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ABSTRACT

Solid-state electrochemical cells are efficient energy conversion devices that can
be used for clean energy production or for removing air pollutants from exhaust gas
emitted by combustion processes. For example, solid oxide fuel cells generate electricity
with low emissions from a variety of fuel sources; solid oxide electrolysis cells produce
zero-emission H, fuel; and solid-state DeNOy cells remove NOy gases from diesel
exhaust. In order to maintain high conversion efficiencies, these systems typically
operate at temperatures >500°C. The high operating temperatures, however, accelerate
chemical and mechanical cell degradation. To improve device durability, a mechanistic
understanding of the surface chemistry occurring at the cell electrodes (anode and
cathode) is critical in terms of refining cell design, material selection and operation
protocols. The studies presented herein utilized in operando Raman spectroscopy
coupled with electrochemical measurements to directly correlate molecular/material
changes with device performance in solid oxide cells under various operating conditions.
Because excessive carbon accumulation with carbon-based fuels destroys anodes, the
first three studies investigated strategies for mitigating carbon accumulation on Ni cermet
anodes. Results from the first two studies showed that low amounts of solid carbon
stabilized the electrical output and improved performance of solid oxide fuel cells
operating with syn-gas (H,/CO fuel mixture). The third study revealed that infiltrating
anodes with Sn or BaO suppressed carbon accumulation with CH,4 fuel and that H,O was
the most effective reforming agent facilitating carbon removal. The last two studies
explored how secondary phases formed in traditional solid oxide cell materials doped
with metal oxides improve electrochemical performance. Results from the fourth study
suggest that the mixed ion-electron conducting ZrsTi;O,4 secondary phase can expand the
electrochemically active region and increase electrochemical activity in cermet
electrodes. The final study of lanthanum strontium manganite cathodes infiltrated with
BaO revealed the reversible decomposition/formation of a BazMn,0g secondary phase
under applied potentials and proposed mechanisms for the enhanced electrocatalytic
oxygen reduction associated with this compound under polarizing conditions.
Collectively, these studies demonstrate that mechanistic information obtained from
molecular/material specific techniques coupled with electrochemical measurements can
be used to help optimize materials and operating conditions in solid-state electrochemical
cells.



1

CHAPTER ONE
INTRODUCTION
Motivation

Establishing environmentally sustainable power production infrastructures is one
of the major challenges we face moving forward in the 21" century as the global
population increases and electricity usage expands in underdeveloped regions around the
world.™ Fuel cells stand out as an attractive source of clean electrical power and are well
suited to serve as stand-alone units, making these devices a practical solution in regions

lacking established electrical power infrastructure.’!

Because they produce electricity
electrochemically, fuel cells benefit from much higher conversion efficiencies than
traditional combustion-based methods and, subsequently, require less fuel to generate

electricity.[*®!

In particular, solid oxide fuel cells (SOFCs) are capable of reaching
efficiencies greater than 70% in combined heating and power applications and have lower
levels of regulated pollutants in their exhaust.>¥ SOFCs can also be run in reverse as a
solid oxide electrolysis cells (SOECs) to produce H; and/or CO fuels from the
electrochemical reduction of H,O and/or CO,, respectively.8 SOECs can, therefore,
supply fuel to SOFCs (and vice versa) creating a reversible solid oxide system with
effectively zero-emissions.™

Fuel cells have an important role to play in terms of environmental stewardship.

Because the power sector is the largest contributor to air pollution and greenhouse gas

emissions, the transition to renewable energy production is essential for meeting criteria
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established to improve air quality and mitigate contributions to climate change.!***%
For example, the Clean Power Plan proposed by the United States’ government in 2015
calls for state-by-state emission standards designed to decrease CO, emissions from the
power sector to 32% below 2005 levels by 2030.¥! In October 2016 members of the
United Nations Framework Convention on Climate Change ratified the Paris Agreement
and pledged to reduce greenhouse emissions in order to keep the rise in global
temperature < 2 °C above preindustrial levels (with the ideal target < 1.5 °C).24% |n
order to meet the goals set forth by the Clean Power Plan and the Paris Agreement,
current fossil fuel-based combustion methods must be phased out and replaced with
renewable power sources that have little to no emissions. SOFCs are poised to play a
role in this transition since they can generate electricity from a variety of fuel sources
and, because of their high efficiencies and low fuel rates (defined as the amount of fuel
required to generate 1 kWh of electricity!®), produce less CO, and H,O emissions than
traditional combustion sources. Furthermore, electrochemical oxidation of fuels also
generates negligible amounts of noxious compounds including NOy, SOy, O3, and Pb.

A small number of companies have already begun selling and/or field testing
SOFC units; however, several challenges must be overcome before SOFCs can be mass
produced on a global scale.**8 For example, chemical and mechanical cell degradation
are common problems that plague SOFC components due to the high temperatures
(> 600 °C) required for device operation.®** Temperature induced cell degradation can
result from mechanical stresses due to adjacent materials with different thermal

expansion coefficients, chemical decomposition of materials, formation of electronically
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and/or ionically insulating phases, and corrosion of materials due to unintended reactions

s.[19201 Al of these occurrences

between the SOFC components and gas phase specie
disrupt electrochemical processes within the cell resulting in lower output power and
decreased device performance.

The next section describes the electrochemical processes that occur in SOFCs and
highlights several challenges associated with traditional SOFC materials. Strategies
designed to overcome these challenges are discussed in more detail in the following
chapters and focus primarily on adding small quantities of metal or metal oxides (or
doping) to traditional SOFC materials. Afterwards, a brief overview of the experimental

techniques used in this work is presented. Lastly, a synopsis of the high temperature

spectroscopic studies in the following chapters is presented.

Solid Oxide Fuel Cells

A SOFC is comprised of two porous, electron conducting electrodes separated by
a dense, oxide ion conducting electrolyte. Under normal operating conditions, an
oxidant, typically air, is supplied to the oxygen electrode (cathode) while fuel is delivered
to the fuel electrode (anode). Electrochemical reactions begin at the cathode where
molecular oxygen is reduced producing oxide ions (O%). These oxide ions diffuse
through the electrolyte to the anode where they oxidize fuel (i.e. H,, CO, CH,) generating
electrons and gaseous products (i.e. H,O, CO,). The electrons are then conducted from

the anode through an external circuit back (or load) back to the cathode. (Fig. 1.1)
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Figure 1.1. Schematics of (a) electrolyte-supported and (b) anode-supported SOFCs
operating with H, fuel to produce H,O and electricity.

The simple, mechanically static design of SOFCs makes them well suited for both
stationary and portable power applications with power requirements up to 250 k.2
Because they are comprised entirely of solid-state components, SOFCs can be utilized in
a variety of applications ranging from commercial and residential buildings to ships and

\ [18.21,22]

aircraf SOFCs also have the additional advantage of being less susceptible to

poisoning from fuel contaminants due to the high operating temperatures, allowing for

better fuel flexibility than lower temperature fuel cells.!???]

Yttria-Stabilized Zirconia Electrolytes

SOFC operating temperatures are restricted primarily by the electrolyte material’s
ionic conductivity and chemical compatibility with the electrodes.™®?! One of the most
common SOFC electrolyte materials is yttria-stabilized zirconia (YSZ) because of its low
cost and well-established processing methods.!?*?! The ionic conductivity of YSZ arises
from mobile O® vacancies in the oxygen sub-lattice that form due to the charge
compensation associated with the substitution of Zr** with Y** cations in the ZrO,

lattice.™?™ Furthermore, doping zirconia with > 2 mol% yttria stabilizes the tetragonal



3)
(~2-2.5 mol% yttria) and cubic (> 8 mol% yttria) phases and prevents the non-ionic
conducting monoclinic phase from forming < 1000 °C.[%?! |n SOFCs, YSZ electrolytes
are typically comprised of the 8 mol% Y,03 doped ZrO, composition (8YSZ) since this
material has the highest ionic conductivity and is chemically and mechanically stable

532051 However, the

over a wide range of temperatures and oxygen partial pressure
activation energy for oxide ion diffusion in YSZ (~100 kJ/mol) requires operating
temperatures > 800 °C in order to produce sufficient oxide ion diffusion necessary for
generating acceptable current densities.”**!  This temperature constraint limits anode
and cathode materials to those having similar thermal expansion coefficients to YSZ
(~10 x10°® K™ up to 1000 °C) and chemical stability at high temperatures.’®"

One strategy to lower operating temperature without modifying the electrolyte’s
composition is to fabricate SOFCs with thinner electrolytes (~10 pm minimum
thickness).**?  This approach requires cell architectures with either a thicker anode
(anode-supported SOFC) or cathode (cathode-supported SOFC) in order to maintain
structural integrity of the cell. This electrode-supported design works well at lower
temperatures; however, electrolyte-supported cells are still required for SOFCs operating
> 900 °C.*% Schematics of electrolyte-supported and anode-supported are shown in

Figure 1.1a and Figure 1.1b, respectively. Experiments described in this thesis used both

electrolyte- and anode-supported SOFCs.

Lanthanum Strontium Manganite Cathodes

In addition to temperature restrictions associated with the electrolyte material, the

activation energy associated with the oxygen reduction reactions at the cathode can also
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limit operating temperature ranges. Lanthanum strontium manganite (LSM) is a
traditional cathode material used in SOFCs with YSZ electrolytes that benefits from high
operating temperatures due its high activation energy for oxygen reduction reactions
(~200 kJ/mol at 700-900 °C).[2%31331  The electrochemical and physical properties of
LSM depend on Sr content in the LSM perovskite structure (La;-xSrxMnQO3) as well as
cathode operating conditions. LSM cathodes typically have Sr concentrations ranging
from x = 0.1-0.2 to maintain chemical and physical compatibility with YSZz.*Y Although
these compositions are optimized for SOFCs with YSZ electrolytes, the mismatch in
thermal expansion coefficients between LSM (~11-12 x10° K™ at 800 °C) and YSZ
causes mechanical stresses that can lead to delamination of the LSM cathode from the
YSZ electrolyte.[2031:34

In order to alleviate mechanical incompatibilities, composites of LSM and an ion
conducting ceramic (typically the electrolyte material) are commonly used for SOFC
cathodes.[?3133%5]  These composites typically increase the ionic conductivity and
improve the electrochemical performance of the cathode.*“ For example, LSM-YSZ
composites with 50-70 wt.% YSZ have lower activation energies for oxygen reduction
reactions (100-200 kJ/mol) and higher ionic conductivities than pure LSM.B***! These
composites do, however, exhibit problems associated with the formation of electronically
insulating phases (La,Zr,O and SrZrO3) and the segregation of Sr to the cathode surface;
both of which have negative effects on the electrochemical processes within the
cathode.?>31 Although the formation of La,Zr,O and SrZrOs can be avoided by keeping

cell fabrication temperatures < 1300 °C, preventing surface enrichment of Sr is more
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difficult and requires operating SOFCs at lower temperatures, higher oxygen partial
pressures at the cathode, and/or doping LSM cathodes with metal oxides.***®! Chapter 7
explores how infiltrating LSM cathodes with BaO inhibits Sr segregation and improves

LSM’s electrocatalytic properties at lower temperatures.

Nickel Cermet Anodes

In order to minimize mechanical degradation of the anode due to thermal
expansion, cermets are employed by mixing an ion conducting ceramic (typically the
electrolyte material) with an electron conducting metal catalyst.™® Ni-YSZ cermets are
frequently used as SOFC anodes due to Ni’s affordability, high electrical conductivity,
and high catalytic activity relative to other anode cermets.*”V The electrochemical
reactions in Ni-YSZ cermets are restricted to the three-phase boundary (TPB) where the
ion conducting YSZ, the electron conducting Ni and the gas phase meet (Fig. 1.2).
Therefore, the overall TPB length within the anode must be maintained and free of

contaminants so that cell performance can proceed unhindered.

20

Hz\‘/H

Ysz sl P4 l'\z . NIW

Figure 1.2. Schematic of the three-phase boundary (TPB) where electrochemical
reactions occur in a Ni-YSZ cermet anode.

The high catalytic activity of Ni leaves Ni-YSZ anodes susceptible to carbon

[37-41]

accumulation (or coking) from carbon containing fuels. Excessive carbon

accumulation can cause cell degradation and device failure via several mechanisms
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including blockage of catalytic sites, obstruction of the anode pores impeding mass
transport and carbon induced corrosion of the Ni catalyst (or metal dusting).!3%4244
Several strategies for suppressing carbon accumulation on the anodes include polarizing
cells at higher current densities, operating SOFCs at higher temperatures, and doping Ni-
YSZ anodes with metals or metal oxides.*?°45*81 Chapters 2-3 explore how operational
temperature and polarization conditions affect carbon accumulation on Ni-YSZ anodes
exposed to syn-gas. Chapter 4 investigates how Ni-YSZ anodes infiltrated with Sn or
BaO minimize carbon accumulation as well as the ability of H,O, CO,, and O, reforming
agents to remove carbon on these anodes.

In addition to carbon formation, Ni-YSZ cermets can mechanically degrade due to
anode oxidation. Because the molar volume of NiO is ~1.66 times larger than the molar
volume of Ni, oxidation resulting from reduction/oxidation cycling can lead to fractures

and/or delamination of the anode from the electrolyte.!*>%

Minimizing mechanical
stresses caused by Ni/NiO transformations requires that anodes be reduced and oxidized
at relatively slow rates as well as limiting the amount of times the anode is

reduction/oxidation cycled.

Ostwald Ripening Particle Coalescence

Figure 1.3. Schematics of two possible mechanisms corresponding to metal sintering

Another challenge with Ni-YSZ anodes is associated thermal coarsening of Ni

g [2052]

particles (or metal sintering) at high temperature Studies indicate that thermal
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coarsening of Ni is responsible for long-term degradation and decreased power
efficiencies that arise from a loss of TPBs as the Ni particles merge. ®*** Metal sintering
is a consequence of the high surface free energy intrinsic to small particles and can occur
via Ostwald ripening and/or Ni particle coalescence (Fig. 1.3).5%1" The former describes
atomic scale masses being transferred from smaller particles to larger particles, while the
latter involves particles migrating towards each other. This agglomeration process causes
irreversible mechanical deterioration of the anode and also affects other high temperature
catalyst systems such as steam reforming reactors and catalytic converters.”**®! Lower
SOFC operating temperatures can be employed to slow thermal coarsening of the Ni
particle.*®! Another strategy commonly used to reduce metal sintering is doping Ni-YSZ
with metals or metal oxides.’**) Doping Ni-YSZ anodes with TiO, reduces thermal
coarsening of Ni and chapter 5 explores how the formation of zirconium titanium oxide

phases may contribute to the improve anode performance in these SOFCs.

Experimental Methods

At typical SOFC operational temperatures blackbody radiation is prominent,
rendering most optical measurement methods incapable of distinguishing relevant signals
from a strong, non-resonant background. Raman spectroscopy performed with shorter
wavelength light is less sensitive to blackbody background interference making this
technique an ideal method for direct observation of the surface chemistry occurring in
SOFCs.12%1  Experiments presented in this work utilize in situ/in operando Raman
spectroscopy to directly observe compositional and structural changes in SOFC materials

under various thermal, atmospheric and polarization conditions. (In situ defines test
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conditions where one or two of these operating conditions are similar to conditions in
functional SOFCs while in operando denotes test conditions where all three operating
conditions are representative of conditions in functional SOFCs.) Research described in
the following chapters focus primarily on correlating in situ/in operando Raman
spectroscopy with voltammetry and electrochemical impedance measurements. These

techniques are briefly discussed below.

Vibrational Raman Spectroscopy

Raman spectroscopy is a molecular/material specific technique that detects
vibrational modes that can be used to monitor structural and compositional changes on

the surface or within the bulk of a material.®**4

Experiments are performed by
irradiating the sample with monochromatic light from a laser in the visible or ultraviolet
(UV), visible, or near infrared (NIR) region of the electromagnetic spectrum. Light can
be scattered off of the sample by elastic (Rayleigh scattering) and inelastic (Raman
scattering) processes. Rayleigh scattering is the strongest and occurs when the energy of
the photon is preserved. Raman scattered radiation is produced when the incident,
oscillating electromagnetic field induces a time dependent polarization providing a
pathway for energy to be transferred between the incident photon (E,) and vibrational
state of the sample. Stokes Raman scattering corresponds to scattered photons having
lower energy (Es < E,) as a result of an increase in vibrational state, while anti-Stokes

Raman scattering corresponds to higher energy photons (Es > E,) resulting from

vibrational relaxation.
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Figure 1.4. Representative Raman spectra acquired on a Ni-YSZ cermet anode at 20 °C
(green) and 725 °C (red). The vibrational modes of NiO and 8YSZ broaden and shift
to lower wavenumbers at the elevated temperature. The room temperature magnon
mode of NiO at 1490 cm™ is only visible at temperatures < 500 °C.

A Raman spectrum plots the intensity of the scattered light as a function of
Raman shift energy (the energy difference between the incident and scattered photon,
AE = E; - Ey), where zero Raman shift energy corresponds to Rayleigh scattering. Since
every material has a distinct phonon structure, Raman spectroscopy can be used to
identify different chemical species and structures in Raman active materials at different

51 For example, at room

temperatures, pressures and atmospheric environments.
temperature, the Raman spectrum of nickel oxide is characterized by a strong feature at
~1090 cm™ whereas 8YSZ has a more complicated, low-frequency phonon structure
dominated by a vibrational mode ~615cm™.[#% At elevated temperatures, the
vibrational modes exhibit anharmonic broadening and shift to lower wavenumbers due to

expansion of the crystalline lattices.[®”! (Figure 1.4) In this thesis, all of the spectra come

from Stokes Raman scattering and are plotted with the magnitude of the Raman shift

energy.
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Electrochemical Diagnostics

Electrochemical measurements are acquired throughout the course of an
experiment and provide real-time, quantitative information about cell condition and
performance. Data from voltammetry and impedance measurements are used to construct
equivalent circuit models and detailed kinetic mechanisms that attempt to quantify and
predict the chemical processes responsible for electrochemical reduction/oxidation
reactions, cell degradation, and enhanced device performance. For example, equivalent
circuit models of data from impedance spectroscopy experiments are often used to
identify individual contributions to the overall reactions and processes occurring in the
electrolyte, the cathode, the anode, and gas phase.l®® In order to validate these models,
techniques capable of directly identifying chemical species should be performed

simultaneously with electrochemical measurements.

Voltammetry. Linear sweep voltammetry (LSV) is a technique commonly used to
quantify and monitor cell performance. During a LSV experiment, a forward current (I)
is measured at the anode as an applied voltage, or overpotential (V), is varied linearly
across the cell. The data are then used to calculate the cell power (P = 1-V) as a function
of current. Typically, both voltage vs. current (V-1 trace) and power vs. current data
(P-I trace) are plotted on the same graph (Figure 1.5a). The slope of the V-I trace plot
corresponds to the total resistance and is inversely related to the maximum power (Pmax)
the cell can produce. For experiments presented in this work, LSV data were recorded
starting at open circuit voltage (OCV) and ending at short circuit voltage at 0.0 V

(corresponding to the maximum cell current, In.x) with a scan rate of 0.1 V/s. In the
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following chapters, LSV measurements were performed to quantify how cell

performance evolved throughout each experiment.
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Figure 1.5. (a) LSV plot with V-I (line) and P-1 (dashes) traces. (b) Nyquist plot of the
EIS data showing the bulk and polarization resistances, Rg and Rp, with an inset of an
example equivalent circuit used for modeling (dashes). Data were acquired at 700 °C
from a Ni-YSZ anode-supported SOFC with a YSZ electrolyte and LSM cathode. Gas
flows were 200 ml/min 50%H,:50%Ar at the anode and 85 ml/min air at the cathode.

