assuming a ~ 24 h storage cycle). Thus, degradation rates
should be < 0.5 %/kh and < 0.0125 %/cycle, assuming that a cell resistance increase of < 25% over
the stack life is acceptable. The prior reports discussed above do not provide such detailed
information on degradation rates; in particular, there is no information in the critical range from

0.5t0 1.0 A/lcm?.

In this section, LSM-YSZ composite oxygen electrodes were investigated in order to more
accurately determine the effect of J and electrode 7 on degradation rate in this critical range. (Note
that the relative importance of J as opposed to 7 in causing degradation has not yet been elucidated,
so both quantities are included in the present report.) In order to focus on the oxygen electrode,
which appears to be the cell component most prone to degradation, symmetrical LSM-YSZ / YSZ
| LSM-YSZ cells were tested. This has the advantage of minimizing extraneous degradation

effects in full cells that may obfuscate the LSM-YSZ electrode degradation of interest here.
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Furthermore, symmetric applied current cycles, with equal current densities and times in each
direction, were utilized in order to maintain symmetrical electrodes throughout the test despite the
tendency for more rapid degradation in electrolysis mode. This enables more straightforward

electrochemical impedance analysis.

6.2.2 Experimental

LSM-YSZ / YSZ | LSM-YSZ symmetrical cells were fabricated by first die pressing YSZ
electrolyte pellets from YSZ powder mixed with 1% PVB binder, and then sintering at 1400 °C
for 4 hours. The resulting electrolyte pellets were ~ 0.6 mm thick and 19 mm in diameter. LSM-
YSZ electrode functional layers were then screen printed on both sides of the pellets using an ink
was produced as follows. A 1:1 mixture (by weight) of ZroesY0.1602-y (Tosoh) with A-site deficient
(Lao.8Sro.2)0.0sMn0O3.s (Praxair) was ball milled in ethanol for 24 hr. The solution was then dried,
ground, and passed through a 125 um mesh sieve. This powder was then added to Heraeus organic
vehicle 1:1.18 by weight and fully mixed with a three roll mill. After applying the ink by screen
printing, the electrodes were fired at 1175 °C for 1 hour. A current collector layer of LSM ink,
made similarly to the LSM-YSZ ink, was then screen printed on top of the LSM-YSZ layer and
fired at 1025 °C. The final as-fired thicknesses of the LSM-Y SZ functional layer and LSM current
collector were both ~ 20 um thick and had a circular area of 0.5 cm? Note that this electrode

fabrication procedure is essentially identical to that used in making full cells.

All cells were tested in an open-air furnace at 800 °C. Electrical contacts were made by pressure
contacting circular porous LSM current collector pellets, with 0.5 cm?area, to the electrodes using
a 14 g alumina weight. LSM was utilized to avoid artifacts that may arise from the transport of

noble-metal current collector materials into the electrode active region.®27 Current densities
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between 0.5 A/cm? and 1.5 A/cm? were applied. Current was applied galvanostatically using a
Keithley source meter controlled by a LabView program. The current cycle period was 12 h, with
equal times and equal currents in each current direction. The program was paused roughly every
24 hours to run an EIS measurement at open circuit (zero) voltage. All cells were tested for ~ 1000

hours.

6.2.3 Results

An initial exploratory test was done wherein the current density J was increased incrementally in
steps of ~150 h, starting at 0.5 A/cm? and finishing at 1.5 A/cm?; this provided an approximate
overview of the degradation rate versus J, and the results suggest that the degradation rate becomes
significant just below ~ 1 A/lcm?. Based on this result, 1000 h life tests were done at current
densities of 0.6, 0.8 and 0.9 A/cm?. Prior data taken with identical cells and an identical test setup,
but different current densities of 0.5 and 1.5 A/cm?, are also shown for comparison.?® Section
6.2.3.1 describes the increasing current test, section 6.2.3.2 the constant current test, and section

6.2.3.3 the SEM-EDS analysis.

6.2.3.1 Incrementally Stepped Cycled Current Density

The incremental test was started at 0.5 A/cm? and the current was then increased to 0.7, 0.9,
1.0,1.1,1.2,1.3, 1.4, and 1.5 A/lcm?2. The cell was maintained at each J for at least 150 hours.
The results from selected EIS measurements are shown in Figure 6.1. The data were fit using
the equivalent circuit shown in Figure 6.1, and an example fit is shown for 1.4 A/cm?. The fit
using two R-Q elements is reasonably good; better fits can be achieved by adding more

elements to the model, but the intent here was to quantify the main electrode responses with a
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reasonably simple model. The two responses have peak frequencies at ~ 100 Hz and 30 kHz.
As seen in the Nyquist plot, the ohmic resistance (approximately the high frequency intercept)
first decreased during operation at up to ~ 1.2 A/cm?, before increasing at higher J. As seen
in the Bode plot, the main change with increasing time and J was an increase in the high-

frequency response, while the lower frequency response remained approximately constant.
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Figure 6.1 Nyquist and Bode plots of selected EIS measurements, taken at zero current during
brief interruptions in a reversing-current life test in which J was incrementally stepped up to

higher values.

Figure 6.2 shows a plot of measured total, ohmic, and polarization resistances versus time.
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The values were obtained from the EIS fitting, rather than by observing the real-axis intercepts,
in order to minimize errors in determining the intercepts. The same trends that were apparent
in Figure 1 are also seen here: the total resistance changes relatively little at the lower J values,
but then the resistance increase accelerates with increasing J. The polarization resistance
increase begins early on, near 0.5 A/lcm?. However, there was considerable variability of the
ohmic and polarization resistance values in Figure 6.2, a result of errors introduced in the EIS
fitting process. This made it difficult to assess their degradation rates given the relatively short
constant-current intervals. Thus, the total resistance was used to estimate the onset of

significant degradation: the resistance increase appears to begin at > 0.7 A/cm?, corresponding

to 7>0.22 V.
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Figure 6.2 Total, ohmic, and polarization resistance values versus time during a reversing-
current life test in which the current density was incrementally stepped up to higher values.

The values are derived from EIS data as shown in Figure 1 from circuit models. The vertical
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lines separate regions with different constant current densities, with values indicated. Voltage

labels are electrode overpotentials at the start of each current step.

6.2.3.2 Constant Cycled Current Density

Based on the above results, current densities of 0.6 A/cm?, 0.8 A/cm? and 0.9 A/cm? were chosen
for three longer-term tests aimed at more accurately assessing the degradation rate. Figure 6.3
shows the EIS data from the 0.8 and 0.9 A/cm? life tests. There were differences between the
initial cell responses in the ohmic resistance, due to electrolyte thickness variations. The ohmic
resistance clearly increased with time for both cells. There were also minor differences in the
shape of the polarization response, presumably due to cell-to-cell processing variations. On the
other hand, after an initial decrease in the lower-frequency peak of the cell tested at 0.8 A/cm?, the
polarization resistance magnitude was almost identical for the two cells. After the initial break-in,
the low-frequency response was essentially stable for both current densities. The high frequency
response shows a slight increase with time, similar to the changes observed in the cell tested at
multiple current densities (Figure 6.1), but the increases are much less, as expected given the lesser

overall degradation observed.

The total, ohmic, and polarization resistance values, obtained from fits to the data in Figure 6.3,
are plotted versus time in Figure 6.4. Prior data?'® also shown in Figure 6.4 are from life tests at
0.5 A/cm?, showing no detectable change in resistance, and 1.5 A/cm?, showing substantial
increases in both ohmic and polarization resistance. In some cases, the cell resistance varied
strongly initially, but then stabilized after ~ 70 h. The cell tested at 0.5 A/cm? showed a slight

steady decrease in Rp that was almost exactly compensated by an increase in Rq, such that there
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was no net change in total resistance. 7 across a single electrode, calculated from J and
polarization resistance, was 0.17 V. For J increased from 0.6 to 0.9A/cm? (initial 7 value from
0.33 to 0.38 V), the rate of decrease of Rp lessened, while the rate of increase of Rq increases,
resulting in a faster total resistance increase. At J = 1.5 A/cm? (initial 7 = 0.93 V), both Rp and Ra

increased rapidly with time.
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Figure 6.3 Nyquist and Bode plots of selected EIS measurements taken at zero current during brief
interruptions in reversing-current life tests in which the current density was maintained at (a,b) 0.9

or (c,d) 0.8 Alcm?.
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Figure 6.4 (a) Ohmic (b) polarization and (c) total resistance versus time during reversing-current
life tests at current density values of 0.6, 0.8 and 0.9 A/cm?. The values are derived from fits to the

EIS data shown in Figure 3. Also shown are data from a previous report in which identical cells
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were tested in the same way in the same test setup at 0.5 A/cm? and 1.5 A/cm?.2*2 The initial Ohmic
resistance, which varied with electrolyte thickness, has been subtracted in part (a) to allow for

easier comparison of the resistance changes.

Figure 6.5 plots the measured total resistance degradation rates, obtained from best fits to the cell
resistance versus time data in figure 6.4 neglecting any initial break-in effects, versus 7 (a) and J
(b). The constant-current life tests have relatively small error bars — they appear able to resolve ~
1 %/kh degradation. However, the life test with incrementally increased current had only ~ 150 h
hold times at each J, leading to much larger errors. Despite the relatively large errors in some of
the data points, Figure 6.5 gives a reasonable idea of how the degradation rate increases with
current. Furthermore, the constant-current 0.5 A/cm? and 0.6 A/cm? tests provide a fairly clear

indication that measurable degradation starts at a current between these values.



132

a 50+ b 50 -
a P @
8 £ - 8 g *
53 % 53 %
o I v
g8 30 2 9301
n_: - x 2
28 20- £ 5201
o } O o §
F o =
o -
o £ 10- ' S 210 i
55 S s i
a ) 20O
0 I|\|||||£||||||\A||\| '''''''' [rrrrrroroeeT [rTrrrrrrrr 1 n- 0 ‘II\;II\|¢ lllllllll prrrrrrroT Trrrrrrrrrs frrrrrrorrT Trrrrl
0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0 1.22 1.4
Electrode Overpotential (V Current Density (A/lcm )
p

Figure 6.5. Degradation rates, derived from the slopes of the total resistance versus time data in
Figures 2 and 4, as a function of a) current density and b) overpotential. Colored points correspond
to the life tests in figure 4: 0.5 A/cm? blue, 0.6A/cm? purple, 0.8 A/cm? red, 0.9 A/cm? yellow, 1.5

Alcm? green.

6.2.3.3 SEM-EDS Analysis

SEM-EDS analysis was completed on a cell that was annealed with zero current along with the 0.8
and 0.9 A/cm? cells. Example images from these are shown in Figure 6.6. The cell annealed
without current shows uniform electrode structure right up to the interface, whereas in the 0.8
Alcm? and 0.9 A/cm? cases there are microstructural changes near the electrode/electrolyte
interface and throughout the active layer. The electrode structure near the electrode-electrolyte
interface appears to be depleted of material, containing fewer electrode particles and larger pores.
There is significant coarsening of the LSM particles in the active layer for the cells run at 0.8

A/cm? and 0.9 A/cm?, compared to the no-current cell, but the YSZ particles remain un-coarsened.
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Also, the electrolyte shows pits and pores near the electrode/electrolyte interface, especially in the

0.9 A/cm?cell.

The line scans in Figure 6.7 quantitatively show that La and Mn (i.e., LSM) are depleted near the
electrode-electrolyte interface in the 0.8 and 0.9 A/cm? samples, in agreement with the images in
Figure 6.6. The La and Mn signals increase with increasing distance from the electrolyte. On the

other hand, the main effect of current on the Zr composition profile is a stronger local variation in

intensity, presumably related to the presence of enlarged LSM particles.