Electrochemical Impedance Spectroscopy. The condition of the cell and

information pertaining to reaction rates can be inferred from electrochemical impedance

spectroscopy (EIS) measurements. !

In a potentiostatic EIS experiment, an alternating
potential is applied to the cathode and the resulting AC current is measured at the anode.
By comparing how the amplitude and phase differ between the input and output AC
signals, one can calculate the real (or ohmic) and imaginary (or capacitive) contributions
to the overall device impedance.’®® The ohmic and capacitive components dominate at
low and high frequencies, respectively; consequently, tests must be conducted over a
large frequency range. Attenuation of the output wave’s amplitude is related to the

sample’s resistance (Zrea) and reflects contributions from ohmic resistances of both the

electrolyte and electrodes. The capacitive element (Zimag) is typically assigned to the two
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electrolyte-electrode interfaces and will induce a phase shift in the output wave. Figure
1.5b shows a Nyquist plot of the EIS data and illustrates how data can be modeled with
an equivalent circuit (i.e. an R-RC-RC-RC circuit). In this plot (Fig. 1.5b), the bulk
resistance (Rg) is the resistance related to oxide diffusion through the electrolyte while
the polarization resistance (Rp) is associated with anodic and cathodic processes such as
charge transfer and fuel activation (in the middle region of the plot), and mass transport
through the porous electrodes (corresponding to low frequencies).[®® Modeling EIS data
with equivalent circuits is commonly used to evaluate the condition of the cell as the
experiment progresses.®®™! In the following chapters, impedance models from literature
were used to evaluate EIS data collected throughout each experiment and assign any

changes to processes occurring at the SOFC electrodes and/or electrolyte.

High Temperature Experimental Assembly

The high temperature Raman spectroscopic studies presented in this work were
performed using an experimental assembly shown in Figure 1.6. This assembly allows
for control over sample temperature (< 900 °C), gas composition delivered to each
electrode, and polarization conditions. All of these experimental parameters are
necessary to perform in operando Raman spectroscopic tests that identify directly how
specific material changes affect SOFC performance and durability.

This system is well-designed for testing SOFC button cells with ~2.54 cm
diameter. For electrochemical measurements and polarization control, metal mesh
current collectors with Au wires are attached to the cell’s electrodes with metal paste.

The current collector area is typically smaller than the electrode surface area to allow
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Raman spectra to be acquired from on the electrode. The cell is secured to an alumina
tube with alumina paste (Ceramabond 522-VFG, Aremco), creating a gas-tight barrier
between each electrode’s gas atmosphere, and gas inlet tubes are positioned to flow
fuel/oxidant gas across each of the electrodes (as indicated by the red and blue arrows in
Fig. 1.6a). This assembly is encapsulated with a quartz tube and sealed at the bottom
with a silicone stopper through which the current connector leads and gas delivery tubes
run. The quartz tube allows optical access to SOFC. The assembly is then positioned in
the tube furnace and heated slowly to the desired test temperature at a heating rate of
<1 °C/min to minimize mechanical stresses between the cell and the alumina paste

during heating.

Microscope
objective

Furnace

SOFC MEA

coil

enclosure

_\ Cooling

Silicone .
stopper & \’A‘t‘t’g'e”a

Fuel
exhaust

a) Air feed' 'Air exhaust b)

Figure 1.6. (a) Schematic™ and (b) pictures of the high experimental assembly used to
acquire in situ/in operando Raman spectra with a 488 nm laser.

“Courtesy of Dr. Robert Kee, Department of Mechanical Engineering, Colorado School of Mines
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Experiments are conducted by focusing a continuous wave 488 nm laser (Lexel
85-SHG Ar-ion laser) onto the sample and collecting the scattered light with a Renishaw
inVia Raman microscopy system equipped with a long pass edge filter assembly
(~150 cm™ Stokes scattered light cutoff) and a Pelletier CCD detector. Since the setup is
capable of measuring changes in surface polarizability with a temporal resolution of
> 2 seconds and a spatial resolution of ~2 um (with 10x microscope objective), the
structural transformations and formation of new species can be observed in real-time.
This rapid identification of molecular species coupled with electrochemical
measurements is crucial for evaluating reaction Kkinetics and reduction/oxidation
mechanisms occurring at high temperatures. In the following chapters, this high
temperature experimental assembly was employed to identify compositional and
structural changes in SOFC materials in operando with the goal of determining the

chemical mechanisms responsible for improved catalytic performance.

Svynopsis of High Temperature Studies

The collective work presented in following chapters demonstrate how Raman
spectroscopy coupled with electrochemical measurements is an effective technique to
gain mechanistic insight into strategies designed to improve the durability and stability of
SOFCs. Chapters 2-3 focus on strategies for reducing carbon accumulation on SOFC
anodes operating with syn-gas, a mixture of H, and CO typically produced from
reforming higher molecular weight hydrocarbon fuels or coal gasification. Specifically in
Chapters 2 and 3, the effectiveness of operating temperature and polarization conditions

to minimize carbon accumulation are investigated for Ni-YSZ anode-supported SOFCs.



17
The work presented in Chapter 4 examines how well Ni-YSZ anodes infiltrated with Sn
or BaO suppress carbon accumulation with CH,4 fuel and the ability of reforming agents
(H20, CO and O,) to remove any carbon that does accumulate on the anode. Chapters 5-
6 explore how the formation of secondary phases in modified SOFC materials affects cell
performance. The work in Chapter 5 explores how the formation of the mixed ion-
electron conducting ZrsTi;O24 secondary phase in ZrO,-TiO, systems may help to
enhance cell performance by expanding the TPB in SOFC Ni-YSZ anodes doped with
TiO,. The work presented in Chapter 6 identifies the formation of a BazMn,Og
secondary phase in BaO infiltrated LSM materials and discusses how oxygen reduction
reactions are improved when this phase is present. Finally, the importance of in situ/in
operando spectroscopy measurements in understanding the complex mechanisms of high

temperature catalysts is discussed in Chapter 7.
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IN SITU SPECTROSCOPIC STUDIES OF CARBON FORMATION IN SOFCS
OPERATING WITH SYN-GAS
M. D. Mclintyre, J. D. Kirtley, D. M. Halat, K. W. Reeping, R. A. Walker
Department of Chemistry and Biochemistry, Montana State University, Bozeman,
Montana 59717, USA

Abstract

Vibrational Raman spectroscopy has been used to measure the rate and extent of
carbon formation in SOFCs operating with CO/H, mixtures at 675 °C. The SOFCs
consist of commercial Ni-YSZ anode-supported assemblies. Raman data show that
carbon forms readily on anodes held at OCV and that the carbon deposits consist of
highly ordered graphite as evidenced by a single band at 1561 cm™. Polarizing the SOFC
limits the amount of carbon that forms. At currents approaching 75% Imax, Where Imax
corresponds to a 0.0 V potential difference between the cathode and anode, observed
carbon formation is completely suppressed. Interestingly, voltammetry data from these
anode-supported assemblies are unstable until small amounts of carbon form. This
correlation between carbon formation observed in situ and electrochemical performance
raises interesting questions about the role played by carbon in charge transfer processes

and current collection in functioning devices.

Introduction

The continued abundance of coal and emergence of new sources of natural gas

(CH,) have renewed interest in energy conversion strategies that use carbon-based fuels
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to produce electrical power cleanly and efficiently. Solid oxide fuel cells (SOFCs) are
ideally suited to meet these challenges. SOFCs are electrochemical devices that convert
fuel directly to electricity and products including CO; and H,O. Consequently, SOFCs
operate with virtually no NOx or SO, emissions, and SOFC efficiency can be as high as
70% in combined heating and power applications.[>>?%"? Unlike other types of fuel cells
such as polymer electrolyte membrane (PEMFC) devices, SOFCs are fuel flexible and
can operate with a wide variety of feeds including H,, CH,4, CO, higher molecular weight
alkanes, and mixtures. 3437374
One gas mixture that is an attractive fuel for SOFCs is syn-gas, a mixture of CO
and Ho."™™ From a syn-gas feed SOFCs can electrochemically oxidize CO and H, to
CO; and H,O, respectively. Furthermore, syn-gas can be created from a variety of
sources including coal through coal gasification (Eg. 2.1) and CH,4 through the water gas
shift reaction (Eq. 2.2)."*""]
Cis) + Hy0(g) < COcg) + Hyg (2.1)
CHyg) + Hy0(g) < CO(g) + 3Hy(y) (2.2)
Syn-gas, however, can also form carbon deposits on SOFC anodes either through the
reverse reaction responsible for coal gasification (Eq. 2.1) or through reverse Boudouard
chemistry (Eq. 2.3):1"®
2C0(4) © COyq) + Cgs) (2.3)
Carbon formation — or “coking” — is one of the primary causes of SOFC anode
degradation. Carbon formation impedes gas transport through porous anode structures

and blocks electrocatalytic sites leading to diminished SOFC performance.l’®""™®! |n
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extreme cases, excessive carbon formation can force the SOFC anode to delaminate from
the electrolyte causing irreversible device failure.**&!

Numerous models have been developed to parameterize conditions that lead to
carbon formation from syn-gas and other carbon containing fuels on SOFC anodes.®#4
Unfortunately, predictions from these models are difficult to validate in functioning
SOFCs. High activation energies necessary to dissociate molecular oxygen at the SOFC
cathode and to transport O through the solid oxide electrolyte require that SOFCs
typically operate at temperatures > 650 °C.®® Furthermore, conditions in SOFCs are
either strongly reducing (cathode) or oxidizing (anode) and far from equilibrium when
the cell is polarized. These conditions limit the experimental methods capable of
measuring with material/molecular specificity the chemistry occurring on SOFC
electrodes. Electrochemical methods can monitor overall device efficiency, and models
can be constructed to infer details about chemical changes that occur during operation.
Ex situ techniques such as X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and temperature programmed oxidation (TPO) can provide detailed
descriptions of the carbon that forms on SOFC anodes but such experiments cannot

monitor carbon formation directly.[’680868]

Testing proposed mechanisms of carbon
formation and the effects that deposited carbon has on SOFC operation requires direct, in
situ measurements capable of identifying species present on these reactive, high

temperature surfaces as a function of temperature, fuel feed conditions and device

loading.
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Experiments described below use vibrational Raman scattering coupled with
linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) to
examine the properties of SOFC anodes in devices operating with a syn-gas surrogate
(50% CO/50% H; in Ar) at 675 °C. Data show that syn-gas forms carbon deposits
quickly on anode-supported electrode assemblies (ASEs) but that the extent of carbon
formation can be mitigated by polarizing the device to draw current. Of particular
interest is how the extent of carbon formation affects overall SOFC performance.
Electrochemical data show that prior to observable carbon formation, electrical power
production is unstable with variation of ~50 mV in the voltage required to provide a
constant current. This variation drops to < 1 mV once small amounts of observable
carbon accumulate on the anode. Such observations raise interesting questions about the
role of carbon in SOFC operation and suggest that small amounts of carbon within the

anode microstructure may, in fact, improve SOFC stability.®®

Experimental Methods

Sample Preparation and Experimental Assembly

ASEs used in these experiments were purchased from Materials and Systems
Research, Inc. (Salt Lake City, UT) and measure 2.74 cm in diameter. The ASEs consist
of a 0.8 mm thick Ni-YSZ cermet anode, with a 12 um functional layer, and a 50 um
thick lanthanum strontium manganite (LSM) —YSZ cermet cathode, with a 15 um
functional layer. The anode and cathode are separated by a 10 pm thick dense YSZ

electrolyte. Gold wire connected to a 25 mm? square of silver mesh was attached to the
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anode with gold paste and served as the current collector. Similarly, a platinum mesh and
platinum paste were used on the cathode. A spot of alumina paste was applied to the
corners of the metal mesh to further secure the current collector to the electrode during
heat up and at operating temperature. The cell was then fixed to a 2.5 cm diameter
alumina tube with alumina paste and placed inside of a quartz tube. This assembly was
positioned within a tube furnace and heated at ~1 °C/min with the cathode under air and
the anode under Ar gas. Once the sample temperature stabilized at 675 + 5 °C, the
incident laser light was focused on the anode surface using a custom designed optical
system.[®%1 The anode was then reduced under 100 mL/min H, with a 100 mL/min Ar
carrier gas (benchmark flow rates), and 85 mL/min of air was flown over the cathode.
Anode reduction was judged to be completed when the open circuit voltage (OCV)
reached an asymptotic limit. For ASEs tested, this asymptotic OCV was 1.18 £ 0.02 V at

675 °C. Anode reduction at this temperature typically required up to 5 hours.

Vibrational Raman Spectroscopy

The vibrational excitation source was a CW 488 nm Ar-ion laser (35 mW) that
was focused on the sample surface by a 10x long-working distance objective. The
backscattered light was collected by the objective and then directed through an edge filter
that filtered out light at the excitation wavelength and allowed only Stokes-scattered
radiation to reach a CCD detector (Renishaw InVia Spectrometer). All vibrational
Raman spectra were acquired with a single accumulation for a 10 second exposure time.
Figure 2.1 shows representative spectra for carbon deposited on a Ni-YSZ anode with a

mixture of H, and CO as the fuel. The prominent peaks at 595 cm™ and 1561 cm™ are
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assigned to vibrational modes of YSZ and ordered graphite, respectively.**®! The initial

scan at 0 seconds was collected before the cell was exposed to syn-gas.
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Figure 2.1. Raman spectra acquired every 10 seconds from an un-polarized (OCV)
SOFC Ni-YSZ anode at 675 £ 5 °C exposed to CO/H; for 10 minutes. The intensity of
the ordered graphite structure, corresponding to the “G” peak (1561 cm™), shows that
carbon is being formed on the anode. The YSZ signal (595 cm™) is also observed.

The formation and disappearance of carbon was monitored by continuously
collecting Raman spectra from a single location on the ASE surface. The Kinetics
associated with the G peak growth were acquired in 10 second durations for CO/H,
exposures up to 9 minutes. During the last minute of syn-gas exposure, an extended scan
with a 10 second exposure time was acquired. The extended scan acquires data across

the full frequency window available to the Raman spectrometer and shows several

additional features that are not monitored during the kinetic scans.

Electrochemical Measurements

To characterize how the syn-gas surrogate affects the electrochemistry of the

device, LSV and EIS measurements were performed regularly for a given ASE (Fig. 2.2).
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The power curve was calculated using the corresponding voltammetry data. EIS
measurements were performed by applying an AC voltage of £10 mV to the cathode over

a frequency range from 100,000-0.03 Hz.
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Figure 2.2. (a) Linear sweep voltammetry and (b) electrochemical impedance
spectroscopy plots taken during syn-gas exposure. The solid line shows the potential
(V) as a function of current (mA), and the dashed line corresponds to the power (mW).
LSV and EIS data were acquired with a Princeton Applied Research VersaStat
MC prior to and post each syn-gas exposure. These measurements were performed to
evaluate cell performance and condition throughout the course of the experiment. Over

the course of a one day experiment consisting of multiple trials with syn-gas, cell

performance diminished by up to 40%.

Experimental Protocol

An experiment is defined as a sequence of trials, where a trial consisted of first
exposing the anode to a mixture of 20 mL/min H, and 20 mL/min CO with 100 mL/min
Ar for 10 minutes under a constant current load (OCV, 25%lmax, 50%Imax, OF 75%Imax
where Imax Was measured by LSV during the first syn-gas exposure). During this time,

Raman spectra were acquired at 10 second intervals to monitor the growth of carbon.
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Following exposure to the syn-gas mixture, the anode chamber was purged for 4 minutes
with humidified Ar (~2% H,O by mole fraction) to remove any residual carbon. The
ASE was then reduced under the benchmark flow rates (described above). Once the
OCV stabilized (1.18 £ 0.02 V), diagnostic measurements were performed to assess
possible cell degradation. The H, gas flow was decreased to 20 mL/min following the
benchmark diagnostics in order to minimize shocking the cell when the fuel was switched
to syn-gas at the beginning of the next trial. The potential across the cell was monitored
throughout the duration of each trial.

During the initial OCV trial, LSV and EIS data were acquired with the anode
under syn-gas. The maximum current obtained from the LSV measurement was used to
calculate the current loads for the proceeding trials (Table 2.1). The order in which a
given current was drawn was randomly selected. For trial 6, the LSV and EIS were
acquired during syn-gas exposure (Fig. 2.2) to examine how repeated cycling affected

electrochemical performance.

Results and Discussion

Carbon Formation under Syn-gas

The extended Raman spectra (Fig. 2.3) taken at the end of the 10 minute syn-gas
exposure reveal that carbon was present for all trials. The deposited carbon produced two
distinct features corresponding to the "G" and "2D" vibrational modes at 1561 cm™ and
2699 cm™, respectively. The G peak is associated with vibrations in highly ordered

graphite.[gl] The 2D signal is an overtone of the “D” vibrational mode and is associated
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with electron-phonon coupling from the breathing modes of the sp? carbon rings.® The
broad double peak of the 2D feature can be attributed to the formation of multiple

graphite layers.!*]

Table 2.1. The sequence of trials for an ASE experiment where Iy = 429 mA.

Trial Current G Peak Inte_nsity*
(mA) (arb. units)

1 oCcvVv 442
2 ocv 429
3 214 130
4 322 40

5 107 324
6 ocvVv 379
7 214 88

8 107 219
9 322 24

*Raman intensity of the G peak (1561 cm™) at the end of the 10 minute syn-gas
exposure.
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Figure 2.3. Raman spectra collected at the end of a 10 minute syn-gas exposure with
the cell under various current loads: a) at open circuit voltage (OCV), b) 25%Iax =
107 mA, ¢) 50%Imax = 214 mA, and d) 75%Imax = 322 mA. The N, peak results from
air between the quartz tube and CCD detector and is not related to the SOFC.

The representative Raman spectra in Figure 2.3 show that significantly less

graphite forms when the cell operates at higher currents. The decrease in signal is
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attributed to an increase in the number of oxide anions diffusing through the electrolyte
and oxidizing carbon at the anode.!"*%%%4

Electrochemical Data
Corresponding to Presence of Carbon

The kinetics of carbon formation on Ni-YSZ anodes was explored by monitoring
G peak growth as a function of cell polarization. Data showing G peak intensity versus
time (Fig. 2.4) emphasize that the rate of carbon formation was highly sensitive to the
amount of current being drawn with the onset of the graphite peak intensity occurring at
later times with higher currents. The observed time delay and lower intensity when the
device is under polarization results from rapid carbon oxidation at the Ni/YSZ/gas three-
phase boundary (TPB) due to an increase in oxide anion flux through the electrolyte. In
principle, carbon can also form on Ni surfaces and can contribute to the electrochemistry
occurring at the ASE TPB via secondary mechanisms including Eq. 2.2. We believe that
this carbon leads to a weak but observable signal even when the device operates at
75% lmax.