Figure 6.6 A summary of: low magnification SEM images (left column), higher magnification

SEM images (middle column), and EDS compositional maps (right column) from the
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electrode/electrolyte regions of cells with no current (top row), 0.8 A/cm? (middle row), and 0.9

Alcm? (bottom row). The color scheme of the composition maps is shown in the upper right frame.
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Figure 6.7 EDS linescans for a) annealed b) 0.8 A/cm? and c) 0.9 A/cm? cells.

6.2.4 Discussion
The present results show that the overall resistance degradation rate increases with increasing
current density J (overpotential 7), increasing above the present detection limit of 1%/kh for J

somewhere between 0.5 and 0.6 A/cm? (n = 0.17 to 0.33 V). This result is consistent with SEM
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observations: substantial changes in the near-interface structure were observed for J=0.8 and 0.9
Alcm? (n = 0.39 and 0.37 V), whereas there was little observable change in structure reported
previously (for the same cells and test conditions) at 0.5 A/cm?2.213 These results are consistent with
a recent report?'? where degradation was observed for J = 1.0 A/cm? (n = ~0.25 V), unless the
fraction of the time in electrolysis mode during the reversing-current cycle was reduced. For J
increased above 0.8 A/cm? (0.39 V), the rate of degradation increases rapidly to > 10 %/kh, fast
enough to severely limit device lifetime and hence the total amount of energy that can be
stored/converted. Since it is important to reach degradation rates well below 1%/kh, longer-term
measurements at J ~ 0.5 - 0.6 A/lcm? will be useful in the future to provide greater sensitivity to

degradation.

For all J below 1.5 A/cm?, the degradation appeared to be mainly in the ohmic resistance (Figure
6.4a), while the polarization resistance showed little change (Figure 6.4b). In contrast, at 1.5
Alcm?, both resistance components contributed to the degradation. The ohmic resistance
degradation can be understood via the observed formation of voids in the YSZ electrolyte near the
electrode/electrolyte interface (see Figure 6.6 for 0.9 A/cm?, and Refs!4%?12), At higher J (1.5
Alcm?), where grain boundary pores join and produce extended regions of electrode/electrolyte

separation,?*® ohmic resistance presumably also increases by current constriction.

In a previous report on similar LSM-YSZ symmetric cells, the response peaking at ~30 kHz was
attributed to the grain boundary transport losses in the electrode YSZ phase.>! EIS measurements
of the present LSM-Y SZ cells with varied oxygen partial pressure (not shown) indicated no change
in this high-frequency response, providing further evidence that this response arises from an

interfacial (e.g., grain boundary transport) resistance. Given that pore formation on YSZ grain
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boundaries within LSM-YSZ electrodes has been observed after reversing-current operation,?'? it
is reasonable to attribute the polarization resistance increase to increasingly resistive YSZ
pathways because of degraded electrode grain boundaries. The SEM images in Figures 6.6 and

6.7 indicate depletion of YSZ from the electrode near the electrolyte, consistent with this

interpretation. That is, formation of voids in the YSZ corresponds to a net local depletion of YSZ.

The SEM-EDS results for 0.8 and 0.9 A/cm? suggest that the amount of LSM in the interface
region also decreases after cell operation under current. There appears to be a gradual increase in
the amount of LSM with increasing distance from the interface, perhaps indicating that material
has been transported away from the interface during cell operation. Finally, the LSM particle size
within the functional layers has increased after degradation. There does not appear to be a prior
report of such changes in the LSM phase in LSM-Y SZ functional layers. While there is no obvious
explanation, cation transport has been observed in similar perovskite oxygen electrode materials
under an oxygen gradient, as was present in the present experiments during cell operation.?!8 Given
the extensive structural/chemical changes within the electrode functional layer for 0.8 and 0.9
A/cm?, it is perhaps surprising that the increases in polarization resistance are not larger. Indeed,
SEM-EDS analysis of the electrode/electrolyte interface appears to be a very sensitive means for

detecting low levels of degradation, perhaps more so than the EIS measurements.

The apparent removal of material from near the electrode/electrolyte interface presumably
represents an early stage of the oxygen-electrode delamination that was reported for LSM-YSZ
electrodes after ~ 1000 h at a higher J of 1.5 A/cm?, both in current switching and electrolysis

modes.?*® That is, continuing removal of material ultimately results in a complete interfacial
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opening or delamination. Such delamination is likely even at the lower J of 0.8 A/cm? for

sufficiently long-term cell operation.

As discussed previously?'®, the degradation during reversing current operation appears to be
similar to that seen in dc electrolysis operation, although the periods of fuel cell operation can
partially mitigate degradation.®1:2'2 The degradation presumably occurs during the electrolysis
periods of reversible operation. Thus, the present results should be qualitatively similar to dc
electrolysis. However, there is relatively little data that is directly comparable. Knibbe et al.1%*
showed degradation of full Ni-YSZ/YSZ/LSM-YSZ cells at J = 1 A/cm?, but the initial 7 was only
0.19 V. While this is consistent with the J values causing degradation in the present results, no
degradation would be expected at this n based on the present data. Note that most of the
degradation was observed in the ohmic resistance,** similar to the present results. Reports on
degradation of LSM electrodes are difficult to compare directly with the present LSM-Y SZ results.
In one case, delamination was observed after operation at 0.5 A/cm?'*° but the polarization
resistance was quite high such that n ~ 3 V, well above the value where degradation is expected.
Tests on symmetric LSM electrode cells (on YSZ) showed rapid resistance increases and

delamination after 100 h at ~ 2.0 A/cm? and n ~ 0.76 V.1%

Although there is no definitive experimental evidence showing whether J or 7 controls oxygen
electrode degradation, models of the degradation mechanism suggest that # is the controlling
parameter. Models are generally based on the large electrochemical oxygen potential developed
near the electrode/electrolyte interface.'36:13°140 Thjs high effective oxygen pressure can drive the
observed nucleation of oxygen bubbles in the region near the electrode-electrolyte interface.X*® In

one case, a critical 7 required to nucleate oxygen bubbles in YSZ was predicted to be 0.28 V.2%9
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The present results, where the 7 value sufficient to cause degradation was between 0.18 V and
0.33V, are consistent with this predicted value. Other models are based on LayZr,07 formation3
and LSM lattice contraction®3® due to the high oxygen potential, but these do not predict potential

values where degradation is expected.

6.2.5 Conclusions
The present results represent an attempt to determine the J and n values below which LSM-YSZ
electrode degradation becomes negligible during reversing current operation. The following

conclusions can be made:

1. EIS tests over ~ 1000 h on symmetrical cells appear able to detect a degradation rate of

1%/kh.

2. SEM observations appear to be quite sensitive to the early stages of degradation, as seen by
a decrease in the apparent amount of LSM and YSZ at the interface, and an increase in the

size of LSM particles in the functional layer.

3. The present results show that degradation caused by reversing-current operation can be
reduced below ~ 1%/kh, the present detection limit, by operating at a current density between

0.5 A/cm? and 0.6 A/cm?with an oxygen electrode overpotential between 0.18 V and 0.33.

4. At higher current densities and overpotentials, the degradation rate increases rapidly, leading

to device lifetimes that would be too short for practical application;

5. EIS measurements show a unique signature associated with the degradation — an increase in

a high-frequency (~10* Hz) response — which appears to be associated with YSZ grain
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boundary transport losses. This could be a sign of oxygen bubble formation on grain

boundaries.

6.2.6 Acknowledgements

This section (6.2) used material and argumentation from a paper published in the Faraday
Discussions??°. The work was done in collaboration with Dr. Gareth Hughes who contributed the
current switching method, the stepped current density test, and current switched life-tests at 0.5,
0.9, and 1.5 A/cm?. | contributed the circuit modeling to interpret the results, the 0.6 and 0.8 A/cm?
tests, the SEM/EDS, argumentation, and the figures. Much of the work in Chapter 6 is founded

on the ideas developed in this study.

6.3 Separating the Roles of Current Density and Overpotential in (Lao.sSro.2)o.9sMnOs-5 -
Zros4Y0.1602-y Composite Electrodes During Reversing Current Operation

Section 6.2 shows that with both increasing current density J and increasing overpotential #, the
degradation rate of a current switched LSM-YSZ electrode increases. It is important to attempt to
distinguish between these causes of degradation because degradation at any J above a threshold
value would place a guiding limit to the design of a ReSOC or an electrolysis cell; however, if 7
is the more controlling factor in the onset of degradation, the chemistry, structure, or operating
temperature can be changed to offer stable operation at higher J. There is a theoretical basis for
expecting # to be a controlling factor in degradation by oxygen bubble nucleation and subsequent
cracking (Chapter 2.6). The structural changes in the LSM observed in the previous section are not
explained by this theory, but may be a related phenomenon that leads to delamination. It is
therefore still an open question whether J controls the degradation, or if 7 controls the degradation,

or some combination. In this section a set of current switched life tests is performed designed to
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separate these causes. For a constant J, the # will change exponentially with temperature because
the polarization resistance changes exponentially with temperature. Following this logic, a current
switched life test was performed at 0.5 A/cm? at 750 °C and compared to one at 800 °C. The
symmetric cell was fabricated in an identical process to the cells operated at 800 °C in the previous
section, and the current switched operation was also identical. Figure 6.8 shows a comparison of
the ohmic, polarization, and total resistances of an LSM-YSZ symmetric cell operated at 0.5 A/cm?

at 750 °C and 800 °C.
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Figure 6.8. Ohmic, Polarization, and Total resistance values comparing a stable current cycled
LSM-YSZ symmetric cell operated at 800 °C to an identical cell operated at 750 °C, values

displayed are taken from L-R-RQ-RQ fits.

The resistance values come from a circuit model fit using the L-R-RQ-RQ model used in section

6.2. The initial » for the cell at 800 °C is 0.18 V while the # for the cell at 750 °C is 0.55 V. The
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cell operated at an initial # = 0.55V shows fast initial degradation until about 200 hours at which
point degradation become slower at 10%/khr. Figures 6.9 and 6.10 show Nyquist and Bode plots

for the two life tests.
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Figure 6.9. Nyquist and Bode plots for an LSM-YSZ symmetric cell operated at 0.5 A/cm? under

a 12-hour current switched cycle at 800 °C
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Figure 6.10. Nyquist and Bode plots for an LSM-YSZ symmetric cell operated at 0.5 A/cm? under

a 12-hour current switched cycle at 750 °C.