Data in Figure 2.4 show a linear rate of carbon formation for trials with polarized
cells, suggesting that carbon formation follows zeroth order reaction kinetics. Although
the Raman data in Figure 2.4 show only intermittent spectroscopic evidence of graphite
for the 75%Imax trial, voltammetry data shown below imply that carbon formed on the
anode consistently. We speculate that carbon formation at these high currents occurred
within the active layer of the ASE anode, a region that was inaccessible to the Raman

scattering experiments. For trials at OCV, the curvature in the carbon formation rate
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might imply a different growth mechanism, but more studies are needed to evaluate more

accurately the microscopic details of anode coking.
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Figure 2.4. Kinetics plot of the G peak intensity for each of the trials shown in Figure
2.3. The syn-gas was turned on at 20 seconds and after 120 seconds the graphite
began to form on the surface of the anode. The data show an inverse relationship
between initial time of and extent of carbon deposition versus current load.

Carbon formation had an unusual and unexpected effect on the operating
condition of the cell. Figure 2.5 shows the potential required to maintain a constant
current for the Kkinetic traces shown in Figure 2.4. Specifically, fluctuations in the cell
voltage are much more pronounced when Raman spectra show no observable carbon on
the SOFC anode. During the initial period of syn-gas exposure, high frequency
fluctuations of the cell potential occurred for all of the trials except when the cell was
held at OCV. The appearance of the G peak coincided with a stabilization of the
measured potential. Based on these results, we speculate that carbon deposited
throughout the porous anode structure provides a conducting network for electrons to

quickly reach the current collector. This response becomes important when monitoring

the potential of devices under lean fuel conditions. If the potential becomes unstable,
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introducing a carbon containing fuel to the system may help improve power efficiencies
by promoting electron transfer from the anode to an outside load and back to the cathode.
Further studies into how the presence of carbon affects the voltage and device
performance at various currents are needed.
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Figure 2.5. Plot of the cell potential as a function of time for the cell at: a) open circuit
voltage (OCV), b) 25%lmax = 107 mA, ¢) 50%Ilmax = 214 mA, and d) 75%] s« = 322
mA. The time required for the potential to stabilize is inversely proportional to the
current being drawn. In this plot, the syn-gas was introduced at 10 seconds. The
voltammetry data shown here correspond to the spectroscopic data shown in Figure
2.4. We note that the measurement for a) was stopped after 300 seconds to acquire
LSV and EIS data (Fig. 2.2) and was then restarted at 500 seconds to verify that the
potential remained unchanged.
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Conclusions

The vibrational Raman spectroscopy data show that at 675 °C the formation of
graphite on ASE assemblies under syn-gas is strongly dependent on polarization
conditions and can help stabilize cell potential. The rate of graphite growth is inversely
related to the current load and can be inferred from electrochemical measurements. The
presence of carbon can increase electronic conductivity throughout the anode structure
corresponding to a stable voltage with a variance of < 1 mV. Experiments are currently
being conducted to determine the relationship between carbon formation and cell

potential as a function of temperature.
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IN OPERANDO RAMAN SPECTROSCOPY STUDIES OF TEMPERATURE
DEPENDENT CARBON ACCUMULATION ON SOFCS OPERATING WITH
SYN-GAS
M. D. Mcintyre, D. M. Neuburger, R. A. Walker
Department of Chemistry and Biochemistry, Montana State University, Bozeman,
Montana 59717, USA

Abstract

Carbon accumulation on Ni-YSZ anodes was investigated in anode-supported
SOFCs operating with a 50/50 CO/H;, syn-gas surrogate at temperatures ranging from
675-800 °C and under different polarization conditions. In operando Raman
spectroscopy measurements showed suppressed carbon accumulation at elevated
temperatures and under polarization conditions with high currents. The observed carbon
deposits formed highly ordered graphite at temperatures < 750 °C while no carbon was
directly observed at 800 °C. Chronopotentiometry measurements, however, indicated
that carbon was present at 800 °C and that polarizing at a constant current during CO/H,
exposure limited carbon accumulation. At the lower temperatures, the appearance of
graphite with CO/H; correlated with an OCV approaching 1.10 V and a stabilization of
the cell potential during polarization. In operando Raman spectroscopy and
electrochemical results suggest that low levels of carbon within Ni-YSZ anodes actually

improve electrical conductivity throughout the anode microstructure.
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Introduction

One strategy for reducing gas phase carbon emissions requires improving the
conversion efficiency of systems that produce electricity from abundant fuel sources such
as natural gas, coal, and biomass. In this context, solid oxide fuel cells (SOFCs) are
attractive devices, capable of electrochemically oxidizing a wide variety of fuels with
much higher efficiencies than conventional combustion methods.®>*! However, the high
activation energies for oxygen dissociation at the cathode and O* diffusion through the
solid oxide electrolyte require SOFCs to operate at temperatures > 600 °C.EX1 These
high operating temperatures permit SOFCs to utilize conventional fuels including natural
gas as well as volatile biofuels (such as methanol and ethanol) and gas mixtures produced
from coal gasification and anaerobic digestion of biomass (e.g. biogas).®14
Furthermore, high operating temperatures enable SOFCs to achieve conversions
efficiencies > 70% in combined heating and power applications.!'%**1 This combination
of fuel flexibility and high conversion efficiency makes SOFC technology a viable
solution to energy demands by balancing electricity production from conventional fuel
sources and providing a pathway for future alternative fuel production schemes.

Fuel reforming is a common technique employed in SOFCs systems operating
with carbon-based fuel sources in order to improve efficiency by converting the initial
fuel into a Hy-rich gas mixture.l*1%2%1 Fyel reforming systems typically add gas phase
oxidants (H,O, CO, and/or O,) to fuel sources to produce syn-gas, a gas mixture

primarily comprised of H, and CO with varying levels of CO,, H,O, hydrocarbons, and

trace contaminants (such as S, CI, P and Sb complexes). Syn-gas composition depends
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sensitively on both the initial fuel source and the reforming process conditions, and
additional cleanup steps are often needed to remove adverse contaminants from ‘dirty’

syn-gas mixtures to prevent anode poisoning.[t%t0-111]

For example, Kee et al. shows
representative syn-gas compositions from coal- and biomass-gasification with CO/H;
mole ratios ranging from 2.01 to 0.765."* These ratios influence SOFC power densities
with cell performance typically improving with lower CO/H, mole ratios in syn-gas
mixtures.**
SOFCs operating with syn-gas can produce electricity via electrochemical
oxidation of H, (Eg. 3.1) and CO (Eq. 3.2) at the anode.
Hygy + 0%~ & Hy004) + 2e” (3.1)
COgy + 0% & COyqy + 2€~ (3.2)
High operating temperatures, low Po, and SOFC anode catalysts also promote

heterogeneous reactions including the water-gas shift (Eq. 3.3), the reverse Boudouard

(Eqg. 3.4) and carbon gasification (Eq. 3.5) reactions.

CO(g) + HZO(g) Ld COz(g) + Hz(g) (33)
Cs) + Ha0(g) © COgg) + Hyg) (3.5)

The formation/removal of carbon (via Eq. 3.4 and Eq. 3.5) is of particular importance for
SOFCs with Ni-based cermet anodes. Carbon accumulation (or coking) occurs when the
rate of carbon formation exceeds the rate of carbon removal. Under these circumstances,
carbon accumulation in SOFC anodes has been shown to diminish cell performance as

catalytic sites become blocked and carbon deposits restrict gas flow within the porous
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anode.'*¥

Excessive carbon accumulation eventually leads to device failure due to
corrosion of the Ni catalyst (metal dusting) and the delamination of the anode from the
electrolyte.*!® The deleterious effects of coking necessitate operating SOFCs under
conditions that have little to no carbon accumulation.

Thermodynamic calculations and kinetic models predict conditions where carbon
accumulation from syn-gas is expected.[*****81 Under equilibrium conditions, carbon
accumulation is favored at lower temperatures, higher CO/H, ratios and/or higher
CO/CO, ratios. (Table 3.1) Specifically for temperatures below 700 °C, the reverse
Boudouard reaction (Eg. 3.4) predicts that solid carbon should be the stable

species; 711

therefore, SOFCs fueled with syn-gas should operate at higher
temperatures to minimize carbon formation. However, polarized SOFCs create distinctly
non-equilibrium conditions and questions about carbon accumulation and structure
(graphitic or amorphous carbon) on the anode surface during operation depend on kinetic
considerations as well as fuel composition, temperature and polarization conditions. 2"

Table 3.1. Gibbs energies calculated for the heterogeneous reactions with syn-gas at each
of the tested temperatures.

AG‘;AI-SK AG0973K AG‘;‘)SK AG01023K A6;0731(

(kd/mol)  (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
CO() + H2O(g) «» Hyq) + COyq  -4674  -3879  -3.084 -2289  -0.699
2 COg) <> COyg + Cyy) 4506  -0.123 4259 8642  17.407
Hy) + CO(g < Ha0 + Cgg) 0168 3755  7.343  10.931  18.106

Reaction”

“Thermochemical data for the forward proceeding reactions calculated using values from
NIST-JANAF Thermochemical Tables (http://kinetics.nist.gov/janaf/).
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Identifying material changes occurring in SOFCs in operando (defined by
atmospheric, thermal, and polarization test conditions representative of realistic SOFC
operating conditions) is challenging. Electrochemical techniques such as voltammetry
and impedance spectroscopy provide real-time information about cell performance and
can be modeled with equivalent circuits to infer changes in the cell’s components under
various operating conditions. These measurements, however, cannot directly identify
material changes and average results over the entire membrane electrode assembly. In
contrast, post mortem analyses (such as energy-dispersive X-ray spectroscopy, X-ray
photoelectron spectroscopy, and temperature-programed oxidation) have chemical
specificity but are incapable of assigning changes in performance directly to electrode
chemical composition. In recent years, a number of non-invasive optical methods have
been developed to probe SOFC surface chemistry under realistic operating conditions.
Near IR thermal imaging, Fourier transform IR emission spectroscopy and vibrational
Raman spectroscopy have all been employed to examine the molecular/material changes

in SOFCs operating with various fuels.!*#1%°]

When coupled with electrochemical
measurements, these spectroscopic techniques directly correlate molecular/materials
changes with electrochemical performance providing mechanistic insight into device
degradation/improvement.

In the studies described below, in operando Raman spectroscopy and
electrochemical measurements were performed to examine early time carbon

accumulation on Ni-YSZ anode-supported SOFCs operating with a surrogate syn-gas

mixture under various thermal (675-800 °C) and polarization conditions. Data show that
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polarizing the cell and operating at elevated temperatures limited the extent of carbon
accumulation. For all of the tested temperatures, carbon accumulated on anodes at open
circuit voltage (OCV) and was suppressed when SOFCs were polarized at a constant
current. Carbon was not observed in Raman spectra from experiments conducted at
800 °C; however, spectrochronopotentiometry (SCP) tests revealed that carbon was
present in the anode functional layer under OCV conditions. These results demonstrate
that the initial formation of graphitic carbon is a thermally controlled process that can be
minimized by either operating at higher temperatures or operating SOFCs at high
polarization currents at lower temperatures. One additional observation was that prior to
the appearance of graphite with CO/H, under polarization, cell potentials were unstable
and would fluctuate on the order of 10-100 mV from the average measured potential at a
constant current. Interestingly, the accumulation of observable carbon coincided with a
stabilization in the measured cell potentials data during polarization with fluctuations
decreasing initially to < 10 mV when evidence of graphite first appeared in the Raman
spectra and dropping to < 1 mV as graphite continued to accumulate. The corresponding
Raman spectra and cell potentials indicate that a limited amount of graphitic carbon
improved connectivity throughout the anode microstructure. These results suggest that
intentionally coking the anode with limited quantities of carbon may be one strategy for

stabilizing SOFC performance.
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Experimental Methods

Sample Preparation and Experimental Protocol

Experiments were performed with anode-supported SOFCs purchased from
Materials and Systems Research, Inc. The cells measured 27.4 mm in diameter and were
comprised of a 0.8 mm thick (with a 12 um thick functional layer) Ni-YSZ cermet anode
and a 50 pm thick (with a 15 pum thick functional layer) LSM-YSZ cathode separated by
a 10 pm thick YSZ electrolyte. Silver and platinum mesh (each 25 mm?) current
collectors were attached to the anode with gold paste and to the cathode with platinum
paste, respectively.

Cells were heated to 675 °C, 700 °C, 725 °C, 750 °C, or 800 °C at <1 °C/min in

an experimental test apparatus described previously.[!?6:1%"]

During high temperature
testing, 85 ml/min of air was supplied to the cathode and the anode was cycled under
various fuel conditions to explore how operating temperature affected early time coking
with CO/H,. The anode was first reduced with 100 ml/min H, and a 100 ml/min Ar
carrier gas (benchmark flow rates) until the cell potential stabilized before a test cycle
was performed. The time required to fully reduce the anode ranged from 2 hours at
800 °C to 5 hours at 675 °C. A test cycle (Fig. 3.1) began by exposing the anode to
40 ml/min of a 50%/50% CO/H; surrogate syn-gas mixture for 10 minute, followed by a

4 minute Ar purge of the anode chamber, and finally the carbon was removed from the

anode with humidified Ar (~2% H,0).
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Figure 3.1. Schematic showing the gas exposure sequence for a test cycle. Carbon
that formed during the 10 minute exposure to CO/H, was removed with H,O (via
humidified Ar) at the end of the cycle. The anode was continuously exposed to the
Ar carrier gas during each step of the cycle.

After the cycle, the anode was reduced under the benchmark flow rates. The first
cycle was performed with the cell at OCV during CO/H, exposure after which cycles
were repeated with the cell at OCV or under polarization during CO/H, exposure. Since
carbon was not spectroscopically observed in experiments conducted at 800 °C, SCP tests
were performed by replacing the last step in the CO/H, test cycle (exposure to humidified
Ar) with a chronopotentiometry test under Ar. Under these polarization conditions in the
absence of a gas phase fuel, carbon within the anode acted as a fuel source and was
electrochemically oxidized in order to maintain a constant current through the cell. The
potentiometric data from these SCP tests were then used to quantify carbon accumulation

as a function of polarization condition. A minimum of two cells were tested at each

operating temperature to verify results.

Vibrational Raman Spectroscopy

Throughout each experiment, Raman spectroscopy and electrochemical

measurements were conducted. Raman data were acquired with a 488 nm laser excitation
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source (Lexel 85-SHG Ar-ion Laser) and Renishaw InVia Spectrometer equipped with a
long pass edge filter assembly (~150 cm™ Stokes scattered light cutoff) and a Pelletier
cooled CCD detector. Each Raman spectrum was collected using a 10x objective and 10
second exposure time. Extended Raman spectra (ranging from 150-3200 cm™) were
collected on the anode prior to and near the end of the 10 minute of CO/H, exposure.
During CO/H, exposure, static Raman spectra (ranging from 267-1860 cm™) were
recorded continuously and the rate of carbon formation was determined by plotting the

highly ordered graphite peak intensity at 1561 cm™ as a function of time.

Electrochemical Measurements

Voltammetry and electrochemical impedance spectroscopy (EIS) measurements
were performed with a Princeton Applied Research VersaStat MC. Device performance
was characterized with power versus current (P-1) and potential versus current (V-1)
traces from linear sweep voltammetry (LSV) data. Cell condition was evaluated with the
bulk (Rg) and polarization (Rp) resistances from EIS data recorded with a +0.01 V
amplitude over a frequency range of 100,000-0.03 Hz (at the lower test temperatures) or
100,000-0.01 Hz (at the higher test temperatures). In the Nyquist plots, Rg (the x-
intercept at high frequencies) is attributed to the resistance associated with O% diffusion
through the electrolyte and Rp (the arc width) is defined by impedances from
electrochemical reactions and mass transport at the electrodes.'®® Based on this model,
anode degradation over the course of an experiment corresponds to increasing Rg and Rp

values.
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Results and Discussion

Electrochemical Diagnostics with H,

Voltammetry and EIS measurements with H, were performed throughout each
experiment to provide benchmark indicators of cell performance and condition. Under
dry Hy, cell OCV varied between 1.16 V and 1.25 V. Prior to the first CO/H; cycle, the
average maximum power and Rg were 102 £ 24 mW and 2.70 £ 1.05 Q, respectively, for
all of the tested cells. The measured OCV values under benchmark H, conditions were
similar to their corresponding OCV values recorded prior to the initial CO/H, test cycle
and did not decrease throughout each experiment indicating that no significant leaks
formed between the cathode and anode during the experiments. Since these results
demonstrate the structural integrity of the cells and acceptable isolation between the
anode and cathode atmospheres, we assign spectroscopic and electrochemical changes to
chemistry occurring within the anode microstructure.

During each experiment, the overall device performance decreased due to carbon
accumulation from the CO/H, causing irreversible damage to the anodes. The reduced
cell performance was more pronounced for cells tested at the lower temperatures
compared to cells tested at the higher temperatures. This result is attributed to higher
carbon loading during CO/H, test cycles at the lower temperatures. For example,
benchmark LSV data recorded after nine CO/H, cycles showed that the average
maximum power of cells tested at 675-725 °C decreased by ~14% and for cells tested at
> 750 °C, the maximum power decreased by ~3%. The accelerated degradation at lower

temperatures coincided with higher resistances to charge transfer, as evidenced by steeper
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slopes in the LSV data at lower currents (Fig. 3.2a) and by consistently larger Rg values
in the EIS spectra (Fig. 3.2b). The higher resistances most likely resulted from
degradation of the Ni network within the anode. Degradation of the percolated Ni
network reduces electronic conductivity and leaves behind isolated Ni particles that are

unable to participate in electrochemical oxidation reactions.
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Figure 3.2. Comparison of benchmark (a) LSV and (b) EIS data at 700 °C collected
with dry H; before the first CO/H, test cycle (initial) and after test cycles with the cell
held at OCV or polarized at 227 mA (50% Inax) during CO/H; exposure. (a) Repeated
CO/H, cycling damaged the cell resulting reduced powers. (b) The corresponding EIS
data show Rg increased from 1.88 Q to 3.40 Q as the cell degraded. Following test
cycles with the cell under polarization, the voltammetry and EIS data exhibited larger
levels of fluctuations compared to measurements performed after test cycles at OCV.

In addition to anode degradation and reduced cell performance, most cells
exhibited erratic fluctuations in LSV and EIS data acquired with the benchmark H,.
These high frequency instabilities in the electrochemical data varied after each cycle and
were dependent on cell condition and the CO/H; cycling history. Fluctuations in the LSV
and EIS data with H, were more pronounced for benchmark measurements recorded after
CO/H; cycles where the cell had been polarized at higher currents (50% and 75% lnax).

Conversely, benchmark LSV and EIS measurements following CO/H, cycles with the

cell at OCV or polarized at lower currents (25% |ax) appeared smoother. An example of
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this behavior is presented in Figure 3.2 showing how the benchmark LSV (Fig. 3.2a) and
EIS (Fig. 3.2b) changed between test cycles at 700 °C. Reduced fluctuations in the
benchmark electrochemical measurements with H, were consistent with the appearance
of graphitic carbon in Raman spectra acquired during the previous CO/H, cycle.
Furthermore, the fluctuations were not observed in LSV and EIS collected during CO/H,
exposure. These results suggest that electrical connectivity within the anode was
improved under conditions with higher carbon loadings. In addition to more stable LSV
and EIS data, the OCV values with H; increased after CO/H, cycling an average of 30
mV for each cell. Previous studies of Ni-YSZ anodes coked with CH, fuels have shown
that OCV values increase when carbon accumulates in the anode.®**%12% Therefore, the
higher OCV values measured after CO/H; cycles are attributed to residual carbon
remaining in the anode after the tests. Data acquired during CO/H, cycles provide

additional evidence for this claim and will be discussed in subsequent sections.