The increase in the 50 kHz response in the 750 °C cell is similar to the degradation seen in section
6.2 for symmetric LSM-YSZ. This implies that degradation by the same mechanism is accelerated
at lower temperatures or higher overpotentials. Figure 6.11 shows the post-test SEM evaluation of

the 750 °C cell, showing cracking, pitting and material depletion near the electrode/electrolyte

interface.
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Figure 6.11. SEM images of the post-test LSM-YSZ cell operated at 750 °C and 0.5 A/cm? near

electrode/electrolyte interface. The sample is epoxy infiltrated and polished to 1 um diamond.

An additional current switched life test was performed to investigate whether degradation could
be eliminated or reversed within the same cell by operating a 0.5 A/cm? current cycle and adjusting
the temperature between 750 and 800 °C. Figure 6.12 shows the total resistance over time for a
LSM-YSZ symmetric cell that was operated at 750 or 800 °C for 200 hour periods while running

a 12-hour 0.5 A/cm? current cycling program.
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Figure 6.12. Total resistance of a current switched LSM-YSZ symmetric cell operated at 0.5
Alcm? on a 12-hour cycling period with the temperature switched between 750 and 800 °C every
200 hours. The overpotential at the start of each temperature period is labeled at the top of the

figure.

The degradation rates shown for the 750 °C regions is 30%/khr, whereas the degradation in the
800 °C region is not measurable. The total resistance in the second 800 °C period at 625 hr shows
that the degradation is not reversible, but the rate of degradation can be slowed by increasing the

temperature (decreasing 7).

The overall trend of increasing total resistance with » shows that degradation in the LSM-YSZ
system is mostly controlled by » and operating conditions can be changed to slow the degradation.
The slowed degradation at lower 7 also suggests that a cell with a smaller polarization resistance
will be more stable against degradation. However, there are details in the EIS data that show 7 is
not the entire descriptor of degradation. Despite a very stable total resistance in the 0.5 A/cm?

current cycled test at 800 °C, the response at 10? Hz decreases at the same rate that the ohmic
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resistance increases. This phenomenon has yet to be explained, but is a small change compared to
the resistance increases associated with increased #. One possible interpretation is that LSM
movement in the electrode occurs below the 7 threshold for oxygen bubble formation and cracking
(section 2.6.1)*°. A reorganization of the LSM could reduce the TPB density which would
increase the polarization resistance while LSM reorganization, especially in the current collector,
could allow for larger local cross-sections, reduced grain boundary scattering leading to higher

LSM conductivity.

6.4 Degradation of Lao.sSro.4FeosC00.203-s Oxygen Electrodes on Ceo.9Gdo.102-5 During
Reversing Current Operation

6.4.1 Introduction

Previous work (section 6.2) on LSM-YSZ electrodes has shown degradation in current switching
has features in common with DC electrolysis, particularly cracking and delamination at the
electrode-electrolyte interface. Stable conditions (unmeasurable degradation in total resistance) for
reversing current operation are available for the LSM-YSZ system (section 6.2), but there are an
array of other materials systems of interest, especially moving toward lower temperatures where
storage is more economical. The Lao.eSro.4Fe0.8C00203-5 (LSCF)/ Ceo.9Gdo.102-5 (GDC) system has
been under intense investigation for solid oxide cells (SOCs) operating around 700 °C and below?,
but little is known about this system under current switching operation. A few studies exist on the
degradation of LSCF electrodes under electrolysis conditions??12%, and one under brief (total 72
hr) current switching conditions®?®. Most degradation in LSCF electrodes under electrolysis has
been studied using full cells that are typically composed of a dense YSZ electrode and a thin or

porous GDC barrier layer to prevent detrimental side reactions?21-22%, The few reports that examine
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the degradation of LSCF in electrolysis conditions mainly attribute degradation to diffusion of Sr

or Co through the GDC barrier layer to the underlying YSZ electrolyte?®

, causing side
reactions?2*22° or a phase change in the compositionally compromised LSCF?2%, This is in contrast
to LSM electrodes that degrade primarily by delamination, though one report of LSCF on YSZ
does observe this mode of degradation??!. None of the studies mentioned here operate the electrode
below 750 °C. Here we present life tests on symmetric LSCF/GDC cells operating under switching
with a 12 hour period at a range of J (0.7-1.5 A/lcm?) and # (0.03-0.12 V) at 700 °C to identify the
range of stable operation and observe relevant degradation phenomena. In this study, an advantage
of the LSCF/GDC/LSCF symmetric cells is that there is no driving force for the Co and Sr to react

as there is no underlying YSZ electrolyte layer. Moreover, there are no reports that compare the

effect of J or 5 on electrolysis or current switching degradation in the LSCF/GDC system.

6.4.2 Methods

6.4.2.1 Cell Fabrication

Ce0.9Gdo.102 (Rhodia) was pressed into 0.5 g 19mm diameter pellets and sintered at 1450 °C for 6
hours. Commercial Lag.sSrosCoo.2FeosO3 powder (Praxair) was mixed with Heraeus V-737 in a
1:1.18 ratio on a three roll mill and screen printed on both sides of the sintered pellets. The

symmetric cells were then fired at 1100 °C for 2 hours resulting in an electrode thickness of ~40

pm.

6.4.2.2 EIS Measurements
Cells were contacted with porous LaggSro2MnO3z (LSM) pellets 0.4 cm in diameter to avoid
artifacts associated with silver migration. A paste composed of LSM and V-373 was used to affix

the LSM pellet to the electrode. A LabView controlled Keithley sourcemeter provided current
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densities galvanostatically ranging from 0.7-1.5 A/cm? on a 12-hour cycle period. The sourcemeter
was periodically disconnected to collect impedance spectra using a Zahner IM6 workstation in the
range of 10°-10" Hz approximately every 24 hours. Zview software was used to separate the
ohmic, polarization, and total resistance contributions by fitting equivalent L-R-RQ-G circuits to

the data.

6.4.2.3 SEM-EDS

Symmetric cells were fractured and vacuum infiltrated with EpoThin epoxy (Buehler) and polished
to 1.0 um with a diamond slurry (Buehler). Specimens were then coated with 7 nm of Os and
contacted with carbon tape. The electrodes were imaged using a Hitachi SU 8030 scanning electron

microscope at 25 kV and 20 nA using a lower secondary electron detector.

6.4.2.4 FIB-SEM

A control sample, a 0.7 A/lcm? post-test fragment, and a 1.5 A/cm? post-test fragment were
prepared for FIB-SEM serial sectioning by epoxy infiltration and mechanical polishing. °1%* The
imaging was done on an FEI Helios with an accelerating voltage of 2 kV and the backscattered
electron (BSE) detector because it provides optimal contrast between the epoxy-filled pores and

the solid phase. Imaging segmentation and 3D reconstruction were done as described elsewhere.1%*

6.4.3 Results

Figure 6.13 shows selected impedance spectra collected over the course of the 0.7 A/lcm? current
switched life test with equivalent circuit models overlaid. The 0.7 A/lcm? case is mostly stable,
showing minimal changes past the initial break-in period. Two distinct responses can be observed
at about 1 Hz and 1 kHz. Figure 6.14 shows Nyquist and Bode plots for the 1.5 A/cm? current

switched life test. The 1.5 A/cm? case shows increases in both ohmic and polarization resistances
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throughout the life-test and an associated frequency shift in the response at 200 Hz that moves to
about 20 Hz. At early times (<100 hours) all samples show some changes in both the ohmic and
polarization resistances.
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Figure 6.13. Nyquist and Bode plots at selected time points of the current switched life test

performed at a current density of 0.7A/cm?.
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Figure 6.14. Nyquist and Bode plots at selected time points of the current switched life test

performed at a current density of 1.5A/cm?.

An L-R-RQ-G circuit is used to model the electrode responses in figures 6.13 and 6.14. The
inductor accounts for inductance in the test setup, while the series resistor models the ohmic
resistance of the electrolyte. A Gerischer element is used to model the ORR, as the electrode is a
single phase MIEC and should therefore be modeled well by a Gerischer element according to the
Adler-Lane-Steele model®®. The RQ element accounts for an unknown response, clearly visible in
the 0.7 A/cm? sample, and at early times in the 1.5A/cm? sample. This RQ response at about 1 Hz

is not observed in similarly processed single phase LSCF on GDC symmetric cells contacted with
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silver wires (Chapter 5) and is therefore likely due to the gas diffusion through the thick LSM
pellet and paste contacting the LSCF. The low frequency RQ response (0.01 Qecm?) is relatively
constant throughout all tests, and overlaps with the ORR response at late times in the 1.5 A/lcm?

case.

Figure 6.15 shows the ohmic, polarization, and total resistance over the course of four life-tests as
well as the changes in resistance with respect to the starting values at the start of the test. The
values plotted are from equivalent circuit fits to the EIS data. The total resistance for the 0.7 A/cm?
case is <1%/khr, specifically 0.6%/khr with 95% confidence interval of £0.4%/khr and is the most
stable sample examined. The 1.5 A/cm? case degraded more quickly at 14.5 %/khr +1.55% overall.
The error is calculated by fitting a line to the data, finding the standard deviation in the slope and
multiplying by 2 to achieve a 95% confidence. Most of the degradation occurs as an increase in
polarization resistance for all samples (3b and €). All samples show minimal or even negative
changes in the ohmic resistance (0.7 and 1.5 A/cm? cases) (3a and d). The degradation rate in the
polarization resistance for both the 1.0 and 1.5 A/cm? cases slows with time. This is especially
apparent figure 6.14e that shows roughly identical degradation rates for the 0.9 and 0.7 A/cm?
polarization resistance, and a pronounced, but stabilizing degradation for the 1.0 and 1.5 A/cm?
cases. The slightly negative change in ohmic resistance almost completely cancels the increase in

polarization resistance for the 0.7 A/cm? case.
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Figure 6.15. a) Ohmic resistance, b) Polarization resistance, and c) Total resistance of the current
switched life tests performed at 0.7, 0.9, 1.0, and 1.5 A/cm?. Data points show circuit model values.

The changes in resistance with respect to the staring values are also shown (d-f).
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Figure 6.16 shows polished SEM cross-sections of post life-tested cells showing the region near
the electrode/electrolyte interface. Cracking and pitting is visible in the GDC near the interface for
the 1.0 and 1.5 A/cm? samples, through the electrodes are still well connected to the electrolyte
and there is no apparent material depletion. There are also apparent changes in the electrode
microstructure with increasing J. Comparing the 0.7 and 1.5 A/cm? samples the LSCF particles in

the 0.7 A/lcm? appear on average smaller compared to the 1.5 A/cm? sample.

Figure 6.16. Polished cross-sections of LSCF symmetric cells operated at zero, 0.7, 1.0, and 1.5

Alcm?.

Table 1 shows a summary of the reconstructions including the sample porosity, tortuosity of the

solid phase, and surface area per electrode volume. There is a clear decrease in the porosity,
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tortuosity, and specific surface area from the control sample to the 1.5A/cm? sample while

relatively little change is seen between the control and 0.7 A/cm? samples.