Syn-gas at OCV

For early time exposures to the CO/H, mixture, the extent of carbon accumulation
on Ni-YSZ cermet anodes depended on temperature. Carbon was not observed in Raman
spectra acquired at 800 °C while the spectra collected at the lower temperatures clearly
show carbon accumulated on the Ni-YSZ anodes. In operando extended Raman spectra
collected on the anodes after 10 minutes of CO/H, exposure are presented in Figure 3.3.
Spectra of the anodes reduced with H; are included for comparison. The carbon deposits

formed highly ordered graphite as evidenced by the strong vibrational bands at 1561 cm™
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Figure 3.3. In situ Raman spectra collected with the anode exposed to CO/H; or H; at

OCV at all of the tested temperatures: 675 °C (blue), 700 °C (green), 725 °C (yellow),

750 °C (orange), and 800 °C (red). The Raman features at 1561 cm™ and ~2700 cm™

arise from the G and 2D vibrational modes of highly ordered graphite, respectively.

All spectra have been offset for clarity.
(G peak) and ~2700 cm™ (G’ or 2D peak) that arise from the vibrations of sp? and sp*
carbon bonds, respectively.®? The most intense G peak was observed for experiments
< 750 °C demonstrating that more carbon accumulated at the lower temperatures. For
tests at < 750 °C where carbon accumulation was spectroscopically observable, the ratio
of the D and G peak intensities (Ip/lg) varied from 0.15 to 0.08 indicating that the carbon
structures primarily formed sp? bonds. In addition to Ip/lg, the ratio of the 2D and G

peak intensities (I.p/lg) provides information on the number of graphene layers in a

sample. Based on work by Calizo et al., the calculated I,p/ Ig from our high temperature
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Raman spectra, 0.37 + 0.02, corresponds to the formation of more than 5 graphene
layers.**)1 These results indicate that carbon accumulated initially as graphite films on
the anode Ni catalyst during the early time exposure to the CO/H, mixture in our
experiments. The rates of carbon growth at the different temperatures were examined by
plotting the G peak intensity as a function of time (Fig. 3.4). The initial appearance of
graphite occurred sooner for experimental temperatures below 700 °C. After the fuel was
switched from H, to CO/H,, the G peak appeared within ~2 minutes at 675 °C and
between 3-4 minutes for the tests at 700-750 °C. These results agree with
thermodynamic results presented in Table 3.1 that predict carbon formation to be
favorable at lower temperatures from the reverse Boudouard (Eg. 3.4) and reverse carbon

gasification (reverse of Eq. 3.5) reactions.

300 - o
. ot
S 250- o-\}'
_:_d' w _,VVW
2 200+ lm v
| o, W ¢ 800°C
§ 150 COM, O o VT A T750°C
£ fuel on I B v 725°C
< 100 o Ay 45 m 700°C
o w” gm 2 ® 675°C
o 501 o S5
e
T T T T T T " 17 ? 1 T T
0 1 2 3 4 5 6 7 8 9 10
Time (min)

Figure 3.4. Carbon accumulation kinetics collected with the anodes exposed to the
CO/H; gas mixture at OCV for each of the tested temperatures. Plotting the highly
ordered graphite G peak intensity at 1561 cm™ as a function of fuel exposure time
shows that the onset of carbon accumulation occurred earlier at the lower temperatures.
The initial appearance of graphitic carbon on anodes at 700-750 °C occurred 1.5-2
times later than anodes at 675 °C. Carbon accumulation was not observed with Raman
spectroscopy in the experiments at 800 °C.
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The cell potentials provide additional insight into carbon accumulation with
CO/H; as a function of temperature. At the end of the 10 minute CO/H; exposure, the
cell OCVs ranged from 1.09-1.10 V for experiments at < 725 °C, from 1.10-1.12 V for
experiments at 750 °C and from 1.13-1.14 V for experiments at 800 °C. Changes are due
to different operating temperatures and gas partial pressures (Pn2, Pco, Przo, and Pcoy)
within the anode functional layer. This OCV dependence on the partial pressures is
supported by in situ Raman spectra that showed suppressed carbon accumulation at the
higher temperatures and more carbon accumulated at the lower temperatures. Since
carbon accumulation occurs when the rate of carbon formation exceeds the rate of carbon
removal, the appearance and growth of carbon on the anodes will coincide with an
increase in Pcoy and/or Pyyo via the reverse Boudouard reaction (Eg. 3.4) and the
reduction of CO (reverse of Eqg. 3.5), respectively, causing the measured OCV to
decrease. Conversely, when the rate of carbon removal is equal to or faster than the rate
of carbon formation, carbon will not accumulate on the anode but will be rapidly
oxidized via the Boudouard reaction (reverse of Eq. 3.4) and/or carbon gasification
reaction (Eq. 3.5) resulting in lower Pco, and Pypo, respectively, causing the measured
OCV to increase. Contributions from the water-gas shift reaction (Eg. 3.3) are coupled
the Boudouard and carbon gasification reactions and difficult to identify in our
experiments.

In addition to monitoring cell potential, EIS and LSV measurements were
periodically conducted with the anode exposed to the CO/H, fuel mixture. These

measurements were performed after the anode had been exposed to CO/H, for ~9
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Figure 3.5. (a) LSV and (b) EIS data collected with the anode exposed to the CO/H,

fuel mixture at 700 °C. (a) The decrease in cell performance between CO/H; cycles

was less pronounced than with LSV acquired under the H, benchmarks between cycles.

(b) After repeated cycling, the EIS data under OCV conditions exhibited a decrease in
the low frequency arc associated with gas conversion reactions.

minutes under OCV conditions. In all of the experiments, the maximum powers with the
CO/H, fuel were higher than those recorded with the benchmark H, flow rates. The EIS
data revealed overall lower cell impedances with lower Rg and Rp values during CO/H,
exposure. Figure 3.5 shows the LSV and EIS data with CO/H; acquired from the same
cell shown in Figure 3.2 with H,. The improved cell performance with the CO/H; fuel
was most likely due to a combination of processes within the anode that include: (1) the
water-gas shift reaction (Eg. 3.3) increasing the concentration of H, fuel within the anode
functional layer; (2) carbon within the anode acting as an additional fuel source; and (3)
the carbon deposits improving electrical connectivity throughout the anode
microstructure. Based on the close correlation between spectroscopically observed
carbon and improved device performance, we propose that carbon deposits within the
anode were the primary contributor to the lower impedances in EIS data collected with

the CO/H, fuel mixture. Support for this idea is found in the EIS analysis of SOFCs

operating with syn-gas by Kromp et al. where the low frequency arc in the Nyquist plot
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(Fig. 3.5b) is ascribed to the water-gas shift reaction and moves to higher frequencies as
Phz and Pco increase.™™ In our studies, the feature in the EIS data associated with the
water-gas shift reaction moved to higher frequencies after repeated CO/H;, cycling
indicating that Py, and Pco increased within the anode over the course of an experiment.
The higher Py, and Pco after repeated cycling is attributed to the loss of Ni particles
within the anode due to anode degradation. This loss of Ni catalyst surface area would
reduce H, production via the water-gas shift reaction resulting in lower maximum powers
in the LSV data; however, the maximum powers during CO/H, were similar after
multiple cycles. Although carbon at the electrochemically active regions will act as a
fuel source, H, oxidation is 2-3 times faster than carbon oxidation and will dominate
electrochemical reactions for SOFCs with the 50/50 CO/H, gas composition.[22:128:132-133]
Therefore, the lower Rg and Rp values with CO/H, are attributed carbon deposits
improving connectivity throughout the anode microstructure. Additionally, the high
frequency instabilities in LSV traces with H, diminished significantly once the anode has
been loaded with carbon, as evidenced in Figure 3.2a. Improved connectivity within the
anode microstructure with low levels of carbon loading has been proposed in previous

studies and is discussed in greater detail below,[*:3127:136:137]

Syn-gas with Polarization

For experiments conducted at temperatures < 750 °C, cells were polarized during
CO/H; exposure under various constant currents corresponding to 25%, 50% or 75% Imax
(where Inax corresponds to the maximum current from LSV data recorded during CO/H,

exposure). Experiments performed at 675 °C were presented previously and showed that
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the rate of carbon accumulation was inversely proportional to the polarization current
with minimal graphite formation during CO/H; exposure at 75% Imax.? Results
presented in the current work expand upon those preliminary findings and provide a more
in-depth analysis of carbon accumulation from the surrogate syn-gas mixture as a
function of both operating temperature and polarization conditions.

In operando Raman spectra revealed that at all of the tested temperatures the
initial appearance of carbon was delayed and carbon accumulation was suppressed when
the cell was polarized at a constant current during CO/H, exposure. Carbon
accumulation was reduced for experiments with 25% Inax polarization at 700 °C, 725 °C
and 750 °C while graphite was not observed in Raman spectra at the higher currents.
Although graphitic carbon was not observed directly on these cells when polarized at
50% or 75 % Inax, Raman spectroscopy was only able to detect the presence (or absence)
of carbon on the anode surface. Any carbon that accumulated sub-surface, closer to the
functional layer, had to be inferred from electrochemical measurements.

Previous studies using electrolyte-supported membrane electrode assemblies
(with much thinner anodes) have shown close correlation between electrochemical data
and spectroscopically observable carbon.**! Specifically, changes in measured cell
potential at OCV tracked the condition of the anode and served as an independent
confirmation of carbon’s presence as well as oxidation of the Ni itself to NiO. In line
with these previous studies, cell potentials recorded during CO/H, exposure and subject
to different polarizations at temperatures < 750 °C are analyzed below and provide

additional insight into carbon accumulation mechanisms.
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Figure 3.6. Cell potential and in operando Raman G peak intensity (symbols) as a
function of time from three separate cells operating with the CO/H, fuel mixture at
675 °C (107 mA), 700 °C (114 mA), and 725 °C (125 mA). During test cycles with
the cell polarized at a constant current, the appearance of graphitic carbon on the anode
coincided with reduced fluctuations in cell potential.

When cells were polarized at constant current with the CO/H; fuel mixture, the
measured cell potentials initially fluctuated on the order of 10-100 mV with respect to the
average measured potential. The cell potential and in operando Raman spectra acquired
during all of the polarized cycles at 675 °C exhibited a strong correlation between a
reduction in cell potential fluctuations and an increase in G peak intensity as a function of

time. Similarly for the 25% Inax cycles at temperatures ranging from 700-750 °C, the cell

potentials also became more stable as carbon accumulated on the anodes. Figure 3.6
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shows the increase in G peak correlated with a dampening of cell potential fluctuations
for CO/H; cycles polarized at 25% Inax at 675 °C, 700 °C and 725 °C. For all of these
cycles, the initial appearance of graphitic carbon in the Raman spectra coincided with a
decrease in cell potential fluctuations to < 10 mV and as carbon continued to accumulate,
as evidenced by the increasing Raman G peak intensity, the cell potential fluctuations
decreased to < 1 mV. These results show that the level of carbon accumulation during
our experiments did not hinder cell performance under constant current conditions for the
limited CO/H, exposure of these cycles. Rather, the presence of carbon in the anode
appeared to improve electronic connectivity between Ni particles allowing for electron
charge transfer processes between the functional layer and current collector to proceed
more easily. Although carbon was not directly observed for CO/H; cycles at 700-750 °C
polarized at 50% and 75% Inax, the cell potentials exhibited a similar reduction in
fluctuations over the course of the 10 minute CO/H, exposure. These results imply that
carbon accumulated within the anode functional layer under all of these conditions
despite the inability of Raman spectroscopy to observe carbon formation directly.

Although the vibrational modes for graphite were absent in the Raman spectra
acquired on the anode surface during experiments at 800 °C, the improved cell
performance and reduced polarization resistance in the LSV and EIS data collected
during CO/H; exposure implied that the carbon was present deeper in the anode. In order
to quantify the extent of carbon accumulation in the anodes at this highest temperature,
SCP tests were performed with the cell at OCV or polarized at 50% Inax during CO/H,

exposure (Fig. 3.7). Published work by Kirtley el al. has shown that SCP can be used to
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Figure 3.7. Cell potential as a function of time for two different cycles with SCP tests at

800 °C. The cell was held at OCV (red trace) or polarized under a constant current at

150 mA (blue trace) during CO/H, exposure for 10 minutes. The anode chamber was

then purged with Ar while the cell was held at OCV for 4 minutes. Finally, the cell

was polarized at 150 mA to electrochemically oxide any carbon that had accumulated

within the anode.
quantify carbon accumulation at the electrochemically active three-phase boundaries
(TPBs) of coked Ni-YSZ anodes. ®@ In their work, the authors proposed mechanisms for
anode oxidation reactions during SCP tests and proposed that 1.38 mol of O* are
required to oxidize 1 mol of carbon (producing CO and CO,). Using this O*/C mole
ratio and the potentiometric data from our SCP tests at 800 °C, we estimated that
~0.31 mg (or 2.6x10” mol) of carbon had accumulated in the electrochemically active
regions of the anode when exposed to CO/H; for 10 minutes at OCV (corresponding to
250 mg or 8.9 x10°mol of CO). Based on these results when no current was drawn from
the cell, ~0.29% of the carbon supplied to the anode remained at the electrochemically

active regions. Conversely, carbon was undetectable in the potentiometric data acquired

from SCP tests where the cell was polarized at 50% Imax during CO/H, exposure. These
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results clearly show that carbon accumulation is most effectively suppressed on the
anodes producing high currents at 800 °C.

In conclusion, delayed and suppressed carbon accumulation with the CO/H, fuel
mixture was the most pronounced for operating conditions that promoted heterogeneous
reactions directly involving the carbon oxidation. As predicted by the thermochemical
data, the Boudouard reaction (reverse of Eq. 3.4) and carbon gasification reactions (Eq.
3.5) were the most effective at minimizing carbon accumulation at the higher
temperatures. Polarizing the cells helped to remove carbon via electrochemical oxidation
at the TPBs as well as increasing P20 and Pco; Vvia the electrochemical oxidation of H,
(Eg. 3.1) and CO (Eq. 3.2). However, carbon removal reactions were enhanced to a
greater degree by changing operating temperatures compared to changing polarization

conditions.

Conclusions

Temperature and polarization dependent carbon accumulation for early times
exposures to a 50/50 CO/H, mixture were examined with in operando Raman
spectroscopy combined with electrochemical diagnostics. Raman spectra show highly
order graphite formed on cells operating at 675 °C, 700 °C, 725 °C and 750 °C.
Although graphite was not directly observed in vibrational Raman spectra acquired at
800 °C, spectrochronopotentiometry tests confirmed the presence of carbon within the
anode functional layer under OCV conditions and the absence of carbon within the anode

under polarization. The rate of carbon accumulation was inversely related to both
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operating temperature and polarization current. In operando Raman spectroscopy and
electrochemical data showed a strong correlation between carbon accumulation on the
anode and the reduced fluctuations in the measured cell potential under constant current
conditions. The stabilization of cell potential corresponded with lower resistances to
charge transfer reactions indicating that small amounts of carbon improved electronic

conductivity within the anode.
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Abstract

Experiments performed in this work explored how Ni-YSZ cermet anodes
infiltrated with 1% Sn or 1% BaO mitigate carbon formation compared to undoped Ni-
YSZ anodes in functioning solid oxide fuel cells (SOFCs). In situ vibrational Raman
spectroscopy was used to study the early stages of carbon accumulation on the SOFC
anodes at 730 °C with methane and under open circuit voltage (OCV) conditions.
Additionally, carbon removal with different gas phase reforming agents was evaluated.
The effects of these phenomena — carbon accumulation from methane and carbon
removal by reforming agents — on the electrochemical capabilities of a device were
monitored with electrochemical impedance and voltammetry measurements. Vibrational
spectra showed that the undoped and 1% Sn infiltrated anodes were very susceptible to
carbon formation from methane while considerably less carbon accumulated on the 1%
BaO anodes. Electrochemical data, however, implied that carbon accumulated in
different regions of the anode and that both Sn and BaO effectively reduced carbon

accumulation but also inhibited electrochemical oxidation. For each anode, H,O was the
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most effective reforming agent for removing carbon followed by O, and then CO,. H,O
and CO,, however, left the anode only partially oxidized, while prolonged exposure to O,
completely oxidized Ni to nickel oxide. The spectroscopic and electrochemical data
showed strong correlations that provide mechanistic insight into the consequences of
adding secondary materials to SOFC anodes with the intent of reducing carbon

accumulation.
Introduction

Carbon accumulation in energy conversion devices and catalytic reactors leads to
diminished performance and, ultimately, system failure.  This concern becomes
increasingly important in high temperature applications where complex gas-phase
pyrolysis reactions and activated surface chemistry can result in rapid carbon

deposition.!*¥8140

Deposited carbon can block catalytic sites and, in some instances
dissolve into the catalyst leading to a phenomenon known as metal dusting.!*****! To
prevent carbon from accumulating on catalysts, numerous strategies have been employed
including gas phase reforming (with steam or CO,) and the development of novel
catalysts.  These catalysts include mixed bimetallic and/or metal-metal oxide

[144-150]

materials or traditional catalysts that are doped with small amounts (< 1-5%) of a

secondary (2°) species. 14151153
Ni-based catalysts used in SOFCs are particularly sensitive to carbon-induced
degradation.l*>*541°  SOFCs consist of two electrocatalytic electrodes separated by an

ion-conducting, solid oxide electrolyte. Molecular oxygen is reduced at the cathode (to
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form O%). The large activation energies required for O, dissociation and for O diffusion
through the solid electrolyte require that SOFCs operate at temperatures typically above
650 °C. One advantage conferred to SOFCs by these high temperatures is fuel flexibility.
Unlike low temperature fuel cells that use precious metal catalysts and can operate only
with sources of clean hydrogen, SOFCs can convert a wide variety of fuels into products
and electricity electrochemically. These fuels include natural gas, biogas, syn-gas,
alcohols, and intermediate molecular weight alkanes.['®4156-151 A of these fuels,
however, are also capable of forming solid carbon deposits on functioning SOFC anodes.

Nickel is the most common electrocatalyst used in SOFC anodes and in steam
reforming applications because it is very effective at activating carbon-hydrogen

bonds. 160164

The accumulation of carbon must be prevented (either chemically or
electrochemically), however, or active sites will be blocked and/or gas diffusion (through
the porous anode) hindered. Depending on the identity of the incident fuel and operating
temperature, these carbon deposits or ‘coke’ can assume different structures including
carbon filaments,™®! highly ordered graphite!*?® or disordered carbon that has a high
density of grain boundaries and/or site defects.®**** The Ni catalyst is also susceptible
to metal dusting where the SOFC anode simply disintegrates resulting in device
failure.[**4

Recent reports have suggested that doping Ni-based catalysts with small amounts
of 2° metals suppresses carbon accumulation./**%41%8! gpecifically, Ni anodes infiltrated
S,[48,169-171]

with Sn have shown improved carbon tolerance in steam reforming application

although recent reports have shown that small amounts (1-5% by mass) of Sn added to
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SOFC electrodes appeared to enhance carbon accumulation and destabilize SOFC anodes
over the course of 24 hours relative to undoped electrodes.!*®*"? Coking of conventional
Ni cermet electrodes has been explored extensively by numerous groups using a variety
of in situ and ex situ techniques.[’®%1%017317€1 conyersely, studies of infiltrated Ni-YSZ
anodes have been limited mostly to methods unable to directly identify changes in anode
structure and composition during operation.  Techniques such as temperature

programmed oxidation®#"*""1"81 and X-ray photoelectron spectroscopy!*é**®]

provide
insight into how infiltrated anode structures change following operation under different
conditions. Conclusions about the mechanisms responsible for electrochemical oxidation
and anode degradation remain speculative, however, given that post mortem data do not
report on chemical changes and their effects on electrochemical performance in real time.
An advantage to coupling in situ techniques such as vibrational spectroscopy!?>17%18
with electrochemical measurements is that the material evolution of the SOFC anode can
be related directly to the electrochemical condition of the device itself.

Studies described in this work used in situ vibrational Raman spectroscopy
coupled with voltammetry measurements to examine directly the early stages of carbon
formation from methane exposure at 730 °C on undoped Ni-YSZ cermet anodes and Ni-
YSZ cermet anodes infiltrated with Sn or BaO (both 1% by mass with respect to Ni).
Experiments also characterized the ability of different reforming agents (H,O, CO, and
O,) to remove carbon after it accumulated on the three different anode types.

Spectroscopic data were coupled with electrochemical measurements that monitored

OCV as a function of local gas phase conditions. Results show that while anode
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infiltration can mitigate carbon accumulation in the electrochemically active region of the
anode, carbon deposits will still form on the top anode surface exposed directly to the
fuel stream. The 1% BaO infiltrated anode shows the greatest ability to suppress carbon
formation but the intrinsic chemical activity of BaO also leads to undesirable Ni

oxidation even in the absence of any applied polarization.

Experimental Methods

Cell Fabrication and Assembly

Experiments described in this paper were performed on undoped and infiltrated
samples that consisted of membrane electrode assemblies (MEAS) and Ni-YSZ cermet
catalysts on YSZ substrates without cathodes (referred to as chip studies). Descriptions
of the cell preparations have been given previously: Ni-YSZ,M* 1% Sn-Ni-YSZ,[*! and
1% BaO-Ni-YSz.*"! Briefly, electrolyte-supported cells with ~100 pum thick anodes
were used for this study. The anode powder was prepared by mixing NiO (50.6 wt.%,
Alfa Aesar, USA) with YSZ (43.1 wt%, TZ-8Y; Tosoh Co, Japan) and graphite
(6.3 wt.%, Alfa Aesar, USA) by ball milling in acetone for 24 hours. The anode powder
was mixed with glycerol and brush painted onto the electrolyte, followed by sintering at
1450 °C for 2 hours. The cathode powder was prepared by mixing LaggSro2MnOs
(40 wt.%, LSM, Praxair Specialty Ceramics, USA) with YSZ (40 wt.%) and graphite
(20 wt.%). The cathode powder was mixed with glycerol and applied on the other side of

the electrolyte and sintered at 1250 °C for 2 hours. The thicknesses of the cathode (LSM-
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YSZ) and electrolyte (YSZ) were 80 and 600 um, respectively. The areas of the anode
and cathode were both 0.9 cm?.

Sn was incorporated into the porous, sintered NiO/YSZ anode-substrate by
impregnating a solution of SnCl,-2H,0 (Aldrich, USA) dissolved in ethanol, followed by
calcination at 500 °C for 4 hours. BaO was incorporated by impregnating the anodes
with an aqueous solution of Ba(NOs), (Alfa Aesar, USA) followed by calcination at
600 °C in air to decompose the Ba(NO3), to BaO.

For the MEAs, a metal mesh connected to a gold wire was attached to each
electrode with metal paste (Heraeus) and acted as the current collector during
electrochemical measurements. A silver mesh with gold paste and a platinum mesh with
platinum paste were used on the anode and cathode, respectively. The cathode side of the
MEA was attached to an alumina tube using ceramic paste (552 VFG, Aremco, USA),
such that the cathode and anode were exposed to the gases flowing inside and outside the
alumina tube, respectively. For the MEAs, this acted as a seal to isolate the two electrode
chambers. This assembly was placed in a quartz tube (Quark Glass), sealed at the bottom
with a silicon stopper, and positioned inside of a tube furnace. The sample was then
heated to 730 °C at a rate < 1 °C /min with low flow rates of Ar and air on the anode and

cathode, respectively.

Vibrational Raman Spectroscopy

Raman spectra were acquired in situ with a Renishaw InVia Spectrometer and a
custom designed optical system. A 10x objective focused the 488 nm Ar-ion excitation

source (~18 mW before the objective) onto the sample, and the backscattered light was
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directed through an edge filter (~150 cm™ cutoff) allowing for only Stokes scattered
radiation to be measured by the charge-coupled device (CCD) detector. Vibrational
Raman spectra were acquired continuously with a 10 second exposure per spectrum when
recording kinetics data. Additional details about this assembly can be found in

previously published reports.[*8%184

Electrochemical Diagnostics

Voltammetry and electrochemical impedance spectroscopy (EIS) data were
collected with a Princeton Applied Research VersaStat MC. Cell potentials were
recorded with reference to the reduction of O, on the cathode resulting in OCV data with
negative values. Device performance was evaluated with linear sweep voltammetry
(LSV) measurements and calculated power curves. To avoid damaging the MEA by
drawing excessive current loads, LSV measurements were not carried out to the
maximum current. The cell condition was assessed by the series (Rs) and polarization
(Rp) impedances obtained from EIS data that were measured over a frequency range of
100,000-0.10 Hz with an AC voltage amplitude of 0.01 V. Impedance spectra were
plotted on Nyquist plots where Rs is the purely resistive component at high frequencies
associated with oxide ion transport through the electrolyte and electron transport in the
current collectors and electrodes, and R, is the impedance related to electrochemical
reactions, fuel activation and mass transport.*®? Additional analysis and modeling of the

individual contributions to R, were not explored in this study.
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Procedure

Once the sample temperature had stabilized at 730 £ 5 °C, the pristine anode was
reduced with 31 + 1 mL/min H; and benchmark electrochemical measurements were
performed to assess how the addition of Sn and BaO affected the electrochemistry
relative to the undoped Ni-YSZ sample. Throughout the course of an experiment, each
sample underwent repeated cycling. A cycle (Fig. 4.1) began by exposing the anode to
20 + 1 mL/min CH4 for 10 minutes. The anode chamber was then purged with a
continuous flow of Ar for 3-4 minutes before the addition of the gas oxidant (H,O, CO,
or Oy) to remove the deposited carbon from the anode. To prevent the anode from fully
oxidizing and suffering irreversible damage, exposure to O, was limited to 3 minutes
whereas exposure to H,0 and CO; lasted for 10 minutes. Near the end of an experiment
the O, was allowed to flow for 10 minutes and completely oxidize the anode. Upon
completion of a cycle the anode was re-reduced with H,. Electrochemical measurements
were again performed (with Hy) to characterize cell condition and record how (or if) the
carbon formation/removal cycles affected device degradation over the course of an

experiment.
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Figure 4.1. Schematic diagram showing the sequence of gas exposures during a single
carbon formation/removal cycle. Both the CH,4 and reforming agents were present at
low partial pressures in an Ar carrier gas. Quantitative details related to residence
times and gas flows are reported in Table 4.1.
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In addition to experiments with functional SOFCs, chip studies were performed
following the same protocol (excluding the electrochemical measurements) with flowing
Ar on the side of the YSZ substrate opposite the Ni cermet catalyst. These tests were
conducted to verify that the Raman data were not influenced by the air atmosphere (or
leaks) on the cathode side of the functional SOFC MEA experiments. Since the Ni
catalysts of the chip studies are structurally and compositionally equivalent to MEA
anodes at OCV, they will be referred to as anodes throughout the remainder of this work.

Table 4.1 shows the flow rates and residence times for all three reforming agents
between the point of introduction into the manifold and the anode. Variations in
residence times result from adjustments in the gas handling manifold between
experiments. Although the oxidant residence times ranged between 0.4 and 3.4 seconds,

these times are less than the spectroscopic temporal resolution of 10 seconds.

Table 4.1. Representative flow parameters for each MEA experiment.

Oxidant Flow Rate® Oxidant in Gas Gas Residence
(mL/min) Flow (%) Time (s)

Ni-YSZ°

H,O 2+0.1 2 1.1

CO, 13.4 11.2 1.9

0, 12.0 10.2 2.4

1% Sn-Ni-YSZ

H,O 4+0.1 2 0.4

CO, 13.4 6.3 2.8

0, 13.4 6.3 34

1% BaO-Ni-YSZ

H,0 4+0.1 2 0.5

CO, 13.4 6.3 1.6

0, 13.4 6.3 2.1

%Uncertainties are + 0.5 mL/min unless stated otherwise. "Tests from previous studies
exploring how flow rate effected carbon removal.!***!
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All experiments were conducted with the MEA held at OCV. The cell potential
was monitored continuously during each cycle with the various atmospheric conditions
(including an Ar carrier gas flow rate of 200 + 2 mL/min) above the anode and a constant
flow of air (143 + 2 mL/min) over the cathode. Under these conditions, any changes in
the OCV can be attributed to reactions at the three-phase boundaries (TPBs) in the anode
including charge transfer reactions, changes in anode composition and relative
concentrations of adsorbed and gas phase species. Experiments performed with full
MEA assemblies at OCV and chips (with anodes only) led to carbon accumulation and
removal kinetics that were consistent within experimental uncertainty.

We note that a leak between the cathode and anode would result in chemical (vs.
electrochemical) carbon and Ni oxidation and unstable electrochemical data; however, at
the beginning of an experiment, a leak test was performed to ensure that the atmosphere
above the anode was not affected by the cathode atmosphere. Additionally, the measured
OCV values were similar for the H, benchmark experiments performed after each cycle
indicating that leaks did not form during experiments. Since these results support MEA
structural integrity and atmosphere separation between the anode and cathode, we
attribute changing spectroscopic and electrochemical data to surface chemistry specific to

the anode materials.

Results and Discussion

Studies described in this work examined several issues relevant to high

temperature surface chemistry in SOFCs including the tendency of carbon to accumulate



70
on Ni-based cermet anodes infiltrated with either Sn or BaO exposed to methane and the
effects of carbon accumulation on device performance. Also explored was the ability of
different reforming agents to remove accumulated carbon. Three different types of
anodes were tested using two different techniques and three different reforming agents.
For clarity, we separate the Results and Discussion section into two parts: the first part
considers the impact of Sn and BaO on carbon formation and the second part examines

the effects of these dopants on carbon removal by reforming agents.

Carbon Formation with CH,4

Results. Under H;, and prior to methane exposure, the cell OCV for the undoped
cell and the 1% Sn infiltrated MEA were -1.22 + 0.01 V while OCV for the 1% BaO
infiltrated MEA was -1.17 £ 0.01 V. Distinct differences in the electrochemistry between
each cell type were emphasized in LSV and EIS data. Representative results are shown
in Figure 4.2. These data show that differences between the anodes existed both prior to
any exposure to methane (Fig. 4.2a and 4.2b) and persisted after repeated cycling with
methane (Fig. 4.2c and 4.2d). Over the course of an experiment (consisting of multiple
carbon accumulation and removal cycles), MEA performance suffered but remained
higher for the undoped Ni-YSZ compared to the infiltrated anodes (Fig. 4.2c). Cell
performance for the MEA with BaO infiltrated anodes was consistently lower than for the
MEA with Sn infiltrated anodes. In addition to lower conversion efficiencies, EIS
measurements for the infiltrated anodes (Fig. 4.2b and 4.2d) exhibited similar Rs values

as the undoped MEA (~5 Q) but higher Rp values (ranging from 24-34 Q and 35-103 Q
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for the Sn and BaO infiltrated anodes, respectively) compared to the undoped cell

(ranging from 15-20 Q).
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Figure 4.2. Benchmark electrochemical measurements collected for undoped and
infiltrated Ni-YSZ MEAs operating with H; at 730 °C (a, b) prior to exposure to CH,4
and (c, d) after repeated cycling. The V-1 and P-I traces in (a, ¢) correspond to the solid
and dashed lines, respectively. Note that the voltammetry data do not extend to short
circuit voltage (0 V) or, equivalently, Imax. Electrochemical impedance spectroscopy
data are shown in (b, d).

Raman spectra acquired from the different anodes exposed to CH, show that
carbon accumulated on all three anode types with the smallest amount of carbon forming
on the 1% BaO infiltrated anodes (Fig. 4.3a). The deposited carbon on all three anodes
was comprised predominantly of highly ordered graphite as evident by the sharp “G”
peak at 1561 cm™. For all of the anodes, YSZ, graphite and NiO were the only chemical

species observed in the Raman spectra.
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Figure 4.3. (a) Representative Raman spectra acquired from undoped Ni-YSZ and
infiltrated Ni-YSZ anodes at the end of the 10 minute CH, exposure period. (b)
Normalized G peak intensity at 1561 cm™ as a function of time during CH4 exposure
showing carbon growth on each anode type.

The rate of carbon growth was determined by plotting the G peak intensity as a
function of time (Fig. 4.3b). Due to variations in absolute intensities (of approximately
+ 20%) between experiments, data were normalized to compare carbon growth kinetics
directly. For all MEAs, graphite began to accumulate within 1 minute of exposing the
anode to CH,4 and the signals reached asymptotic limits after ~8 minutes. The asymptotic
limit in the kinetics data for the 1% BaO infiltrated anode is attributed to the amount of
deposited carbon reaching a steady state while the kinetics for the undoped and 1% Sn
infiltrated anodes are likely limited by the penetration depth of the Raman excitation
source. This claim is based on the significantly lower absolute graphite signal observed
for the BaO infiltrated samples (Fig. 4.3a). The undoped Ni-YSZ anodes showed rapid
carbon growth beginning at ~20 seconds while carbon accumulation on the infiltrated
samples was delayed slightly and appeared at 40-50 seconds. These results show that

small amounts of the dopants slowed the initial formation of carbon, while BaO also

reduced the total amount of carbon that accumulated; notably, the addition of 1% BaO or
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1% Sn to Ni-YSZ anodes did not prevent carbon from eventually forming on the anode

surface.
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Figure 4.4. Cell potential as a function of time during the carbon formation/removal
cycles for the three different cermet anodes held at OCV. The CH, fuel was supplied to
the anode until ~600 seconds; the anode chamber was then purged with Ar for ~240
seconds; and at ~840 seconds the anode was exposed to the H,O (top), CO, (middle), and
O, (bottom) oxidant. The insets show the oscillating behavior observed with the 1% BaO
infiltrated anode during CH,4 exposure.

Although the Raman spectra showed that more carbon accumulated on the
undoped and Sn infiltrated anodes, the presence of Sn in the anode had a measurable

effect on the cell potential relative to the undoped anode. As shown in Figure 4.4, the
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OCV of the Ni-YSZ anode exposed to CH, was consistently -1.28 + 0.01 V, while the
values for the 1% Sn and 1% BaO infiltrated anodes were -1.17 + 0.01 and -1.05 + 0.02
V, respectively. Voltammetry measurements with the 1% BaO infiltrated anode showed
very unusual oscillatory behavior in the OCV data during the 10 minute CH, exposure
(insets in Fig. 4.4). This response was never observed from the same anode exposed to
H, or the reforming agents, nor was such activity observed with either the undoped Ni-
YSZ or the 1% Sn infiltrated anodes. During the first 90 seconds following introduction
of CH, to the 1% BaO anode, the OCV increased steadily to -1.07 V while the Raman
spectra showed measurable, albeit weak, evidence of carbon formation. The cell
potential then began to oscillate with a ~70 second period and amplitude of ~ £0.04 V.
By the end of the exposure period, the average voltage of these fluctuations began to

stabilize to -1.05 + 0.01 V.

Discussion. The identical cell potentials for the Ni-YSZ and 1% Sn anodes
exposed to H2 (y-axis intercepts at -1.22 V in Fig. 4.4) imply that the Sn did not
participate directly in electrochemical reactions of H; at anode’s electrochemically active
TPB. In contrast, the cell potential for the 1% BaO infiltrated anode exposed to H, was
measurably different with an OCV that was 0.05 V smaller in magnitude than the
measured voltage for the undoped cell. According to the Nernst equation for H,
oxidation, the smaller cell potential indicates a higher conversion of H, to H,O( at the
BaO infiltrated anode.!®®] The higher concentration of H,O(, above the BaO infiltrated
anode likely arises from the known ability of BaO to promote chemical oxidation of

H,. Similarly, the benchmark LSV and EIS measurements suggest differences in the
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surface chemistry between the infiltrated and undoped Ni-YSZ anodes. The lower
powers produced by the Sn and BaO infiltrated cells (see Fig. 4.2a and 4.2c) may be
attributed to the dopants occupying catalytic sites on the Ni reducing the overall number
of catalytic reactions at the anode and/or changes in the anode microstructure.*®*#% The
increase in R, for MEAs with Sn or BaO infiltrated anodes (see Fig. 4.2b and 4.2d) is
attributed to decreased catalytic activity at the TPBs and reduced mass transport relative
to the MEA with the undoped Ni-YSZ anode. Specifically, the higher R, values for the
BaO infiltrated cell have been attributed to the dopants occupying catalytic sites on the
Ni, reducing electrochemical activity for H, oxidation™*! and a volume expansion of the
anode due to interactions between the YSZ and BaO.™®®  Changes in anode
microstructure can impede gas flow, an effect that would be associated with the increased
R, and would require additional components to fit the EIS data (Fig. 4.2b). Impedance
data coupled with the voltammetry results show clearly that infiltrating the Ni-YSZ
cermet anodes adversely impacts electrochemical performance of these electrolyte-
supported MEAs operating with H,.

During CH,4 exposure at OCV, the Raman spectra showed that graphite formed on
all of the anodes with the least amount of carbon accumulating on the BaO infiltrated
anodes (Fig. 4.3a). Differences in the measured cell OCV (Fig. 4.4) indicate that carbon
accumulation within the infiltrated anodes was not the same as within the undoped Ni-
YSZ. Previous studies have shown that as graphite begins to accumulate within the
anode, the cell OCV stabilizes within the vicinity of -1.3 V.°*!%®1  Based on these

findings, cell potentials close to this value are attributed to carbon accumulation in the
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electrochemically active region of the anode, and any significant variations in OCV
measurements from this value during CH, exposure will arise from additional
electrochemical reactions and/or surface reactions that change the partial pressures of

[44.187.188]  iven that these

species (such as H,O, CO, and CO) above the anode.
measurements are performed without cell polarization, we assume that changes in gas
phase partial pressures arise from Sn or BaO catalyzed surface chemistry.