Table 6.1. Summary of microstructural parameters in post-test LSCF electrodes

Sample No Current 0.7 Alcm? 1.5 Alcm?
Porosity, €, % 39.69 39.59 34.03
Tortuosity, T 1.12 1.12 1.10
Specific Surface Area, a (um?) 5.62 5.96 4.47

6.4.4 Discussion

Figure 6.16 shows the degradation rates as a function of J and #. The error bars displayed are errors
in the slopes of the linear regressions to the data in figure 6.15c within 95% confidence.
Overpotentials are approximated by multiplying the J by the polarization resistance. The

degradation in LSCF on GDC appears to be more strongly correlated with J than with initial #.

20 — 20 —
o o
-t b
,5213 15 — 23 15
c
§3 53
-] to
TT 10 TT 10
€3 S
o Q [ =1
= at
— @ o
58 7 58 s-
- o I - o I

[ ]
0 T | T | T | T 0 T .l T | i T |

0.0 0.4 0.8 12 0.00 0.04 0.08 0.12
Current Density (Ncmz) Overpotential (V)

Figure 6.17. Total degradation rate versus J and » for 0.7 Alcm? (black), 0.9 A/cm? (red), 1.0

A/cm? (blue) and 1.5 A/cm? (green).
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A theory by Virkar4%??" describes generally that degradation in solid oxide electrolyzers by

cracking and delamination can be linked to the initial # and a critical # can be estimated by:

oo _RT T K,
a=Ber =M [ = v)2c2p,

Where K;. = 1.53 MPavm 2?8, c is estimated to be between 1 and 10 pm, v=0.33,p, =

(Equation 6.1)

21.3 kPa,and R, T, and F have their typical meanings, a critical # for GDC can be estimated (0.24-
0.22 V). In the present study, all degradation is occurring below the predicted # value for GDC
(<0.12 V), though the # at the end of the 1.5 A/cm? test approaches 0.22V. Here most degradation
occurs in the polarization resistance with very little change in the ohmic resistance, suggesting the
majority of the changes are in the electrode. The rate of degradation in the polarization resistance
is correlated with current density and may be explained by the microstructural changes quantified
in Table 6.1 by FIB-SEM. Another possibility is that increased J or » accelerate the rate of
strontium segregation (section 2.5.2.1). It is possible that a combination of microstructural changes
and microchemical changes are responsible for what appears to be a leveling off of the polarization
resistance at high current densities, as both scenarios would have a slowed effect as degradation
progresses. For a current induced coarsening of the LSCF, eventually the rate of surface area
change would slow, resulting in a leveling off of the polarization resistance as observed. For the
case of strontium segregation accelerated by voltage, or current density, some equilibrium amount

of strontium would segregate to the surface and again the polarization resistance would level off.
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The Adler-Lane-Steele model may be an appropriate physical interpretation of the symmetric
electrodes to quantify the observed microstructural and chemical changes with respect to the
changes in polarization resistance. The low frequency response can be accounted for by the RQ
element as described above, and so the ORR can be equated to the Gerischer element i.e., Rg =
Rr-Rro. Equations 6.2 and 6.3 relate the Gerischer time constant and resistance to the chemical

and physical descriptors of the LSCF electrode:

(Equation 6.2)

f (1—€)coxg
7 4aRyA,

(Equation 6.3)

. RT T
7 4F? |4a(1 — €)R,coxID

Where ¢ is the electrode porosity, a is the internal specific surface area of the solid phase, 1 is the
tortuosity of the solid phase, co is the concentration of oxygen sites involved in diffusion, x,° is the
molar fraction of interstitial or vacancy defects at equilibrium, Ag is the thermodynamic factor, D

is the oxygen diffusivity, and Ro is the molar surface exchange rate defined as:

(Equation 6.4)

ken
R, = CAem (POZ)O'SCO
0

For the 1.5 A/cm? sample, taking the ratio between the initial and final resistance and plugging the

final surface area into equation 3, the internal surface area at the start of the test would have to be
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118.5 pm to be commensurate with the observed resistance. However, this value seems unlikely
when compared to the internal surface area of the control sample (5.62 um). Comparing the
control sample microstructural parameters and 1.5 A/cm? microstructural parameters, the expected
change in polarization resistance would be 0.01 Qecm?, which is only 10% of the actual change.
The observed change in polarization resistance is then not wholly explained by a change in

microstructure.

The other likely possibility is a change in the surface exchange parameter Kchem caused by strontium
segregation. Using co and xJ values from chapter 5 and the tg determined from circuit modeling,
the Kehem for the 1.5 A/cm? sample can be calculated using equations 6.2 and 6.4. The calculated
value of Kehem for the 1.5 A/cm? sample microstructure at the end of the life test is 4.3x10° cm/s,
which is close to the center of mass compared to other reported values. In order to account for the
resistance change, holding all other factors constant the kchem at the start of the test would have to
be 2.4x10™* cm/s, which is among the highest reported values for LSCF. Combining the two
changes in the electrode, using the control microstructure at the start of the 1.5 A/cm? test and
calculating the Kkehem for the start of the test yields 1.84x10™* cm/s. Thus, excluding other possible
mechanisms of degradation, ~10% of the degradation can be accounted for by microstructural
changes, while ~90% could be explained by a change in the surface exchange rate. This suggests
that increased J accelerates the rate of strontium segregation (discussed in chapter 2) to the surface
of the electrode, though more work using independent characterization techniques would be

needed to verify this possibility.
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6.4.5 Summary and Conclusions
Current switched life tests of LSCF on GDC symmetric cells were performed for about 1000 hours
at 0.7, 0.9, 1.0, and 1.5 A/cm?. The rate of degradation increased with increasing J and the entire
resistance increase attributed to the polarization resistance. The cell operated at 0.7 A/cm? had a
slow slow degradation rate at 0.6 +0.4 %/khr while the 1.5 A/lcm? sample degraded quickly at first,
but leveled out after 700 hours. All degradation occurred at an » below that predicted to cause
oxygen bubble formation and electrolyte cracking, and indeed there were no significant changes
observed in SEM or in the ohmic resistance. FIB-SEM was performed on a control cell, the 0.7
Alcm? case, and the 1.5 A/cm? case to look for microstructural changes. Using the ALS model,
only about 10% of the resistance change could be attributed to the changes in microstructure. Again
using the ALS model, a change in surface exchange may account for most of the degradation (from
1.84x10* to 4.3x10° cm/s) suggesting that strontium segregation may be accelerated by higher J.
The outlook for the long term stability of the LSCF electrode may be good if these changes are

accounted for by Sr segregation, as the polarization resistance would saturate at a particular value.

6.4.6 Acknowledgements
The FIB-SEM reconstruction data presented in this section was collected by Honggian (Sharon)

Wang and Qinyuan Liu.

6.5 Preliminary current switched life tests of La2NiO4 wet-infiltrated into
(Lao.eSro.1)(GaosMgo.2)O3

6.5.1 Introduction

Rare-earth nickelates are a promising class of materials for use as oxygen electrodes, as

demonstrated in chapters 4 and 5. In particular, they offer low polarization resistances at low
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temperatures, implying they may be stable against degradation at temperatures low enough for a
reversible SOC system if their degradation is controlled by overpotential, as in the LSM-YSZ
system. Here we investigate the stability of La;NiOs (LNO) infiltrated into
(Lao.eSro.1)(Gao.sMgo.2)O3 (LSGM) during 12-hour current cycles. No rare earch nickelate material
or LSGM has ever been used in an electrolysis or current switched degradation study. Infiltrated
LNO was selected as the first rare-earth nickelate to undergo these tests because it is the most well
explored nickelate, does not suffer from strontium segregation issues, is stable in contact with
LSGM and is phase stable in the n=1 phase as prepared. The material can also be processed at
lower temperatures than PNO, lowering the risk of any interdiffusion. This section shows current
switching and EIS data for the infiltrated LNO/LSGM system, post-test SEM/EDS and a

preliminary outlook on finding stable operating conditions for the LNO/LSGM system.

6.5.2 Experimental

Infiltrated LNO symmetric cells were prepared similarly to the PraNiOs electrodes described in
chapter 51, For the LSGM electrolyte, LSGM was first synthesized via solid state reaction.
LSGM powder was synthesized from stoichiometric amounts of SrCO3s (Sigma), La>Os (Sigma),
Ga>03 (Sigma), and MgO (Alfa Aesar), which were ball milled for 24 hours in ethanol, dried, and
then reacted at 1250 °C for 12 hours. This LSGM powder was then ball milled in ethanol and 2
wt. % polyvinyl butyral (Aldrich) binder, dried, and pressed into 0.5 g 19 mm diameter pellets.
The green bodies were then sintered at 1450 °C for 4 hours. LSGM scaffolds were screen printed
onto the electrolyte pellets using an ink composed of commercially available LSGM (Praxair),
Heraeus 737 vehicle, and 30 wt% of KS4 graphite flakes (Timrex) as pore former. Four screen

printed layers were applied to each side, then heated to 600 °C for one hour to burn away the pore
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former, and then fired at 1200 °C for 4 hours to form a porous scaffold layer with interconnected
LSGM particles 0.5-3 microns in size. A current collector was then applied on each scaffold by
screen printing one layer of an (Lao.sSro.4)(Coo.gFeo2)Os-s ink consisting of the same vehicle, pore
former, and LSCF powder (Praxair). The entire assembly was then fired at 1100 °C for one hour
to produce a suitably porous current collector that was also well bonded to the scaffold. The
resulting scaffold thickness was ~ 40 um and the LSCF layer was ~ 10 um thick. The cathode
infiltrate was a 2 M nitrate solution prepared by dissolving stoichiometric amounts of
La(NO2)3*6H20 (Aldrich) and Ni(NO)3*3H20 (Fischer) in water and subsequently adding 0.06
mol of Triton X-100 (VWR). This solution was stirred for 24 hours to ensure good mixing. Each
scaffold was infiltrated with this solution using excess fluid (~6 pL) and removing the excess after
allowing solution to infiltrate the porous scaffold for 5 minutes. The infiltrate was decomposed by
heating to 450 °C for 0.5 hours, leaving oxides of the respective metal ions. After 12 infiltrations,
the symmetric cells were fired at 850 °C for 4 hours to form La>NiOs. Silver metal grids current
collectors were applied for electrochemical testing. Two LNO infiltrated LSGM symmetric cells
were current cycled for 1000 hours at 650 °C, one at 1.0 A/cm? and the other at 2.0 A/cm?. EIS
spectra were taken once every 24 hours using a Zahner IM6 electrochemical work station working
the 0.1-10° Hz range. The EIS data were modeled using an L-R-RQ equivalent circuit model to
extract the ohmic, polarization, and total resistances of the electrodes over time. Cross-sections of
the LNO/LSGM cells are prepared by epoxy infiltration and polishing down to a 1 pm diamond

slurry. SEM/EDS is performed as described in chapter 3.
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6.5.3 Results
Figure 6.18 shows the Nyquist and Bode plots of the 1.0 A/cm? current switched LNO/LSGM
symmetric cell. After a break-in period in the first 100 hours of operation very few changes are
seen in the impedance response. The response can be described by a single depressed arc that

encompasses the ORR kinetics. A small increase in the ohmic resistance is observed even after the

break-in period.
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Figure 6.18. Nyquist and Bode plots of a current switched LNO/LSGM cell at selected time points

in the 1.0 A/cm? current switched life test at 650 °C

Figure 6.19 shows the Nyquist and Bode plots of the 2.0 A/cm? current switched LNO/LSGM
symmetric cell. The EIS response is still modeled well using a single RQ element with a depressed
arc. There are similar increases in both the ohmic and polarization resistances and a slight decrease
in the peak frequency associated with the increased resistance. There are no significant changes in
the arc shape or number of responses. The spurious sharp peak at about 50-60 Hz is the result of

the particular test setup where the silver lead wires were coupling with the outlet AC voltage.
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Figure 6.19. Nyquist and Bode plots of a current switched LNO/LSGM cell at selected time points

in the 2.0 A/cm? current switched life test at 650 °C

Figure 6.20 summarizes the EIS response throughout each test by displaying the ohmic,

polarization and total resistance from the circuit model fits.
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Figure 6.20. Summary of the ohmic, polarization, and total resistance values of the LNO life tests.
Total resistances are displayed in black, polarization in red, and ohmic in blue. The 2.0 A/cm?

results are displayed as triangles, and the 1.0 A/cm? results are displayed as circles.

The total rate of degradation for both samples is approximately linear. The degradation rate for the
total resistance of the 2.0 A/cm? test is 23.3 + 0.96 %/khr with increases coming relatively equally

from changes in the ohmic and polarization resistances. The degradation rate for the total resistance
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of the 1.0 A/cm? test is 2.9 + 1.3%/khr with all of the measurable degradation occurring in the
ohmic portion. The initial overpotentials for the 1.0 A/cm? and 2.0 A/cm? tests were 0.2 V and
0.26 V respectively. The initial polarization resistance varies from cell to cell as similar to the
infiltrated PNO cells in chapter 5. The initial polarization resistances for the 1.0 and 2.0 A/cm?

cells were 0.2 and 0.13 Qecm? at 650 °C respectively.

Figure 6.21 shows the post-test SEM cross-sections. The EDS here is used to delineate the
infiltrated material from the LSGM scaffold. The LNO forms a high surface area structure and

adheres well to the LSGM scaffold. The LSGM scaffold particles are between 0.5 and 3.0 pum.

Figure 6.21. Post-test SEM/EDS cross sections a) 1.0 A/cm? SEM b) 1.0 A/cm? EDS ¢) 2.0 A/cm?

SEM b) 2.0 A/lcm? EDS
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6.5.4 Discussion
Figures 6.18 and 6.19 show the impedance response for both tests and are fitted well by a single
RQ element corresponding to the ORR. The polarization resistance of about 0.2 Qecm? at 650 °C
places the electrode in a similar performance range as infiltrated LSCF for this temperature!26:160,
The low degradation rate at 1.0 A/cm? is not slow enough to meet the <0.5%/khr target considered
stable, but it is likely not far from a stable operating condition. Some degradation may be due to
particle coarsening'®%1%°, but large difference in degradation rate based upon the applied current
suggests a J or » induced mechanism is dominant over a coarsening effect. No clear cracking or
delamination is observed in SEM, though increases in the ohmic resistance for both the 1.0 and
2.0 Alcm? samples suggests changes in the LSGM either in the scaffold or the electrode/electrolyte
interface consistent with observations in the LSM-Y SZ system. Notably the overpotential at which
degradation occurs in the ohmic resistance (between 0.2 and 0.26 V) is consistent with predictions
from Virkar’s model and observations in the LSM-YSZ system. Equation 6.1 gives an estimation
of the critical overpotential to cause the onset of cracking and delamination based upon the Kc of
the material and the crack length. Inserting Kc values for LSGM at 650 °C (1.1 MPaym , ref 22%)
and estimating the crack length to be 1-10 um yields an estimated critical overpotential of 0.22-
0.199V, respectively. This just barely places the 1.0 A/cm? test in the lower range for degradation
by oxygen bubble nucleation and cracking at = 0.2 V. More work will need to be done to confirm
the dominant degradation mechanism at work in the LNO/LSGM system as well as find a baseline

n or J for stable operation.
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6.6 Summary
In this chapter three electrode types have been examined under current switching conditions:
composite LSM/YSZ on a YSZ electrolyte, single phase LSCF on a GDC electrolyte, and LNO
infiltrated into porous LSGM on an LSGM electrolyte. The LSM-Y SZ electrode degrades quickly
at high  where material depletion and cracking occurs near the electrode/electrolyte interface. The
n at which the electrode degrades measurably seems to agree with the oxygen bubble nucleation
theory proposed by Virkar. In the low # regime where degradation in the total resistance is not
measurable, more subtle changes in the EIS occur and may be due to a slower degradation
mechanism, possibly involving the rearrangement of LSM. In the LSCF on GDC electrode,
degradation occurs at lower 5 than would be predicted by Virkar’s theory. FIB-SEM
reconstructions showed microstructural changes, but an ALS model analysis showed that the
observed changes cannot account for the changes in polarization resistance. The degradation in
LSCF at low # must come from a combination of the microstructural changes and a change in
Kehem, probably from Sr segregation. Increased J increased the rate of change in the polarization
resistance. Preliminary data for the infiltrated LNO on LSGM system shows that the onset of
degradation is near a current density of 1.0A/cm? and an » of 0.2 V. This # value is close to that
predicted by Virkar’s theory, and is suggestive of the # controlled degradation mechanism, similar
to the LSM-YSZ system. From these studies a few observations can be made about the stability of

a current switched electrode:

(1) Low polarization resistances are required to keep the overpotential below the critical
value of ~0.2 V at acceptable current densities. Good performance leads to better

stability.
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(2) Slow changes in the LSM-YSZ electrode take place even at nominally stable conditions
and may or may not be problematic at very long operation times

(3) In the case of LSCF, J promoted microchemical and microsctructural changes occur
even at low overpotentials, but may be suffenciently stable if J is kept at low enough
levels because the critical # is not reached.

(4) Rare earth nickelate materials are a promising direction as they provide good chemical
stability compared to alkaline earth doped perovskites and offer low polarization
resistances.

(5) Increases in ohmic resistance above the predicted critical overpotential are indicative
of oxygen bubble precipitation and cracking. This is a hard limit on the stable operating

conditions of an SOC.
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Chapter 7: Development and analysis of a combined electrochemical-coarsening model to
describe degradation in nano-infiltrated electrodes
7.1 Acknowledgement and Note on the Context of this Chapter
Material and argumentation from this chapter also appears in the journal Physical Chemistry
Chemical Physics (2016). All of the symmetric devices discussed here were painstakingly
fabricated by Dr. Ann V. Call, and all the accelerated electrochemical testing data was likewise
collected by Dr. Call. My contribution here is a development of Dr. Call’s thesis work. Here I
present analysis using a refined model for the electrochemical-coarsening based on the
transmission line model. The objective was to fit and interpret Dr. Call’s data. Further I make
predictions about the lifetime and performance of nano-infiltrated electrodes. FIB-SEM was

collected by Honggian (Sharon) Wang.

7.2 Introduction

Low-temperature solid oxide cells (LT-SOCs) aim to operate from 400 — 600 °C, versus the 750 —
850 °C range used in current state of the art solid oxide cells.?®® This temperature decrease is
widely viewed as being critical for more widespread applications in fuel conversion to electricity
(fuel cells),*+231:232 glectricity conversion to fuel (electrolysis),? electricity storage (reversible
cells),*®22 and chemical processing (catalytic membrane reactors and oxygen generators).1%22:234-
236 The oxygen reduction reaction at the oxygen electrode is usually the process limiting operating
temperature reductions. Thus, there has been considerable activity on the discovery, study,
development, and application of oxygen electrodes usually mixed ionically and electronically
conducting (MIEC) oxide materials; the focus has been almost entirely on oxygen transport

properties — oxygen diffusivity and vapor-solid oxygen exchange rate.%6-237-23
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Achieving good LT-SOC performance generally also requires high surface area achieved using
nano-scale oxygen electrode morphology.'?>!82 While LT-SOC oxygen electrodes that perform
well down to 500 °C and below have been achieved in this way,?2?" life testing has been limited
to relatively short times (< 500 h) compared to typical desired device lifetimes of > 40,000 h. Itis

well known that nano-scale structures coarsen at elevated temperatures?4

, and even relatively
short-term MIEC oxygen electrode tests have often shown substantial degradation.?** In one study;,
the electrochemical performance degradation of LaosSro.4C0o2Fe0sO3 (LSCF) oxygen electrodes
fabricated by wet-chemical impregnation (infiltration), a commonly-used method for producing
nano-scale oxygen electrodes, was measured at temperatures higher than nominal operating
temperatures in order to accelerate any degradation.?*> Coarsening-related degradation was

observed over relatively short life-test times (200 — 500 h) and the amount of data was limited,

such that it was possible to make only approximate predictions of long-term degradation.

Here we show the time- and temperature-dependent performance of a state-of-the-art nano-scale
MIEC oxygen electrode — SmosSrosC003 (SSC) infiltrated into a Ceo.9Gdo.102 (GDC) scaffold.
The experiments were designed to improve upon prior accelerated life tests by making more
extensive measurements out to longer times (1500 h). Some of the tests were done within 100 °C
of a nominal cell operating temperature of ~ 600 °C, with the aim of allowing more accurate long-
term predictions. A model is developed that accounts for SSC coarsening in order to quantitatively
fit measured electrode polarization resistance degradation. The model enables one of the first
predictions of electrode stability over the ~ 40,000 h times desired for SOC operation, and shows
that there are clear limits on the starting MIEC particle sizes, operating temperatures, and

polarization resistance values that can be achieved while maintaining acceptable stability.
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7.3 Experimental
7.3.1 Symmetric Cell Fabrication
Ce0.9Gdo.102-5 (GDC) (Rhodia) was ball milled in ethanol for 24 hours, dried, and sieved (#1600).
The GDC powder was then pressed into 19.0 mm diameter pellets weighing 500 mg each. The
green bodies were then fired at 1450 °C for 6 hours to form the electrolyte supports. GDC (Rhodia)
was mixed in 1:1.28 mass ratio Heraeus V-737 by three roll milling to form an ink. The GDC ink
was screen printed onto the electrolyte pellets and fired at 1100 °C for 4 hours. The final scaffolds
were ~20 microns in thickness, as measured by profilometry, with an area of 0.5 cm?. A solution
for infiltration was synthesized by mixing Sr, Sm, and Co nitrates in stoichiometric ratio (0.5:0.5:1
mol) in 18.2 MQ millipore water such that the solution contained 2.73 mol/L metal ions. Citric
acid was added as a chelating agent to 2% of the solution by mass. Excess solution was added to
the scaffolds, masked using tape to prevent solution spillover onto the electrolyte surface to ensure
both maximum infiltration per cycle and even distribution of particles through the entire depth of
the electrode. The excess solution was wicked away from the electrode surface using a lint free
wipe and the mask removed. Electrodes were fired at 800 °C for 0.5 hours for each infiltration
cycle. Electrodes were weighed between infiltrations and infiltration cycles were repeated until the
electrode weight corresponded to the desired volume percent SSC (e.g., ~8 infiltrations for 20
vol% SSC). A current collecting layer of (Lao.sSro.2)0.9sMn0O3s-s was then screen printed onto the
electrodes and fired at 800 °C for 2 hours. Silver grids and wires were affixed to the cells for

electrochemical testing.