Raman data from the undoped Ni-YSZ and 1% Sn anodes implied that similar
amounts of carbon formed on the surface of each anode. However, CH, affected the
electrochemical behavior of the 1% Sn infiltrated anodes very differently relative to the
undoped Ni-YSZ anode (Fig. 4.4). Unlike the undoped Ni-YSZ anode where changes in
OCV indicated carbon accumulation throughout the anode, the OCV for the 1% Sn anode
increased (or became less negative) under CH,. The fact that the OCV of the 1% Sn
anode exposed to CH, did not decrease to a value approaching -1.3V shows that
spectroscopically observable carbon did not accumulate within the electrochemically
active region. Instead, the cell potential suggested that hydrogen and/or CO oxidation
were the relevant half reactions at the TPB.

Earlier studies of Ni-YSZ anodes infiltrated with Sn have proposed that Sn
displaces the Ni from carbon nucleation sites lowering carbon binding energy to the
catalyst.l®3 I carbon on these sites is less tightly bound to the surface, carbon that forms
near the TPBs will be more susceptible to removal by electrochemical oxidation and

surface reforming reactions. Conversely, carbon deposited at locations far from the TPB

will be removed only via reactions with the gas phase products or mobile surface species
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and will not contribute to the measured cell potential. Given spectroscopic data that
clearly show significant carbon accumulation and voltammetry measurements indicating
just as clearly that less — if any — deposited carbon is electrochemically accessible, we
conclude that the net result of infiltrating a Ni-YSZ anode with Sn still enables carbon
growth on the top surface of the anode but inhibits carbon accumulation in the
electrochemically active region.

The cyclic behavior of the cell potential for MEAs with 1% BaO is attributed to
oscillatory carbon formation/removal on the anode. The oscillating OCV implies that
electrochemical reactions at the TPBs and/or gas phase reactant and product partial
pressures varied cyclically in the anode chamber. Raman spectra collected during
exposure to CH, confirmed the presence of carbon on the BaO infiltrated anode but rapid
changes in the amount of carbon that might correlate with the oscillating OCV data were
not discernible in the spectra.

Several studies have examined the effects of adding BaO to high temperature
catalysts in an effort to reduce coking or to promote selective reactions such as the direct
decomposition of NO in exhaust systems.[*’**1%5] B3O islands on the order of 10—
100 nm in diameter have been observed on the surface of electrodes infiltrated or coated
with BaO following thermal conditioning.["647189] Experimental and computational
studies conducted by Yang et al. provide a possible explanation of the role BaO plays
mitigating carbon formation on Ni catalysts.®! Based on their proposed mechanism, we
can interpret the oscillatory behavior observed in the voltammetry measurements for the

MEA with the 1% BaO anodes exposed to CH,4. After switching the fuel from H; to CHg,
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Ni catalyzes dissociative chemisorption of CH,; to produce adsorbed carbon and
hydrogen. The hydrogen can react either with surface oxides (such as YSZ) to produce
H,O™! that either desorbs and is carried away in the exhaust or rapidly dissociates on
the BaO islands to create a population of surface hydroxides.**¥ The hydroxyl groups on
BaO can then remove carbon that has formed near the dopant-TPBs to create CO and H..
(Here, the term ‘dopant-TPB’ is used to refer to boundaries between the BaO and Ni and
the ambient gas phase.) These processes will promote the production of the reaction
products CO and CO;, and the measured OCV will increase towards the CO/CO,
equilibrium potential at -0.99 V."**' Carbon accumulation will continue on the Ni regions
that are far from the BaO structures. If the carbon accumulates far away from the dopant-
TPBs of the BaO islands and cannot be oxidized by gas species, then the partial pressure
of CO; decreases and the OCV approaches -1.07 V. As more carbon accumulates, the
carbon that grows towards the dopant-TPBs can be oxidized resulting in an increase the
CO, partial pressure and rise in cell potential. While this proposed sequence is
admittedly speculative, the spectroscopic and voltammetry data reported above coupled
with the computational efforts of Yang, et al. provide an internally consistent description
of experimental observations and raise important questions about the role of adsorbate

surface mobility in these complex catalytic systems.

Carbon Removal with Reforming Agents

Results. Following exposure to CH,, the anode chamber was purged with Ar for

240 seconds to remove any residual fuel before a reforming agent was introduced. The
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cell OCV increased for all of the anodes after switching off the supply of CH,4 (Fig. 4.4).
For the undoped cell, the OCV changed by 0.01-0.04 V while the OCV for the Sn- and
BaO-infiltrated anodes rose by 0.04-0.06 V and 0.09-0.35 V, respectively. Although this
changing OCV under Ar implied continued chemistry in the electrochemically active
region, Raman spectroscopy confirmed that graphite remained on the top surface of each
anode.

Similar to previous studies, ™! experiments presented in this work found that H,0
and CO, removed carbon and only partially oxidized Ni in the anode while O, oxidized
both the deposited carbon and the Ni anode itself. Representative Raman spectra
collected from the undoped Ni-YSZ during exposure to O, are presented in Figure 4.5.
Raman kinetics data showing rates of carbon removal and NiO formation are shown in
Figure 4.6 for Ni-YSZ and both the Sn and BaO infiltrated anodes. Data have been
normalized with respect to the maximum signal intensities to allow for direct
comparisons between each anode/reforming agent combination. Low Raman intensities
observed for the 1% BaO sample exposed to H,O and CO; led to large fluctuations in the
normalized Kinetics spectra. The removal of carbon from the anode is defined to be
complete when the normalized Raman G peak intensity drops to the baseline (average
normalized Raman intensity ~0.1) while the appearance of NiO is defined by the time
corresponding to a normalized Raman intensity above the baseline with all subsequent

data points increasing in intensity.
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Figure 4.6. Raman kinetics data acquired during the introduction of the reforming agents (at
~5 seconds) where the top, middle and bottom rows correspond to spectra collected from the
Ni-YSZ, 1% Sn and 1% BaO infiltrated anodes, respectively, and the columns correspond to
cycles for a given reforming agent. The oxidation of carbon and Ni correspond to a decrease
in G peak intensity at 1561 cm™ (red diamonds) and an increase in NiO signal at 1070 cm™
(green squares). Note that in the plots above, t = 0 s corresponds to t ~ 840 s in Figure 4.4.



Table 4.2. Reforming agent oxidation data for each MEA experiment.
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Reforming Ce) oxic&jlation Ni oxida}ition Raman Potential .
agent time (s)* ,  time Ok + Atioerime (5)° Atigpse time (S)
[sample size] [sample size] apsetime [sample size]®
Ni-YSZ
H,0 20 [6] 160 [2] 140 13+4 [2]
CO; 120 [2] 180 [2] 60 52+3 [4]
0, 60 [2] 60 [2] 0 31+7 [4]
1% Sn-Ni-YSZ
H,0 20 [6] 140 [3] 120 24+6 [4]
CO, 130 [4] 170 [2] 40 110+ 5 [2]
O, 100 [3] 100 [2] 0 48+0 [1]
1% BaO-Ni-YSZ
H,0 40 & 240* [3] 290 [1] 250 & 50* 19+1 [2]
CO;, 180 [4] 260 [2] 80 100 + 18 [2]
0, 110 [3] 110 [3] 0 74+17 [3]

4Uncertainties are = 10 s (limited by spectra acquisition times) unless stated otherwise.
bPeriod of time difference between loss of graphitic G peak signal and appearance of NiO
signal. “Period of time between introducing the oxidizing agent and the rapid change in
cell potential. “Sample size for spectroscopic observations include data from both full
MEAs (with cathodes) and ‘chips’ that have only the anode attached to the electrolyte.
*Sample size for electrochemical measurements report only measurements from complete
MEAs. *Approximately 65% reduction of the graphite Raman signal occurred within

40 s proceeded by a slower decrease in the remaining G peak intensity.

Raman spectroscopy measurements verified that the removal of carbon preceded
the formation of NiO for all of the reforming agents. As shown in Figure 4.6, the rate of
carbon removal was slower for the Sn infiltrated anode exposed to O, while the rate of
carbon removal on the BaO infiltrated anode was slowest for the all of the reforming
agents. Carbon oxidation rates shared some similarities for all of the anodes with H,O
being the most efficient reforming agent that rapidly removed a majority or all of the
carbon from the anode surface within the first 40 seconds of exposure and CO, being the

least efficient reforming agent (Table 4.2). Correlations between the spectroscopic and



82
voltammetry recorded during exposure to each reforming agent are discussed in detail
below. A summary of the carbon and Ni oxidation kinetics data is presented in Table 4.2.

The Raman kinetics data show that within 20 seconds of switching on the H,0, all
observable carbon was removed from both the undoped and Sn infiltrated Ni-YSZ
electrodes (Fig. 4.6 and Table 4.2). The decrease in the graphite signal was accompanied
by a steep increase in cell potential and after ~120 seconds of H,O exposure, the OCV
reached an asymptotic limit of -0.72 + 0.01 V (Fig. 4.4). Shortly after the cell OCV
reached this limit, Raman spectra showed evidence of NiO formation. When exposed to
H,0O, the MEA with 1% BaO exhibited an initial, steep decrease in the amount of
graphite, but even after 40 seconds some graphite signal persisted. This remaining
graphite disappeared more slowly. Following the loss in graphite signal, the NiO feature
appeared at ~240 seconds and the OCV continued to increase above -0.72 V. Comparing
these results shows that oxidation reactions associated with the H,O reforming agent
were similar for the undoped and Sn infiltrated anodes, while kinetics for BaO infiltrated
anode were more complicated and included a slower carbon removal step.

As a reforming agent, CO, was the slowest to remove carbon with average
removal times of 120, 130 and 180 seconds for the undoped, 1% Sn and 1% BaO
infiltrated samples, respectively (Table 4.2). Similar to the cell potentials with H,0, the
cell OCV during exposure to CO, approached -0.99 V as the graphitic G peak in the
Raman spectra disappeared. After the graphite feature had disappeared from the Raman
spectra, the cell OCV began to increase as the CO, began to oxidize Ni. The NiO feature

appeared in the Raman spectra at 180 and 170 seconds after the start of CO, exposure for



83
the undoped and Sn infiltrated anodes, respectively, but was delayed until 250 seconds
for the BaO infiltrated anode (Fig. 4.6). In addition to slower kinetics, the spectroscopic
signal associated with NiO for the BaO samples had a low intensity that continuously
increased over the 10 minute exposure period to CO,. Repeated efforts to find evidence
of BaCO; formation™? were unsuccessful, likely due to the relatively small amount of
BaO present in the anode.

Carbon removal with O, took almost twice as long on the infiltrated anodes
compared to the undoped anode (Table 4.2). Spectra from the different anodes exposed
to O, show that NiO formation occurred almost immediately after the graphite Raman
signal had disappeared (Fig. 4.6). For the Sn-infiltrated anodes, NiO appeared
simultaneously with the disappearance of graphite although the measured OCV was
slower to change. Carbon removal from the BaO anode exposed to O, was accompanied
by a gradual increase in OCV. As the carbon signature disappeared from the Raman
spectra, the NiO feature began to grow and the OCV rose rapidly and approached an
asymptotic limit of -0.1 V. Since repeated redox cycling of SOFCs leads to irreversible
damage to the cell,"*® many of the O, exposure cycles were conducted for only
3 minutes; however, near the end of an experiment, exposure to O, was extended for a

full 10 minutes.

Discussion. During the Ar purge, changing Raman intensities and OCV implied
that surface reactions continued to occur. As noted in the Experimental Methods above,
numerous benchmark measurements were performed at the start of an experiment and

between cycles to test for the presence/development of leaks between the cathode and
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anode. No evidence of leaks was observed. Following carbon formation, the small
change in OCV for the undoped anode during the purge period suggests that its
electrochemical behavior remained dominated by the carbon deposits in the
electrochemically active region. During the Ar purge, the OCV for the Sn infiltrated
anode gradually increased and approached the standard reduction potential associated
with the CO/CO; equilibrium. The BaO infiltrated anode exhibited an increase in OCV
approaching the Ni/NiO equilibrium potential (at ~-0.73 V)M indicating that Ni
oxidation was already likely starting to occur in the electrochemically active region.

Changes in the kinetics data brought about by infiltrating the anodes with either
Sn or BaO may arise from several mechanisms: (1) the dopants occupy catalytic sites on
Ni, slowing surface reactions at the anode relative to the undoped anode; (2) the presence
of the dopants changes the binding energy of the carbon to the Ni catalyst; and/or (3) the
dopants participate directly in reactions with the H,O, CO, and O..

If Sn and BaO acted as spectators and did not directly influence surface
chemistry, dopants located on the Ni surface would reduce the number of catalytic sites
available to promote oxidation reactions between the reforming agent and graphite.!*®
Such a ‘mechanical’ argument would predict that graphite removal from the Sn and BaO
infiltrated anode should be slower than for the undoped samples. This conclusion is
supported generally by Raman spectra (Fig. 4.6) that showed carbon removal from the
infiltrated anodes required similar or longer times than from the undoped MEA.

The second proposed mechanism considers changes in the binding energy

between the adsorbed species and the Ni surface.™®! In this model the increased bond
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strength between the Ni substrate and adsorbed species would lead to consistently longer
times for carbon removal and Ni oxidation. Table 4.2 shows with H,O and CO,, the
undoped and Sn-infiltrated anodes behave similarly but that carbon removal and Ni
oxidation on the BaO infiltrated anode requires considerably more time. With O, as the
reforming agent, carbon removal and Ni oxidation take more time with both infiltrated
anodes than for the undoped Ni-YSZ anode. This pattern of reactivity is inconsistent
with models that attribute changes in surface reaction kinetics with changes in binding
energy between the deposited carbon and Ni surface. We note, however, that this
conclusion may not apply in the limit where the 2° material is present in higher
concentrations and can more directly mediate carbon adhesion to the anode.

Finally, the third proposed mechanism involves reactions between the dopant and
the reforming agent. Previously reported findings from Kirtley et al.™**! attributed the
relative efficacy of H,O, O, and CO, in removing carbon from (non-infiltrated) Ni-YSZ
cermet anodes to the ability of the anode to promote formation of surface oxygen species.

This step is predicted to be fastest with H,O and slowest with CO,.[*"

If dopants can
compete with accumulated carbon to react with surface oxygen created by chemisorption
of a reforming agent, then the rate of carbon removal will be slowed. This prediction is
largely supported by the data in Table 4.2 with one exception: carbon removal by H,O
from the BaO infiltrated anode shows two distinct steps, one fast (and consistent with the

undoped and Sn-infiltrated anodes) and a second, slower process that requires ~4 minutes

to remove the remaining carbon deposits.
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To better understand these observations, specific reactions between the dopant
species and reforming agents must be considered. All of the reforming agents can react
with the Sn to produce SnO, %*1%! while the oxidized BaO species (Ba(OH),, BaO,, and
BaCO;) is dependent on the gas.*****®! Formation of these oxidized dopants will slow
the carbon oxidation Kinetics if the reforming agent readily reacts with the dopant. For
example when the Sn infiltrated anode is exposed to O,, not all of the O, that reaches the
anode will oxidize carbon immediately since a portion of the O, is consumed by Sn
oxidation. After the Sn has been completely oxidized, all of the O, that reaches the anode
will then oxidize the remaining carbon. This condition permits continued formation of
NiO unhindered by the dopant, and the elapsed time between when the graphitic G peak
disappears and the NiO signal begins to grow will be similar to the undoped sample. The
experimental results in Table 4.2 show that carbon removal requires longer times for the
Sn and Ba-infiltrated anodes but that Ni oxidation immediately follows carbon removal
(Atiapse time = 0 seconds) for all three anodes.

The kinetic traces in Figure 4.6 indicate that two different mechanisms are
responsible for removal of graphite from BaO infiltrated anodes by steam as evident by
the two distinct rates of carbon removal where the G peak loses intensity abruptly during
the first 40 seconds of exposure and then more gradually during the next ~200 seconds.
These data are markedly different from steam-driven graphite removal from the undoped
and 1% Sn anodes where the graphite intensity observed in the Raman spectra drops to
baseline within 30 seconds. These two different rates of graphite removal from the 1%

BaO infiltrated anodes are assigned to different heterogeneous surface processes. Since
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the OCV data in Figure 4.4 establish that accumulated carbon is not present in the
electrochemically active TPB region of the anode, graphite oxidation could not be
observed directly through voltammetry measurements. The slow decrease in deposited
carbon that began after 40 seconds may be a consequence of the surface reaction kinetics
in the presence of Ba(OH),. More studies are needed to explore the possible role of
Ba(OH), and are beyond the scope of this paper. Additionally, changes in the NiO
kinetics indicate that Ni oxidation mechanisms associated with the BaO infiltrated anodes
exposed to H,O are not the same as the Ni oxidation in the other anodes. The elapsed
time between the disappearance of the spectroscopic G peak and the appearance of the

NiO feature was approximately half the time for the undoped and Sn infiltrated anodes.

Conclusions

The effects of Sn and BaO (1% by mass) added Ni-YSZ SOFC cermet anodes
were investigated by performing in situ Raman spectroscopy coupled with voltammetry
measurements at OCV. The spectroscopic data revealed that highly ordered graphite
formed on the top surface of all of anodes exposed to CH4 while the measured cell
potentials strongly implied a heterogeneous distribution of carbon throughout the anode
microstructure. Raman spectra collected on anodes infiltrated with 1% Sn had graphite G
peak intensities similar to those of the undoped MEAs, but OCV data indicated that
carbon did not accumulate in the Sn-doped electrochemically active region suggesting
that Sn-driven reforming of methane changed the fuel composition near the electrolyte-

anode interface. The amount of carbon that formed on MEAs with 1% BaO was
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noticeably less than on the 1% Sn infiltrated anodes, as evidenced by the lower intensity
Raman signal. Interestingly, the OCV for the BaO infiltrated anodes exhibited a cyclic
behavior during exposure to CH4. This phenomenon is attributed to the oscillatory
formation and removal of carbon within the anode microstructure catalyzed by the
Ba/BaO dopant. Vibrational spectra recorded during the Ar purge verified that graphite
remained on the anode in the absence of a gas phase fuel although oxidation of the
deposited carbon continued to occur. The pronounced increase in OCV during the Ar
purge of the BaO infiltrated anodes compared to the undoped and Sn samples emphasized
the dynamic role BaO plays in the removal of carbon from the Ni catalyst.

In addition to carbon formation, the ability of reforming agents to remove
graphite from each anode type was examined. The graphite oxidization was most rapid
for H,O followed by O, and then CO, on the undoped and Sn infiltrated anodes. On the
BaO infiltrated anode, carbon removal by H,O showed evidence of two distinct
mechanisms while removal of carbon by O, and CO; followed patterns similar to the Sn-
infiltrated and undoped anodes.

Several important findings emerged from this work:

e While the Ni-YSZ and Sn infiltrated anode surfaces showed similar
susceptibilities to carbon deposition, the electrochemically active interface between the
electrode and electrolyte appeared to remain carbon-free for the Sn infiltrated anode but
carbon accumulated throughout the undoped anode.

¢ BaO inhibited carbon deposition throughout the anode with less carbon present

both in the electrochemically active region and on the anode’s top surface.
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e Of the three reforming agents used to remove carbon from the anodes, steam
was the most efficient and CO, required the longest time. O, required slightly longer
exposure to remove deposited carbon, but then oxidized the anode completely. Steam
and CO, only partially oxidized the anode, establishing equilibrium distributions of Ni
and NiO on the undoped and Sn infiltrated anodes over a 10 minute exposure period.
The BaO infiltrated anodes, however, showed strong evidence of continued Ni oxidation
under steam and CO, suggesting that BaO can destabilize anode microstructure and
reduce electrochemical conversion efficiency.

Taken together, these results showed that both Sn and BaO were effective at
keeping carbon from accumulating in the electrochemically active regions of an SOFC
anode during limited exposure to methane. Sn, however, was unable to suppress carbon
deposition on the top surface of the anode and BaO was moderately effective in this
capacity. This paradox — carbon on the anode surface but not in the electrochemically
active region — implies large variations in heterogeneous surface chemistry throughout

the porous anode structure.
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Abstract

XRD and Raman spectroscopy are used to investigate the formation of functional
zirconium titanate secondary phases in Ti/Zr oxides. Different zirconia polymorphs
(either pure or stabilized with small amounts of yttria (YSZ)) mechanically mixed with
TiO, and heated above 1000 °C in stagnant air react to form several secondary phases.
For sintering temperatures > 1100 °C, mixtures of TiO, and m-ZrO, form a ZrTiO4
secondary phase while mixtures of TiO, and 3YSZ or 8YSZ form ZrsTi;O,4. The extent
of secondary phase formation is enhanced with both higher sintering temperature and
yttria content. The ZrsTi;O,4 secondary phase formed from TiO,/8YSZ samples sintered
at 1400 °C exhibits unexpected mixed ionic and electronic conductivity at 800 “C. These
findings suggest that secondary phases intentionally integrated into electrode

architectures can improve the performance of high temperature electrocatalyst systems.
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Introduction

Infiltrating porous electrodes with solution phase precursors is a strategy
employed to improve performance, catalytic activity and longevity in high temperature
electrochemical devices.™2%! For example, traditional Ni yttria-stabilized zirconia (Ni-
YSZ) cermet anodes used in solid oxide fuel cells (SOFCs) are susceptible to carbon
accumulation and to sulfur poisoning.”® To counter the effects of degradation, anodes
have been infiltrated with secondary materials containing Sn, Ba, Al and a host of other
constituents, typically at levels of 1-5% (by mass).t2153169207-2101  proeessing and
preparing infiltrated electrodes, however, can lead to formation of new material phases
that affect surface chemistry and electrode microstructure in unexpected ways. Findings
reported below show how thermally treating mixtures of YSZ and TiO, leads to the
formation of a ZrsTi;O,4 superstructure that has mixed ion-electron conducting (MIEC)
properties. This discovery resolves questions about how TiO, enhances SOFC anode
performance.?®#12381 More importantly, in situ formation of this MIEC phase shows
how strategic modification of anode composition can create multi-functional secondary
phases that confer advantageous electrochemical behavior to high temperature solid-state
electrodes.

Materials having MIEC properties are attractive for high temperature
electrochemical applications including solid oxide electrolysis cells (SOECs) and
SOFCs.*2l |In most solid oxide-based energy conversion systems, electrochemical
oxidation and reduction occurs at the putative three-phase boundary — a junction where

the ionically conducting solid oxide electrolyte, the electronically conducting electrode
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and the gas phase atmosphere converge. MIECs expand the 1-dimensional, three-phase
boundary by enabling electrochemical reactions to occur across the entire electrocatalytic
surface.?>?®1  Common MIECs include gadolinium doped ceria (GDC), samarium
doped ceria (SDC), calcium doped lanthanum ferrites, and a host of other perovskite
materials.??1?%l These materials have been employed as electrolytes and electrodes in
intermediate temperature (500-700 °C) SOEC/SOFC applications. They have also found
application as functional layers between ion conducting electrolytes and electronically
conducting electrodes. Despite their advantages in electrocatalytic systems, however,
MIECs do have limitations, particularly when used as electrolytes. In these cases, non-
negligible oxygen partial pressure above the MIEC adversely affects the measured Nernst
potential and limits sustainable open circuit voltages (OCVs).[??2??¥1 This internal short
circuiting restricts the usage of MIEC electrolytes in SOEC/SOFCs and requires
incorporating additional purely ion conducting materials into the electrolyte, such as
zirconia-based ceramics.?*!

Zirconia-based electrolytes are commonly employed in SOFCs and SOECs due to
their chemical and thermal stability under oxidizing and reducing conditions at elevated
temperatures. At temperatures below ~1170 °C, zirconia is stable in its monoclinic phase
(m-ZrOy) and is both an electronic and ionic insulator.?®! Doping zirconia with rare
earth oxides such as Y,03 (yttria-stabilized zirconia or YSZ) and Sc,0s; (scandia-
stabilized zirconia or ScSZ) stabilizes the ZrO, cubic phase (c-ZrO,) and confers ionic

| [28:34]

conductivity to the resulting materia ScSZ electrolytes exhibit higher ionic

conductivity than YSZ, but long term exposure at temperatures above 600 °C induces
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decomposition of ScSZ’s cubic phase and reduces ionic conductivity.[226'227]
Consequently, YSZ electrolytes are typically used in SOFCs operating at 600-1000 °C.

In experiments described below, TiO, was added to YSZ and the resulting
changes in structure and electrochemical properties were studied. Motivating this work
were previous findings that have reported enhanced SOFC performance with TiO, doped
Ni-YSZ anodes.[1+2122282%01 The origin(s) of these effects is not fully understood due to
the complexity of the ZrO,-TiO, phase diagram, the addition of rare earth stabilizing
dopants, and the multitude of stable and meta-stable forms of zirconia, zirconium titanate,
and pyrochlore structures reported in the literature.”*!  Of particular interest for solid
oxide electrochemical devices are two closely related stoichiometric materials that have
orthorhombic o-PbO, type structures: ZrTiO4 and ZrsTi;Oz. Although the cation-
disordered structure, ZrTiO,, is the dominant phase at higher temperatures (T >1100 °C),
the ordered ZrsTi;Oy4 structure is stable at lower temperatures (T < 1200 °C) and forms
readily in the presence of Y;03.2%2?**1 published works by Christoffersen and Azough et
al. have shown that Y,03; promotes cation ordering and stabilizes the low temperature
zirconium titanate superstructure.””**%*"1 Given that Y,03 is commonly used to stabilize
the cubic, ion conducting phase of zirconia, the consequences of yttrium substituted
zirconium titanate secondary phases on an electrode’s electrochemical properties should
be considered when evaluating performance in SOFCs and SOECs.

The presented studies consider explicitly conditions that promote ZrsTi;Og
formation and the effects that small, non-percolating quantities of this material can have

on the performance of cermet electrochemical electrodes. In order to identify the specific
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Zr/Ti stoichiometry of secondary phases that form during fabrication of TiO, containing,
zirconia-based electrodes, experiments were designed to explore material composition
and structure as a function of sintering temperature using ex situ XRD and vibrational
Raman spectroscopy. Reactions with the monoclinic phase were investigated with pure
m-ZrO, while partially stabilized zirconia with 3 mol% Y ;03 (3YSZ) and fully stabilized
zirconia with 8 mol% Y,03; (8YSZ) were used to examine reactions of TiO, with the
tetragonal (t-ZrO,) and c-ZrO, phases. The m-ZrO,, t-ZrO, and c-ZrO, phases in
samples that contain Y,0O3 will be referred to as m-YSZ, t-YSZ and c-YSZ to distinguish
them from phases observed in samples that do not contain Y,O3;. To assess the
electrochemical properties of ZrsTi;O4, this material was used as an electrolyte in a
symmetric membrane electrode assembly and the device was characterized using
voltammetry and electrochemical impedance measurements. The cell was able to sustain
only a low open circuit voltage implying appreciable electronic conductivity.
Furthermore, the cell showed a characteristic impedance response consistent with the
behavior of ion conducting materials. Additional impedance measurements were used to
calculate ionic and electronic conduction activation energies. These latter quantities

compared favorably to those of other known MIEC materials.

Experimental Methods

Zr0,-TiO, Reactions Sample Fabrication

Powders for the ZrO,-TiO, reaction study were prepared with the solid-state

reaction method by mixing commercially available powders of yttria-stabilized zirconia
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(8Y and 3Y grades, Tosoh) or pure zirconia (ZrO,, 40N-0801, Advanced Materials) with
titania (TiO,, 22N-0801A, Advanced Materials).  Combinations of 8YSZ/TiO,,
3YSZITiO,, and ZrO,/TiO, were all prepared ina 1 mol Zr : 1 mol Ti ratio in anticipation
of ZrTiO, formation based off of the work by Law et al.’?®! These mixtures were ball-
milled in an aqueous suspension for 24 hours before being flash frozen and
lyophilization. Powder mixtures were then pressed as 3 g pellets in a 1.9 cm (0.75 in)
diameter die at 250 MPa. The pellets were sintered at 1100 °C, 1200 °C, 1300 °C or

1400 °C with 5 °C/min ramp rates and 5 hour dwell times.

X-ray Powder Diffrection

Following heat treatment, the pellets were ground into powder with a Diamonite
mortar and pestle. Sample composition was characterized using Cu Ko radiation with a
SCINTAG X1 diffraction system. XRD data were collected from 26-37° 20. Materials
were identified in the XRD data with the corresponding JCPDS card numbers: TiO, (97-
000-9161), m-ZrO, (97-005-7157), t-ZrO, (97-009-3126), YSZ (97-009-0885), ZrTiO4

(97-002-7311) and ZrsTi;04 (97-020-1961).

Raman Spectroscopy

Vibrational spectra were acquired with a Renishaw InVia spectrometer and
488 nm Ar-ion laser excitation source. A 180° backscattering geometry was used to
collect the Stokes-scattered light and Rayleigh scattered light was removed with an edge

filter (~150 cm™ cutoff). Room and high temperature Raman spectra were acquired with
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50x and 10x objectives, respectively. Each Raman spectrum was recorded with a 10

second exposure time over the spectral range up to 3200 cm™.

Electrochemical Evaluation of ZrsTi;04

The electronic and ionic conductivity of ZrsTi;O,4 was evaluated at 800 °C using
a symmetric cell comprised of a ~640 um thick ZrsTi;Oy4 electrolyte (1:1 molar ratio of
Ti0,:8YSZ sintered at 1400 °C) with platinum electrodes. The Pt—ZrsTi;O24—Pt cell was
secured to an alumina tube with alumina paste (Ceramabond 522-VFG, Aremco), which
created a gas-tight barrier between each electrode’s gas atmosphere. This assembly was
then placed in a quartz tube and positioned in the tube furnace of a custom-made high
temperature Raman spectroscopy setup that is described in more detail in previous
publications.'?®%*®1 The cell was heated to 800 + 5 °C at a ramp rate < 1 “C/min. The
oxidizing and reducing electrodes were then exposed to 200 mL/min of 50/50 H,/Ar gas
and 85 mL/min of air, respectively. Electrochemical measurements were performed with
a Princeton Applied Research VersaStat MC. Electrochemical impedance spectroscopy
(EIS) data were recorded over the frequency range from 100,000-0.1 Hz with 10 mV rms
amplitude. Cell power was calculated from linear sweep voltammetry (LSV) data
measured from open circuit voltage (OCV) to maximum current (corresponding to a cell
potential of 0.0 V) with a 0.1 V/s scan rate. A box smooth algorithm was applied to the
presented LSV data to reduce high frequency electronic interference from the resistive
heating furnace that was used to heat the symmetric cell to 800 °C.

lonic and electronic activation energies were determined from an Arrhenius

analysis of the complex impedance data.l’®%%% |n order to separate the ionic from the
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electronic contributions, additional EIS experiments were performed on a symmetric cell
with a ZrsTi;O24 membrane between two ionically blocking, symmetric Au electrodes.
The electrodes were exposed to 100 ml/min of dry air (laboratory cylinder grade D air).
Impedance measurements were performed at OCV over a frequency range from
1,000,000-0.1 Hz with both 10 mV and 100 mV rms amplitudes. Data were acquired in
~50 °C increments from 650 °C to 800 °C. Additional details about the equivalent circuit

used to fit the data appear in the following section.

Results and Discussion

Experiments were designed to identify how secondary phase formation improves
the multifunctional behavior of doped, YSZ-based materials commonly used in high
temperature, solid state electrochemical applications. XRD and vibrational Raman data
were used to identify zirconium titanate materials that form from different ZrO,
compositions mixed with TiO, and heated in oxidizing atmospheres to temperatures as
high as 1400 °C. The electrochemical properties of these zirconium titanate secondary
phases were examined in a symmetric SOFC configuration. Results suggest that spatially
discontinuous ZrsTi;Oo4 is responsible for enhanced electrochemical activity reported in

traditional Ni-YSZ cermet anodes infiltrated with TiO,.[211228-2%0

Zr0,-TiO, Reactions

To characterize the influence of both temperature and yttrium content on the
formation of Zr/Ti complexes, samples with equimolar mixtures of TiO, and m-ZrO,,

3YSZ, or 8YSZ were sintered at 1000 °C, 1200 °C, 1300 °C, or 1400 °C for 5 hours in air.
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Figure 5.1. XRD data collected on powder mixtures of TiO, with (top) monoclinic
ZrO,, (middle) 3 mol% Y,03 doped ZrO,, and (bottom) 8 mol% Y,03 doped ZrO,
sintered at various temperatures ranging from 1100-1400 °C. For the 5 hour sintering
times, the formation of ZrsTi;Oy4 required Y,03 to be present. Spectra have been
offset on the y-axis to facilitate comparison.
At room temperature 3YSZ is comprised of a mixture of cubic and tetragonal structures
while 8YSZ (the standard material used in solid oxide electrochemical cells) has an
ionically conducting cubic structure. Upon heating, these mixtures of zirconia-based

materials and TiO, formed zirconium titanate phases. As expected, the composition of

the Zr/Ti phases depended sensitively on sintering temperature. XRD measurements
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(Fig. 5.1) and vibrational Raman spectra (Fig. 5.2) show that for these short sintering
times, ZrTiO4 was the only zirconium titanate phase that formed from m-ZrO,/TiO;
mixtures while mixtures comprised of TiO, and 3YSZ or 8YSZ had additional phases
that included ZrsTi;O,4 and very small amounts of a pyrochlore structure (A;B,07),

generally represented as Y, Ti,.,Zr,O7.
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Figure 5.2. Room temperature Raman spectra of powder mixtures of TiO, with (top)
m-ZrO,, (middle) 3YSZ, and (bottom) 8YSZ sintered at 1100-1400 °C. The Raman

spectra verify that ZrsTi;O24 and Y, Tiz.yZryO7 only formed with YSZ. The complete
list of Raman vibrational mode assignments is given in Table 5.1. Spectra have been
offset on the y-axis to facilitate comparison.
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Table 5.1 Overview of vibrational bands observed in Raman spectra collected on
samples in Figure 5.2.

m-ZrO, + TiO, YSZ + TiO,
Raman Shift* Raman Shift*® Assignment Literature Raman Shift [cm™]
(cm™) (cm™)
217bw 217bw ZrsTi;0p lit.,*% 210 and 215
247 s Zr:Ti;0p lit.,[2 245
262's t-YSZ/c-YSZ 256
ZrTio, 2599 1it.,1%*4 260
280 w Zr:Ti;0y lit.,2 282
300 w Y, Tiz,Zr,0; lit.,>*¥ 308-310; lit.,'**? 308
307 sh ZrsTi;0p lit.,#% 310
c-YSZ 318°
330 sh 330s t-YSZ 3259
m-ZrO, 328 and 3409
ZrTio, 330%
ZrsTi;0p lit.,1?*% 340
370w t-YSZ/m- ZrO, 375
ZrsTi;0p lit.,[2 380
399 s 399 w sh ZrTio, 396°
ZrsTi;0p lit.,1?* 400
420 s Zr:Ti;0p lit.,2 430
432's 432s r-TiO, lit.,>*3! 448
Y, TipyZry0; lit.,**11413-448; lit.,'**? 451
470 sh t-YSZ/c-YSZ 4659
m- ZrO, 4709
Zr:Ti;0 lit.,2 475
510 vw Y, TiyyZr,0; lit., > 522-531; lit.,**? 532
532 w 525 w ZrTio, 5319
m- ZrO, 5329
ZrsTi;0y4 lit.,1?*? 535
590 sh ZrTio, 589 lit.,1**% 580
607 s 607 s r-Tio, lit.,**31 613
Y, TizyZr,0; lit.,"**" 597-609
619 s sh c-YSZ 615°
ZrsTi;0z lit.,1?*? 625
639 s m-YSZ/t-YSZ 6329
ZrTio, 638°
650 s ZrsTi;0y lit.,[?2 650
710 w ZrTio, 7109
725-730 w ZrsTi;0p lit.,2 730
794 s ZrTio, 7939
805 s ZrsTi;0y lit.,[?21 800

%Peaks may not be observed at all sintering temperatures. Peak shapes are defined via
b = broad, s = strong, sh = shoulder, w = weak, vw = very weak. °Peaks observed on
TiO, mixtures with 3YSZ and 8YSZ. “Raman shifts measured on reference samples for
this work.
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Samples prepared with m-ZrO, and TiO, all showed evidence of m-ZrO,, t-ZrO,
and rutile TiO, (r-TiOy) for sintering temperatures below 1300 °C. At the higher
sintering temperatures, ZrO; reacted with TiO, to form ZrTiO,4, as evidenced by the
appearance of the peaks at 30.4°, 32.8° and 35.6° 20 in the XRD data (Fig. 5.1a) and
vibrational bands at 262, 329, 399, 534, 585, 636 and 794 cm™ in the Raman spectra (Fig.
5.2a).[2322*1 7¢O, and TiO, were converted to ZrTiO, quantitatively during the 5 hour
sintering time for temperatures higher than 1200 °C, as determined by the absence of the
features associated with ZrO, and TiO; in both the XRD and Raman data. These results
agree with previous reports showing equimolar mixtures of TiO, and ZrO, sintered above
1100 °C produced a single phase solid solution of orthorhombic ZrTi0,.[235:245:248]

For samples prepared with 3YSZ and 8YSZ, reactions with TiO, preferentially
produced ZrsTi;O,4 at higher sintering temperatures. The c-YSZ phase was observed for
all sintering temperatures indicating that the stabilizing Y,Os3 in the ionically conducting
ZrO, fluorite structure was not completely displaced by reaction with TiO, during the 5
hour thermal treatment. The incomplete reaction between YSZ and TiO; is supported by
both the XRD (Fig. 5.1b and 5.1c) and Raman spectra (Fig. 5.2b and 5.2c) showing
r-TiO,, m-ZrO; and t-ZrO; remained in samples sintered below 1300 °C. Previous
reports have attributed incomplete conversion of YSZ and TiO, to diffusion
limitations,’>**! and the role played by diffusion is currently being tested. The extent of
ZrsTi;0,4 formation was enhanced with higher Y,03; doping levels and sintering

temperatures. The XRD peaks at 30.6°and 33.3° 20 show that ZrsTi;O,4 began to form at
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1200 °C with the 3YSZ samples (Fig. 5.1b) and at 1100 °C with the 8YSZ samples (Fig.
5.1c).