168
7.3.2 Electrochemical Testing
The present life tests were done at temperatures higher than normal operating temperature in order
to accelerate degradation. Such acceleration of degradation is successfully practiced in cases
where device lifetimes are too long to allow extensive full-life tests, such as in integrated

circuits.?*

Electrochemical testing was performed in lab air at 600 °C, the target oxygen electrode operating
condition, in all cases, regardless of the aging temperature (700-800 °C). Figure 7.1 shows the
life-test schedule, which was repeated every 48 h. Most of the time (46 h) was spent at the aging
temperatures, with 2 h (~4% of the life-test cycle) devoted to ramping down the temperature,
stabilizing, measurement, and then returning to the aging temperature. Electrochemical testing
was performed in the frequency range 10°-10' Hz using a Zahner IM6 electrochemical testing

station.

Aging
Temperature
(700-800°C)

Testing

Temperature
(600 °Q)

>t

EIS tests at these points
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Figure 7.1. lllustration of the testing program used to collect EIS data during coarsening. The
testing interruptions constituted ~4% of the total testing time, such that the cells were at the ageing

temperature for ~ 96% of the testing time.

7.3.3 FIB-SEM

GDC scaffold samples without and with SSC were prepared for FIB-SEM serial sectioning by
epoxy infiltration and mechanical polishing. °'%* The imaging was done on a FEI Helios and a
dual-beam Zeiss 1540XB, with an accelerating voltage of 2 kV and the backscattered electron
(BSE) detector because it provides optimal contrast between the epoxy-filled pores and the solid

phase. Imaging segmentation and 3D reconstruction were done as described elsewhere. 64

7.4 Results and Discussion

The coarsening of nano-scale SSC particles is readily observed after ageing at elevated
temperatures. Fig. 1 shows an example of SEM images taken from as-prepared SSC-infiltrated
GDC scaffolds and after ageing at 800°C for 400 and 1471 h. The increase in size is clear.

Analysis of the images indicates that the average size, 50 nm initially, increased to 65 nm after

400h and 173 nm after 1500 h ageing.
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Figure 7.2. SEM images of SmosSrosCo03 (SSC) particles on Gd-doped Ceria (GDC)
surfaces taken for ageing times t = 0 h (the as-prepared cathode), t = 400 h, and t = 1500 h
at 800 °C. These images were taken at a flat portion of the GDC electrolyte at the
electrode/electrolyte interface; this was done because it was not possible to resolve the SSC

particles within the electrode via either contrast or size differences.

Imaging of the infiltrated oxygen electrodes was also carried out using FIB-SEM serial

sectioning. Figure 7.3 shows typical 2D sections, for the GDC scaffold alone and also a GDC

scaffold infiltrated with SSC.

As-Fired GDC Scaffold Annealed SSC-Infiltrated GDC
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Figure 7.3. Cross-sectional SEM images and FIB-SEM 3D reconstructions of GDC scaffold (A)
and GDC scaffold infiltrated with SSC (B). The GDC electrolyte is on the right side in A, and the
left side in B. Samples were prepared for imaging by FIB polishing and epoxy infiltration. The
solid fraction is displayed in green while the pore fraction is transparent. Note that the 3D views

show smaller regions cropped from the full reconstruction volumes, for clarity. Scale bars are 3

pm.

The SSC is not distinguishable from the GDC scaffold by contrast, however, the cross section
shows a smaller pore fraction and a less fine structure which is distinguishable due to the contrast
difference between the ceramic materials and the epoxy infiltrated pores.>% The SSC particle
size in these electrodes is too small, relative to the FIB-SEM resolution of ~ 20 nm, to allow
accurate segmentation and 3D reconstruction of the oxygen electrode structure. However, it was
possible to estimate averaged microstructural parameters, as shown in Table 7.1 and from the 3D
FIB-SEM reconstruction (Table 7.2) the measured change in porosity between pristine and

infiltrated scaffolds agrees with the ~20% volume change from adding SSC.

Table 7.1. Average SSC particle sizes estimated from SEM images of as-prepared electrodes and

electrodes coarsened at 800 °C

Temperature 800 °C

Time Size
0 50 nm
400 65 nm

1500 173 nm
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Table 7.2. Cathode microstructural parameters obtained from 3D tomographic

reconstructions, as shown in the representative images in Figure 7.3.

Sample GDC Scaffold As Fired SSC-GDC Annealed
Porosity (%) 53.88 33.44

Particle Surface Area per Electrode Volume | 7.56 8.85

(um™)

Particle Specific Surface Area (um™) 16.39 13.30

Figure 7.5 summarizes the results of electrochemical impedance spectroscopy (EIS) measurements
carried out during life tests of five different but identically-prepared symmetric cells. While the
ageing was done at temperatures of 700, 750, or 800 °C, the EIS measurements were all done
during short interruptions where the temperature was reduced to 600 °C, a typical IT-SOC
operating temperature. The ageing/measurement cycle is shown schematically in figure 7.1.
Figure7.4 shows typical EIS spectra taken early and late in the life test done at 800 °C; the oxygen
electrode polarization resistance Rp values shown in figure 7.5 were obtained from the difference
between the real-axis intercepts in the Nyquist plots in figure 7.4. The samples all showed the
same initial oxygen electrode polarization resistance Rp value, within ~ 10%, showing the good
cell-to-cell reproducibility. Each of the life tests shown in figure 7.5 shows an increase in Rp with
time. At 800 °C, the initially fast resistance increase slows gradually during the life test. At lower
temperatures, the rate of increase is less, and remains essentially constant throughout the test. The
two cells life tested at 800 °C showed excellent agreement. The two samples life tested at 700 °C

degraded at approximately the same rate, but with a slight offset of their initial Rp values.



173

® 101 h

0.08
0.08
0.04
0.02
0.00

Z" (Qecm’)

10 10 10 10° 10° 10° 10° 108 0.95 1.00 1.05 1.10 1.15 1.20 1.25

Frequency (Hz) Z' (Qscm’)

Figure 7.4. Bode and Nyquist plots of EIS data taken at different times during a life test of an
SSC-GDC electrode aged at 800 °C and measured EIS tested at 600 °C in air. There appears to be
one dominant response, initially centered at ~ 100 Hz. The results illustrate the steady increase in
cathode polarization resistance with increasing time, along with a slight shift to lower frequency.
The shape of the cathode response did not change appreciably during the life tests. The cathode
polarization resistance values shown in Figures 2 and S7 were obtained as the difference between
the real-axis intercepts in the Nyquist plots. Circuit model fits are also shown from an L-R-RQ
equivalent circuit showing both the total fit and the RQ element. The difference between the high

frequency intercept and the calculated RQ intercept is on the order of 1% difference.

The results in Figures 7.2 and 7.5 can both be explained by particle coarsening models that have
been successfully applied to a range of materials, including catalyst nano-particles on oxide
supports.24+-246 In the present model, only the SSC coarsening is considered, because it is primarily
the SSC surface area that determines Rp. The GDC backbone presumably evolves much less than
the SSC because of its larger particle size and higher melting point; furthermore, any changes are

not expected to greatly impact the role that GDC plays in the electrode — oxygen ion transport
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between the electrolyte and the SSC. Coarsening data are usually fit using a power-law expression

where the SSC feature size Ic grows with time t from an initial size lco: 242

(Equation 7.1)

It — g0 = Kpt

where t is time and n is the power.?** Kp is proportional to a cation diffusion coefficient:

(Equation 7.2)

Kp = KD,Oexp(_ED/kT)

where Ep is an activation energy, Kp o is a pre-factor, k is Boltzmann’s constant, and T is the ageing

temperature.

The feature size and other information on microstructure and materials properties can be related
to Rp using a porous electrode theory expression obtained using the transmission-line model.?47-2°
The expression has been successfully applied to infiltrated composite electrodes previously.?>
The effective interfacial resistance is expressed in terms of the MIEC surface resistance Rs and
surface area a, whereas the ion transport resistance is included as the effective ionic conductivity

aion Of the oxide scaffold (GDC), yielding:

Rs a
Rp = coth| L
Ojond O-ionRS

(Equation 7.3)
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Where L is the electrode thickness. In the limit where the argument of the coth function is large,
e.g., L and a are large, coth(x) = 1 and the oxygen electrode ASR varies as (Rs/cion a)™/2.
However, in the limit where the argument is small (thin electrode limit), coth(x) = 1/x, such that
the oxygen electrode ASR varies as (Rs/aL). This latter limit was used previously in fitting LSCF
degradation data,?*? but here the more accurate full expression (eq. 7.3) is utilized (See Figure

7.12).

The SSC surface area a can be related directly to the feature size via the relation a = fC/l., where
C is the surface to volume shape factor ratio that depends on the geometry of the SSC infiltrate
particles??, typically ~ 6 for a hemispherical cap, and f is the SSC volume fraction. Combining

this expression with eq. 1 and substituting into eq. 3 yields the time dependence of the resistance:

(Equation 7.4)

R
R = |+ o) ot 1020+ i)

Oion

~1/2n | Cf

O-ionRS

Since the EIS measurements were always done at 600 °C, the values in eq. 4 that relate to electrode
function were taken for this temperature, i.e., Rs(SSC) = 25-Q cm? ¥" and 6ion(GDC) = 0.0024
S/cm. The latter value is an effective conductivity, taken to be less than the conductivity of sintered
sub-micron GDC at 600 °C (0.007 S/cm 2°3), accounting for a oxygen electrode GDC solid fraction
of 0.46 and a tortuosity factor of 1.29 as determined by FIB-SEM (Table 7.2). The values of C, ~
6, and f, ~ 0.2, were allowed to vary somewhat for each cell corresponding to sample-to-sample

variations in SSC particle shape and volume fraction, respectively.
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Equation 7.4 yields good fits to the time- and temperature-dependent polarization resistance data.
Best fits were obtained with n = 4, a value expected if cation transport takes place via surface
diffusion.’>" 158 Figure 7.5 shows the overall best fit to the data that was obtained with the values
Ico=50nm, Ep =2.81 eV, and Kpp = 1.85 x10* cm/s. In order to probe the quality of the fitting
results, a range of Kpo and Ep values were used, up to a point where the quality of fit x> value
increased by 10% above the optimal fit value. This yielded fit values that ranged from Ep = 2.60
eV and Kpo = 1.77x10"* cm/s at one extreme, to Ep = 2.92 eV and Kp,o = 6.50x10*% cm/s at the
other. Figure 7.5 shows the range of these fits as shaded regions. Note that life test data taken at

different SSC loadings was also fit well using the same model, as shown in figure 7.6.
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Figure 7.5 Oxygen electrode polarization resistance of SSC-infiltrated symmetric cells, taken from
EIS data measured in air at 600 °C (see Figure 7.1), versus ageing time at various temperatures.
Also shown are the overall best fits to the data using eq. 4 with the parameters given in Table S3.

The slight cell-to-cell variations in the initial resistance were modeled by assuming slight
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variations in the initial oxygen electrode, i.e., the SSC volume fraction f and particle shape factor
ratio C. Note that the fits to the two 800 °C aged cells were essentially identical, and so only one
curve is visible. Solid curves indicate predictions using best fit values, while the broader shading

indicates predictions for the range of Kp, and Ep values that provide good overall quality of fit.

The model fits above also indicate the particle coarsening that occurs during the life tests; the
corresponding time-dependent particle size is readily obtained by inserting the fitted values into
egs. 7.1 and 7.2. For example, after 400 h at 800 °C, the predicted SSC particle size increase from
50nm is to 113 nm and after 1500 h to 156 nm. These values are in reasonable agreement with the
particle sizes estimated from the images in Figs. 7.2 and 7.3, where the particle size increased from
~ 50 to 65 and 173 nm, respectively. Moreover, equation 7.3 can yield active surface area if the
resistance is known at a particular time point, for example: after 1500 hours at 800 °C and 20%

SSC loading, the model predicts 9.66 um™.
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Figure 7.6. Oxygen electrode polarization resistance of SSC-infiltrated symmetric cells with

different SSC volume fractions f, taken from EIS data measured in air at 600 °C (see Figure 7.4),
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versus ageing time at 750 °C. Also shown are the overall best fits to the data using eq. 4 with the
Kb, and Ep values given in Table 7.3; other parameters were slightly different from those used in
Figure 7.5, presumably because these measurements were made on a different batch of cells. For
the f = 30% electrode, a larger initial feature size lco - 70 nm instead of 50 nm — was used
accounting for a tendency for infiltrated particles to overlap at high SSC loading, leading to larger

effective feature sizes.

The same model is applicable to other materials. To show this, eq. 7.4 was fitted to the Rpc vs
time data previously reported for LSCF-infiltrated GDC oxygen electrodes. The fit to the data,
shown in Figure 7.7, is reasonably good, and the resulting parameters are similar to those for SSC
(Table 7.3). This is not surprising given the similarity in the properties of SSC and LSCF. Note
that the fits here are different than those obtained using a similar coarsening model in Ref.?*2. The
main difference is that the full expression for Rp (eq. 7.3) is used here, whereas in the prior report

the relatively poor thin electrode limit approximation, Rpc = (Rs/aL), was used.
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Figure 7.7. Oxygen electrode polarization resistance of LSCF-infiltrated symmetric cells aged at
temperatures ranging from 650-850 °C taken from EIS data measured in air at 600 °C (see Figure
7.1), (from Ref!®%). Also shown are the overall best fits to the data using eq. 7.4 with the Kpo and

Ep values given in Table 7.3.

The model is used to make predictions of expected oxygen electrode performance for extended
times under various conditions. Unlike Fig. 7.5 where the cell is maintained at higher temperatures
to accelerate degradation but the resistance is measured at 600 °C, the predictions shown below
are for a more conventional case — continuous cell operation at a fixed temperature. Figure 7.8
shows an example — the predicted Rp versus time for a cell operated at 600 °C with varying SSC
particle sizes. The ranges shown as shaded regions indicate the variability in the predicted values
based on the fitting variability shown in Figure 7.5. Reducing the size below 50 nm vyields a
substantial decrease in initial Re, well below 0.2 Q-cm?, but the coarsening is much faster, such

that particle size and Rp increase rapidly in the first 10,000 h. In fact, after 10,000 h operation,
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nearly the same particle size and Rp values are reached regardless of starting particle size below

50 nm.

0.30

0.25

0.20

Polarization Resistance (Q-cmz)

| | | | |
0 10 20 30 40 50
Time (kilohours)

Figure 7.8. Predicted polarization resistance versus time for oxygen electrodes with initial SSC
particle sizes of 10, 25, 50, and 100 nm, operated at a temperature of 600 °C. Solid curves indicate
predictions using best fit values while the broader shading indicates predictions for the range of

Kp,0 and Ep values that provide good overall quality of fit.

Figure 7.9 illustrates the pronounced effect of starting particle size on stability in a different way;
there, the initial SSC particle size was varied in order to achieve initial Rp values of 0.2 or 0.1
Q-cm?, for cells operating at different temperatures. Oxygen electrodes designed to achieve low
Rp at lower operating temperatures required smaller particle sizes, resulting in more rapid

degradation.
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Figure 7.9. Predicted polarization resistance versus time for infiltrated SSC-GDC oxygen
electrodes designed to yield a particular initial resistance; the initial cathode SSC feature size was
chosen for each operating temperature in order to achieve an initial Rp of (a) 0.2 Q-cm? or (b) 0.1
Q-cm?. This illustrates that the decrease in operating temperature that can be realized via reduction
of cathode MIEC particle size is ultimately limited by excessive coarsening. Solid curves indicate
predictions using best fit values, while the broader shading indicates predictions for the range of

Kp,0 and Ep values that provide reasonable fits, as described in Figure 7.5.
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These observations suggest dual criteria for infiltrated oxygen electrodes — the Rp value should be
less than some acceptable value, e.g., 0.1 or 0.2 Q-cm?, and the degradation rate should be less
than an acceptable value, e.g., 0.2 or 0.5 % resistance increase per kh of operation®*. Figure 7.10
shows a combined plot of these criteria with the less stringent (0.5%/kh) degradation requirements
related to the U.S. Department of Energy 2015 targets for stationary power and the more stringent
requirements (0.2%/kh) being stricter than the 2020 targets (0.3%/kh) 24, The blue curves shows
the initial particle size above which degradation rate is < 0.5%/kh (< 0.2%/kh) over 50,000 h,
versus operating temperature. The red curve shows initial particle size below which the initial Rp
value is < 0.2 Q-cm? (<0.1 Q-cm?), versus operating temperature. A suitable oxygen electrode
must satisfy both criteria, and hence must fall in the range of temperatures and particle sizes
indicated by the shaded region in Figure 7.10. That is, these infiltrated SSC-GDC electrodes are
useful only for operating temperatures > 590 °C, and for starting particle size > 40 nm. For the
lower resistance and degradation rate targets, the minimum operating temperature is 670 °C and

the minimum starting size is > 100 nm.
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Figure 7.10 A plot of critical SSC particle diameters that provide target performance and stability
values, versus cell operating temperature. The red curves show the diameter yielding target oxygen

electrode resistance values of R> = 0.2.or 0.1 Q-cm?. The blue curves show the diameter yielding

dRp

— ) = 0.5 or 0.2 %/kh). The shaded area shows the SSC particle

target degradation rate (Ri(
P

sizes and cell operating temperatures that yield the desired stability and performance; for clarity,

1

the shading is shown only for the target values R% < 0.2 Q-cm?and = (ddit”) <0.5 %/kh.
P

A similar plot based on fits the LSCF accelerated test data is shown in Figure 7.11. The curves
again have similar meaning, but the higher surface resistance for LSCF (28.5 Q-cm? at 600 °C

versus 25 Q-cm? for SSC) and different Kp and Ep values (Table S3) narrows the range of
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usefulness for this material compared to SSC. The model predicts the infiltrated LSCF electrode

will be useful operating only above 595 °C with an initial particle size of >40 nm.
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Figure 7.11. A plot of critical LSCF particle diameters that provide target performance and
stability values, versus cell operating temperature The red curves show the diameter yielding target

cathode resistance values of RZ = 0.2 or 0.1 Q-cm?. The blue curves show the diameter yielding

(dﬁ) = 0.5 or 0.2 %/kh). The shaded area shows the LSCF particle

target degradation rate (i "

Rp
sizes and cell operating temperatures that yield the desired stability and performance; for clarity,

the shading is shown only for the target values R} < 0.2 Q-cm?and (Ri (ddit”) < 0.5 %/kh. Note
P

that coarsening data for infiltrated LSCF is sparser than for SSC, so these predictions have greater

uncertainty than those shown in Figure 4.
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These results for SSC, combined with prior similar results for LSCF oxygen electrodes, suggest
the generality of coarsening processes in this class of materials. The quantitative predictions
described above are only valid for infiltrated SSC-GDC and LSCF-GDC oxygen electrodes. It
seems likely, however, that other compositions consisting of an MIEC infiltrated into an ionically-
conducting scaffold will exhibit qualitatively similar behavior. Structural differences between
different oxygen electrodes can be expected to affect long-term degradation behavior. For
example, co-infiltration of GDC with LSCF has been shown to reduce degradation rate,?®
presumably because more-stable GDC particles, which are interspersed amongst the LSCF
particles, will tend to constrain the LSCF coarsening. Similarly, atomic-layer deposition of thin
ZrO, layers over infiltrated LSC has been shown to suppress degradation.”®® As a first
approximation, these structural changes can be assumed to slow coarsening kinetics by reducing
the Kp, term in eq. 7.2. In this case, the main effect is a shift of the blue curve in Figure 7.10
downwards, allowing smaller particle sizes and lower useful operating temperatures. Nonetheless,
the same basic coarsening process will ultimately limit the degree to which particle size and

operating temperature can be decreased.

It should be noted that other mechanisms may also play a role in oxygen electrode degradation.
For example, the present model calculates the resistance considering only the decrease in MIEC
surface area, ignoring the possible loss of electronic percolation during coarsening. Furthermore,
Sr segregation has been observed to degrade MIEC electrode performance over time.2>"2%
However, the observation that increases in Rp correlate quantitatively with increases in SSC

particle size provides strong evidence that coarsening is the primary mechanism here.
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Furthermore, the present results show that coarsening is fast, and hence is likely to be the dominant
degradation mechanism. The results in Figure 7.8 suggest that this will be the case not only for
the present ~ 50 nm particles but also for other MIEC electrodes with small enough particle sizes.
For larger particle sizes, such as in conventional ~ 500-nm-scale SOFC electrodes, coarsening

should be very slow such that other degradation mechanisms may become dominant.
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Figure 7.12. Predicted resistance versus time for infiltrated SSC-GDC electrodes operated at a
temperature of 600 °C, for a SSC particle size of 50 nm and electrode thicknesses of 5, 7.5, 10,
and 20 um. Note that the resistance does not decrease measurably further when the thickness is
increased above 20 um. This illustrates that thickness has relatively little effect on long-term
stability, and that most of the electrochemical processes occur in a cathode region within 10 um

of the electrolyte.



187
These results represent the first example of SOFC oxygen electrode data and modeling leading to
quantitative long-term stability predictions; however, further tests to validate the quantitative
predictions are needed. On the other hand, the qualitative trends demonstrated here have a critical
implication for the development of SOFC oxygen electrode materials: oxygen electrode long-term
stability, particularly coarsening kinetics, must be considered together with oxygen transport
properties to select optimal oxygen electrode materials. This can be seen by considering eq. 7.3,
which shows that the electrode resistance depends not only on oxygen surface exchange rate, i.e.,
surface resistance Rs, and oxygen conductivity oion, but also on the electrode surface area a. For
the present infiltrated oxygen electrodes, where oion IS associated with the fast-ion-conducting
GDC scaffold, it is the ratio Rs/a of the infiltrated MIEC material in eq. 7.3 that determines Rp.
(For porous single-phase MIEC electrodes, the MIEC oxygen ion conductivity also plays an
important role.) As shown by the present results, the value of a has important implications on long-
term stability. For example, a material with inferior oxygen exchange rate might be a superior
oxygen electrode if it is characterized by slower coarsening kinetics, allowing a higher surface
area a without coarsening, Experimental and theoretical studies of oxygen electrode materials have
mostly ignored coarsening kinetics, focusing entirely on oxygen transport properties, i.e. oxygen
surface exchange rate and oxygen diffusivity/conductivity.®%23" This approach could miss useful
materials or promote non-viable materials, so a figure of merit should be developed to compare

potential electrode materials.

Equation 7.4 can be used to obtain an expression for the resistance degradation rate, Ri (%). The
P

thick electrode limit in eq. 7.4 is used since it provides the best performance (lowest Rp) for any
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given oxygen electrode material, and is readily reached for typical electrode thicknesses of ~ 20

um (see Figure 7.12). Taking the time derivative of Rp yields

(Equation 7.5)

1 (dRP> _ 1

Rp\dt ) 8(t+1.0"/Kp)
This illustrates that the degradation rate increases with the rate of cation diffusion K, and
increases with decreasing initial infiltrate particle size ., as seen for example in Figure 7.8. A
more practical expression can be developed by noting that one typically requires a target oxygen

electrode resistance R} to achieve desired cell power density. Using the value RY, with t = 0 for

simplicity, and again using eq. 7.4 in the thick-electrode limit, yields

(Equation 7.6)

RSlc,O

RT —
O-L'oan

p =

Solving eq. 7.6 for [ o and substituting into eq. 7.5 with t = 0 yields the initial degradation rate for

an initial particle size that yields the desired R?:

(Equation 7.7)

1 (dRp) B KpRé
Rp\ dt Ji=o 8 (RE )20, CHf*

This shows that minimizing the MIEC surface resistance and maximizing the conductivity of the

ionically-conducting phase are very important for minimizing degradation rate, but that cation
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diffusion kinetics also play an important role. Note that the initial degradation rate is a good
approximation of the long-term degradation in cases where degradation rate is relatively low (see,

for example, Figure 7.8); these are, of course, the cases that are of actual practical interest.

Since the aim of oxygen electrode development is typically to minimize cell operating temperature,
it is instructive to introduce the temperature dependences of the transport properties, i.e., Kp =
Kpoexp(—Ep/kT), Rs = Rsoexp(Es/kT), and oy,, = 0;9exp(—E;/kT), where Ep is the
activation energy for cation diffusion, Es is the activation energy of the MIEC surface resistance,
and E; is the activation energy of the oxygen ion conductivity. Substituting these into eq. 7.7 and

gathering the temperature-dependent terms yields:
(Equation 7.8)

1 /dRp KD,ORg‘,O

- (_) — (4Es+4E;—Ep)/KkT
Rp\ dt /iy 8 (R} )Ba5CHf*

Or,

(Equation 7.9)

4
i(dRP) o KD( Rs ) o @(4Es+4Ei—Ep)/kT
Rp\dt /-y

Oion

Rgs

4
The term K, ( ) is a figure of merit for an oxygen electrode to achieve both low polarization

Oion
resistance and low degradation rate. For the present case of composite cathodes, Kp and Rs refer

to the MIEC phase and oion refers to the ionic conductor phase. For the case of a single-phase
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MIEC oxygen electrode, the MIEC plays both roles such that oion is a property of the MIEC. The
argument in the exponential term in eq. 7.8 should be positive in all cases. In the case of SSC, for
example, Es ~1.5eV, Ei~0.6 eV for GDC, and Ep = 2.81 eV from the present results. Thus, the
overall activation energy in the exponential term is ~ 5 eV, such that eq. 7.8 predicts a rapid
increase in degradation rate with decreasing temperature. Although this result may seem counter-
intuitive at first glance, it is reasonable considering that it arises from the constraint of maintaining
a target oxygen electrode resistance - this requires much smaller oxygen electrode feature sizes as
temperature decreases. Note that eq. 7.8 gives the initial slopes of the degradation rates shown in
Figure 7.9. Comparison of Figures 7.9 (a) and (b) shows the strong increase in degradation rate
with decreasing target oxygen electrode resistance R?; as indicated in eq. 7.6, a factor of 2 decrease
in RT necessitates a four-fold decrease in initial feature size, exacerbating coarsening. Finally, the
key conclusion based on eq. 7.8 is that the activation energies for cation diffusion, in addition to
those for oxygen transport, are important criteria in achieving low-temperature oxygen electrode

that provides both low polarization resistance and low degradation rate.
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Table 7.3. Model Parameters determined by fitting degradation data for SSC and LSCF oxygen

electrodes
Sample SSC LSCF
Eq (eV) 2.81 2.90
Kb,o (cm?/s) 1.85x10** 8.98x10%3
R® at 600 °C (Q-cm?) 25 285
L (cm) 0.002 0.002
o (S/cm) 0.0024 0.003
C 5-7 6
f 0.2-0.25 0.12
lco (cm) 5.0x10° 3.8x10°

7.5 Conclusions

In summary, the microstructural and electrochemical degradation of infiltrated SSC-GDC oxygen
electrodes is observed at a range of accelerated aging temperatures for over 1000 hours. A
coarsening model is presented that accurately fits the data, as well as previous accelerated life test
data for infiltrated LSCF-GDC oxygen electrodes. The model is used to predict performance and
long-term stability for a range of starting oxygen electrode feature sizes and operating
temperatures. The results suggest that these nano-scale oxygen electrodes can provide both
acceptable polarization resistance and long-term stability for operating temperature down to ~ 600
- 650 °C. Attempts to improve low-temperature performance by decreasing oxygen electrode
feature size are expected to degrade performance stability. However, electrode nano-structures
designed to suppress coarsening could be a useful avenue to improved low-temperature

performance. A key conclusion is that an electrode materials’ morphological stability, controlled
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by cation transport kinetics, should be considered along with oxygen transport kinetics in LT-SOC

oxygen electrode discovery and selection.
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Chapter 8: Summary and Outlook

Large scale energy storage is a critical component of a completely renewable energy grid and is a

need that is currently not well addressed. The reversible solid oxide fuel cell coupled with

geological storage is a large scale energy storage application that is capable of seasonal discharge

times, competitive round-trip efficiencies, and low cost per kWh stored. However, two key

developments are required for the effective implementation of this technology: low cell resistance

at ~600 °C and <25% degradation over about 5 years. The oxygen electrode is often thought to be

the limiting component in both cases, as the resistance is high at low temperatures, and the

electrode degrades quickly in electrolysis conditions. This work has advanced strategies to meet

both low resistance and high durability needs:

1) A new infiltrated ProNiOs electrode provided low resistance at low temperatures with

2)

3)

improved stability using a Sr free material. The development of this electrode also
informed the fabrication of the similarly promising La2NiOa electrode in chapter 6.

High pressure operation is understood to be very helpful thermodynamically at the fuel
electrode for round trip efficiency. At the oxygen electrode high oxygen pressure causes
large reductions in the polarization resistance. An electrode with an otherwise large
polarization resistance may be made useful under pressurization. The first pressurized
measurements of MIEC electrodes were collected and analyzed. It was found that
interstitial conductors such as the rare-earth nickelates have a fundamental advantage
compared to vacancy conducting perovskites.

The degradation under current switching conditions for three electrodes was examined in

order to obtain more stable operating conditions and understand how the electrodes
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degrade. For LSM-YSZ on Y SZ electrodes, the major controlling factor for degradation is
overpotential. Overpotentials below 0.2 V result in minimal degradation, though other EIS
features show not all changes stop. Slow enough degradation can be maintained operating
below the critical value. For the LSCF electrode on GDC, significant degradation occurs
below the overpotential predicted for degradation because of microstructural changes and
a change in the surface exchange rate. The change in surface exchange rate is most likely
due to the surface segregation of strontium. Low current densities were correlated with
lower degradation rates in LSCF with 0.7 A/cm? being close to the acceptable degradation
rate. The infiltrated LNO electrode shows slow degradation rates near the predicted critical
overpotential and at high currents, however more work is required to understand this
electrode more deeply. A hard design criterion for reversible cells is maintaining operating
overpotentials below the critical limit for oxygen bubble nucleation.

4) Predictions on the limits of the degradation of infiltrated electrodes are described by a
combined electrochemical-coarsening model. A figure of merit accounting for the kinetics
of coarsening in the selection of infiltrated materials is presented. The predictions show
that coarsening is a manageable degradation mechanism. Furthermore, strategies can be

developed to improve the operable lifetime of an infiltrated electrode.

Future work focusing on the development of low temperature, low resistance, and durable
reversible solid oxide cell electrodes would lead to a more competitive energy storage system. An
infiltrated or composite rare-earth nickelate may be an exciting avenue of development based on
the above summary and literature survey in chapter 2. The rare earth nickelates have promising k*

and D* values and have been demonstrated to have low polarization resistances as the active
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material in a real electrode. They are stable in contact with LSGM, and some are stable in contact
with GDC. The rare-earth nickelates have a fundamental advantage at the high pressures essential
for a reversible system owing to interstitial oxygen ion conduction. The preliminary current
switched tests on La;NiO4 showed promising stability at higher currents, and should be explored
further. Moreover, the known high temperature stability and melting point of of La:NiOs
(compared to LSCF or SSC, which lose cobalt) suggests lower cation mobility and consequently
better stability against coarsening. The rare earth nickelates also perform better without alkali earth
doping and so avoid the Sr segregation issue altogether. It would be interesting to life test

LNO/LSGM electrodes to determine stable conditions.

There is no data available for full reversible SOCs under pressurized conditions. Life tests under
actual conditions and real devices would be worthwhile. 1t would be especially interesting to
perform a pressurized life test of LSM/YSZ or LNO/LSGM to further explore the role
overpotential in cell degradation. It is known that the polarization resistance is reduced under high
oxygen pressure, so in principle higher current densities should be possible while maintaining low-

degradation rates at typical operating temperatures.

Another interesting topic to explore in the context of the stability of infiltrated electrodes would
be the effect of atomic layer deposition (ALD) coatings. There is some data already that shows
thin ALD zirconia does not have a negative effect on the polarization resistance of LaxSr1.xCoOs
electrodes. An ALD coating of a high melting point material over infiltrated MIEC particles may
slow the rate of coarsening (adjusting Kp), making the materials space of acceptable infiltrated
MIECs broader. Moreover it is not clear why the ALD coatings have little effect on the polarization

resistance, as they would be expected to block active sites.
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Also of interest would be to push the limits of the acceptable current density for a low polarization
electrode at higher temperatures. This would reduce the overpotenial to a very small value for high
current densities. This experiment would be useful in the context of high temperature steam

electrolysis combined with a nuclear source.
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