This temperature dependent formation is further corroborated with the appearance
of the features in the Raman spectra (Fig. 5.2b and 5.2c) at approximately 247, 280, 330,
375, 400, 420, 473, 525, 620, 650, 730 and 805 cm™ that are attributed to the vibrational
modes of ZrsTi;O,4. A complete list of all detected Raman vibrational modes is
presented in Table 5.1. Peak broadening and shifts in position compared to the Raman
spectrum reported by Azough et al. are attributed to variations in cation
stoichiometry/ordering and oxygen defects due to different sintering and heating/cool
down times.[?2 After thermal treatment, pyrochlore oxide species have been detected by
several groups.[Z1:233247:2481  This structure is not expected to be dominant due to the
relatively low Y content in our samples,”**! and any pyrochlore content present in the
samples was below the detection limit of XRD (~3% by mass). Although Raman
spectroscopy is more sensitive to subtle phase and compositional changes, small
quantities of the pyrochlore are difficult to identify in Raman spectra collected on
samples sintered at higher temperatures due to the overlapping vibrational bands in the
low frequency region. Weak signals at ~300 cm™ and 520 cm™ are visible in Raman
spectra for 8YSZ samples sintered at 1100 °C and 1200 °C but are indistinguishable at the
higher temperatures from features assigned to ZrsTi;O4 (and confirmed by XRD). These
Raman bands may arise from an ionically conductive pyrochlore structure,!?**?%? put,

again, the relative abundance of any pyrochlore phase is expected to be very small.
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These findings suggest that the ZrsTi;Oy4 is the dominant phase formed by
reaction between TiO, and 8YSZ, especially at higher sintering temperatures. Since
Y,03 is needed to facilitate ZrsTi;O,4 formation on reasonable timescales, the role of
Y,03 must be considered in order to optimize any mechanism that promotes secondary
phase formation in TiO, doped, electrochemically active materials containing YSZ.
Solid oxide electrochemical cells typically use ZrO, doped with 8 mol% Y,03 because of
the material’s relatively high ionic conductivity and mechanical stability.[27’250]
Moreover, the solubility of TiO, in YSZ increases with higher Y content (up to the
solubility limit of approximately 10 mol% TiO, in c-YSZ).®" A phase transition from
c-YSZ to t-YSZ occurs as Ti is incorporated into the cell structure due to the smaller
ionic radius of Ti*" compared to zr**.[?"2%2  Although t-YSZ exhibits diminished
conductivity, the substitution of Y** and reduction of Ti*" within the lattice is expected to

foster an increase in both ionic and electronic conductivities.?*3?*31 The defect chemistry

mechanisms are shown in Eq. (5.1-5.3) using Kroger Vink notation:

Zr5Ti; 024 , . X
Y203 E— ZYZI',Ti + VO + 300 (51)
2Tip* + 0 & 2Tiy’ + Vo' + 1/,0, (5.2)

For the short dwell thermal treatments utilized in this study, the literature
indicates that ZrsTi;O,4 structure is favored with Y3 substitution.”*>2¥1  Yitrium
substitutions are possible on both the Zr and Ti sub-lattices, in which 4" <> 3" cation
substitution is expected to form the oxygen deficient structure: Yx(ZrsTi7)1.xO24.y implied

by Eq. (5.1). The Y*" substituted structure is facilitated by oxygen vacancies, in a
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manner similar to stabilized zirconium oxide, providing a mechanistic basis for oxygen
ion mobility in the ZrsTi;O,4 material. Furthermore, under reducing conditions, oxygen is
removed from the lattice as the Ti*" ions reduces to Ti*" ions generating additional
oxygen vacancies shown in Eg. (5.2). Oxygen vacancy generation is accompanied by the
formation of charge carriers (electrons) in which the electron conductivity has a
Gelectrons . PO2* dependency, as indicated by Eq. (5.3), supporting mixed ion-electron
conductivity.!

Consequently, the overall ionic conductivity of c-YSZ doped with TiO, will
depend on both the extent of t-YSZ formation and the defect chemistry associated with
Ti. These competing effects may enable ZrsTi;O,4 to function as a MIEC and could
explain the improved electrochemical performance previously observed with TiO,

infiltrated Ni-YSZ anodes sintered at 1400 °C.1**#?% Resolving this question definitively

requires identifying ZrsTi;O4’s relevant electrochemical properties.

Electrochemical Measurements of ZrsTi;04

In order to test the electrochemical properties of ZrsTi;O,4 formed from mixtures
of 8YSZ and TiO; sintered at 1400 °C, a pellet of the sintered material was made to serve
as an electrolyte between two Pt electrodes (Fig. 5.3). Both linear sweep voltammetry
(LSV) and electrochemical impedance spectroscopy (EIS) experiments were performed
at 800 °C with dry H; as the fuel for the designated anode and air as the oxidant over the
cathode (Fig. 5.4). In addition to the electrochemical measurements, in operando Raman
spectra were collected from the electrolyte on the designated anode side of the device

(Fig. 5.5). For the first 5 hours, the sample was held at OCV to allow materials to
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equilibrate prior to polarization at 158 pA (equivalent to 40% of the maximum current
measured during LSV measurements) for the last 3 hours of testing. LSV and EIS
measurements were performed periodically to monitor the cell’s electrochemical

performance and ionic conductivity.

(30 km) // Air '\\{.7

H, H,0
Pt anode
(30 pm)
N H, + 0¥ = H,0 + 2e° e
ZrsTi; 0,4 1
electrolyte o> :S | Load
(640 pm)
7 1 - 2- &
Pt cathode z ol +2e-0

Figure 5.3. Schematic of the symmetric cell used in the electrochemical studies of
ZrsTiO7044. Voltammetry, EIS and in operando Raman spectroscopy measurements
were performed to examine the mixed ionic and electronic properties of ZrsTiO;04
at 800 °C.
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Figure 5.4. (a) LSV and (b) complex impedance at OCV, with an inset of the real and
imaginary impedances as a function of frequency, obtained from the symmetric cell
with platinum electrodes and an electrolyte comprised primarily of ZrsTi;O,4. One
side of the symmetric cell was exposed to 85 ml/min air while the opposite side was
exposed to 100 ml/min H, and 100 ml/min Ar.

The measured open circuit voltage was low, ranging from 120-130 mV, indicating

that the sample had electronic conducting properties and was unable to sustain the ~1.2V

| [90.129,254]

commonly observed in SOFCs with an H, fue Optical spectroscopy coupled
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with repeated electrochemical measurements ensured that the anode and cathode
remained atmospherically isolated from each other. (Vide infra.) The observed response
is attributed to the reduction of Ti** to Ti®* creating charge carriers (see Eq. (5.2)) that
internally short circuit the electrolyte.® Internal shorting of electrolytes is well
established in rare earth doped cerium oxides (RE)CeO,, where RE= Gd, Sm. With these
materials as electrolytes, OCV decreases as mixed conduction develops when Ce*" is
reduced to C93+.[219'222'223'255]

Polarizing the Pt-ZrsTi;O24—Pt device in a fuel cell configuration resulted in
maximum currents and powers of ~400 pA and ~13 pW, respectively, (Fig. 5.4a). While
these values fall far short of the expectations one would have of an SOFC electrolyte,
they do indicate that zirconium-titanate phases can conduct oxide ions meaning that
ZrsTi7044 functions as a MIEC. The electrochemical properties of the electrolyte were
explored further using EIS (Fig. 5.4b) where the high frequency arc observed in the
complex impedance plots is attributed with the response of the bulk material. The bulk
resistance (x-axis intercept in Fig. 5.4b) that is associated with an electrolyte’s ionic
conductivity decreased from 105 Q to 65 Q during the 5 hour exposure to H, prior to
polarization. The decrease in bulk resistance is attributed to the formation of oxygen
vacancies as Ti** ions were reduced within the oxide lattice (see Eqg. (5.2)) on the anode
side of the electrolyte.

EIS and voltammetry data show that the ZrsTi;O. ‘electrolyte’ yields a
significant electronic and ionic conduction component. The large bulk resistance may

arise from the sample thickness and/or low ionic conductivity. These results imply that
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ZrsTi70,4 present as a secondary phase in conventional solid oxide cermet electrodes can
expand the putative three-phase boundary in YSZ-based cermet anodes that have been

doped with TiO, and sintered at high temperatures.

12x10° 7
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—— 84 min
T T T T 1 —— 100 min
200 400 600 800 1000 |— 117 min
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Figure 5.5. Raman spectra collected on the ZrsTi;024 electrolyte exposed to H; at
800 °C. Spectra were continuously recorded with the cell at open circuit voltage
(black traces at OCV) for the first three scans and during polarization at 158 pA
(colored traces). The Raman spectra exhibited ~25% reduction in overall signal
intensity after 2 hours under polarization.

Intensity (a.u.)

In operando Raman spectra collected from the ZrsTi;O,4 exposed to H, at OCV
and during polarization show that the ZrsTi;O,4 is stable during fuel cell operation and no
additional secondary phases formed (Fig. 5.5). The reducing conditions (due to the
ambient H, atmosphere and applied anodic potential) resulted in an overall decrease in
Raman intensities. This response is attributed to a change in oxidation state at the surface
layer of the ZrsTi;O.s and has been observed in previous studies with YSz.[8:256257]
Polarizing the sample reduces the metal oxides and changes the reflectivity of the
ZrsTi70,4 surface. These results support the proposed mechanism in Eq. (5.1) showing

how reducing conditions create oxygen vacancies within the material.
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Figure 5.6. (a) Representative complex impedance spectra collected from a ZrsTizO24
sample heated at various temperatures at OCV. (b) The equivalent circuit used to
model the ionic and electronic conductivities, based off of work proposed by
Huggins.”® (c) Arrhenius plots and calculated activation energies of the (top) ionic
and (bottom) electronic conductivities.

To confirm the MIEC properties of ZrsTi;O,4 additional impedance experiments
were performed using the same symmetric cell but with equivalent oxidizing (air)

atmospheres on either side of the assembly. Fitting impedance data acquired at different
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temperatures to an equivalent circuit proposed by Gur and Huggins,™® data were
acquired in ~50 °C increments and fit to determine frequency dependent ionic and
electronic resistivities.!”**?*®!  An Arrhenius analysis of the inverse resistivities (or
conductivities) resulted in calculated activation energies. Representative impedance data
and the equivalent circuit are shown in Figure 5.6a and 5.6b, respectively. Figure 5.6¢
shows the temperature dependence of the ionic and electronic conductivities.

From the slopes of the lines in Figure 5.6¢, we report Eg jonic = 0.87 £0.15 eV and
Eaelectronic = 1.18 +0.01 eV. These results are similar in magnitude to equivalent
quantities calculated for other known MIEC ceramics. For example above 700 °C, GDC
has an Eajonic = 0.68 €V and Eq eectronic = 0.85 eV?*! while lanthanum strontium gallium
magnesium oxide (LSGM), a popular MIEC cathode material, has an Egjonic = 0.74 eV
and Eaelectronic = 0.73 eV.*! These comparisons support the hypothesis that the MIEC
properties of ZrsTi;O,4 are capable of transforming the three-phase boundary in Ni-YSZ
cermet electrodes from a one-dimensional into a two-dimensional region. The effect

would significantly enhance electrochemical efficiency.
Conclusions

Experiments were conducted to explore the formation of secondary phases in
TiO,/ZrO, systems used in high temperature electrochemical applications. Reactions
between TiO, and ZrO, polymorphs were dependent on sintering temperature and the
presence of Y,03;. Thermal treatment with the m-ZrO, produced the disordered ZrTiO,

structure while samples containing YSZ formed the ordered ZrsTi;Oy4 structure and
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pyrochlore. For the 5 hour dwell times, formation of the secondary phases was enhanced
at sintering temperatures above 1200 °C. Voltammetry and EIS data showed that
ZrsTi;O4 prepared with equimolar mixtures of TiO, and 8YSZ sintered at 1400 °C,
behaved as a MIEC in electrochemical cells operating above 700 °C. The findings from
the presented studies suggest that formation of ZrsTi;O4 in Ni-YSZ anodes can expand
the electrochemically active region near the three-phase boundary by serving as a mixed

ion-electron conducting material.
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Abstract

In operando Raman spectroscopy is used to study ceramic LaggsSro.1sMnO;.s
(LSM) electrodes infiltrated with BaO. The aim of this work is to clarify why BaO
infiltration reduces the polarization resistance in oxygen containing atmospheres. Prior to
the in operando experiments, ex situ XRD and Raman spectroscopy reveals the formation
of a secondary phase, BazMn,QOg, on the electrode. During the in operando Raman
investigation of the BaO infiltrated LaggsSro1sMnO;.s electrodes, experiments are
performed at 300 °C and 500 °C with oxygen partial pressure 0.1 atm and with -1 V or
+1V applied potential. A changing electrode surface is observed during operation as the
BazMn,0g secondary phase decomposes and manganese oxide accumulates on the
electrode surface during cathodic polarization. The observed changes are reversible.
These results suggest that the formation of BasMn,Og is responsible for the reduced
polarization resistance observed at OCV in an oxygen containing atmosphere.
Furthermore, the results illustrate the dramatic differences between the electrode surface

composition at OCV and during cathodic polarization. Overall, the results highlight the
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dynamic interactions between minor secondary phases and applied potential, a general
effect that may be important for the high performance frequently observed with ceramic

electrodes prepared by infiltration.
Introduction

Understanding the surface chemistry of ceramic electrodes is important for a
diverse range of electrocatalytic technologies including fuel cells, electrolysis cells and
electrochemical gas purification systems.[%2°2%1 A nopular approach for improving the
electrocatalytic properties of ceramic electrodes employs infiltration during electrode
manufacturing.®>?%3! During the infiltration step, a material is added in the form of an
aqueous precursor solution to an existing scaffold, where the desired material forms
during subsequent conditioning of the electrode.®®! An unintended consequence of this
approach can be the formation of minor secondary phases, either from the infiltrate itself,
or from reactions between the infiltrate and the scaffold.[?**?*! Recent investigations on
La;-xSrkCo03.5 (LSC) based electrodes have indicated that the presence of minor
secondary phases may even improve electrode performance due to the formation of
hetero-interfaces.[?**2%¢2%8]  These and other studies of secondary phases often draw
conclusions correlating electrode composition with performance based on ex situ studies
and in operando electrochemical characterization. The ex situ analyses performed before
and after usage provide valuable insight into irreversible changes that occur in electrode
composition and structure while in operando electrochemical measurements report on

how performance changes with different operating conditions. Both approaches — ex situ
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studies and in operando electrochemical characterization — fail to produce direct
molecular and materials specific information about the chemical condition of the
electrode in operando. Electrochemical characterization and materials specific data
acquired in operando are necessary to understand and improve electrocatalytic properties
such as activity, selectivity and durability. Here we define in situ studies as studies in
which one or two parameters such as temperature, electrical polarization, or atmosphere
reflect operating conditions while in in operando studies all three parameters correspond
to realistic values during operation of ceramic electrodes. The importance of such
measurements was demonstrated recently by Backhaus-Ricoult et al. and Siebert et al.
who employed in situ XPS and in operando Raman spectroscopy, respectively, in studies
of perovskite based electrodes and their electrocatalytic properties.?®*?’® Data showed
reversible changes in composition and structure of perovskite oxide electrodes during
electrical polarization that could only be observed with in operando spectroscopic

measurements.[26%270]

When the electrode returned to open circuit voltage (OCV), the
electrode composition resumed its pre-operational state.

One of the most thoroughly investigated perovskites used for ceramic electrodes
has been strontium doped lanthanum manganite (LSM), primarily due to the material’s
high electronic conductivity at high temperatures and the good compatibility with the

commonly used yttria stabilized zirconia (YSZ) electrolyte.["™

In order to improve the
performance of LSM based electrodes for SOFC applications, especially at lower
temperatures, experiments with infiltrated LSM electrodes have been conducted

including infiltration of the entire LSM phase, infiltration with noble metals or single
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oxides as “dopants” and infiltration with high performance oxygen ion conductors.[?9327%

271 Similarly, LSM based electrodes for electrochemical gas purification have been
infiltrated to improve their electrocatalytic properties towards conversion of gaseous
pollutants.B®2"828% |nfiltration with BaO, possibly with BaCOj3 as the final product, has
been observed to cause a significant reduction in the polarization resistance on LSM-
based electrodes.®*?81%82  The effect of the BaO infiltration has been attributed to
changes in processes related to adsorption, dissociation and charge transfer for the
gaseous reactant; however, exactly how BaO infiltration affects these processes has not
yet been clarified and, as pointed out by Hong et al., attention should be paid to the
chemical bonding state of the Ba atom in the surface of the electrodes.[*%2%*28

In order to identify the reason(s) for improved performance observed with BaO
modified LSM electrodes in an oxygen atmosphere and to identify the behavior of
secondary phases under operating conditions, the studies described in this work employed
in operando Raman spectroscopy coupled with electrochemical measurements. 2812821
Thin film LSM model electrodes with and without BaO modification were employed, and
the studies were conducted under realistic operating conditions for intermediate
temperature SOFCs and electrochemical gas conversion cells. Changes in electrode
composition were examined as a function of temperature and electrical polarization. The
data suggest that at OCV conditions BazMn,0s, a secondary phase formed during the
infiltration step, is responsible for the reduced polarization resistance. Furthermore the

data showed significant, reversible changes in the electrode surface composition with an

applied electrical polarization on the electrodes, resulting in a change in the MnOx
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species at the electrode surface and reversible decomposition of a secondary phase,

BazMn,Og, with cathodic polarization.

Experimental Methods

Sample Architecture and Material Selection

In commercial applications of infiltrated LSM electrodes, the electrode is
typically a porous composite electrode with the primarily electron-conducting LSM

(312831 Common

perovskite entangled with an oxygen-ion conducting electrolyte.
electrolyte materials are YSZ for operating temperatures > 600 °C and CGO for operating
temperatures < 600 °C.[%*  However, in this work the majority of the in operando
experiments were performed using a thin film model electrode in order to ensure uniform
polarization of the electrode. To assure consistency between thin film model electrodes
and conventional porous composite electrodes, both electrode types were fabricated and

Raman spectra were recorded from each electrode type. Sketches of the electrochemical

cells with thin film and porous electrodes respectively are shown in Figure 6.1.

Sputtered Au CC (50 nm)
Thin film LSM electrode (200 nm)

/Thin film CGO (200 nm) Porous LSM-CGO composite electrode (30 pm)
[ * ] \

A

. A
YSZ single crystal o5 CGO disk
.5 mm

< 350 pm

[ e T h 4

Thin film CGO (300 nm)

a) Painted PtCC Porous LSC-CGO electrode (30 pm) b)

Figure 6.1 Sketch of the electrochemical cells applied in this work (a) the thin film
model cell and (b) the “conventional cell” with porous LSM-CGO electrode. CC
denotes the current collector.
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Experiments described below used LSM as the electron conducting phase due to
this material’s structural stability and its widespread usage in solid oxide electrolysis/fuel
cells and electrochemical cells intended to remediate NOy pollutants from diesel exhaust
streams. 1312782852861 - Gadolinium-doped ceria (CGO) served as the electrolyte phase in
the conventional cells with porous electrodes due to CGO’s high oxygen ion conductivity
at comparatively low temperatures (< 600 °C).!! Furthermore, a CGO thin film layer
was applied adjacent to the LSM thin film electrode in the thin film model cell to mimic
the materials composition of the conventional cells. For the thin film model cell, a YSZ
single crystal served as both the electrolyte and substrate for the CGO and LSM thin
films due to the lack of commercially available CGO single crystals. In accordance with
these considerations, LSM15 ((Lag.g5Sr0.15)09MNO;.5), CGO10 (Cepg0Gdo.1001.95) and for
the thin film samples additionally YSZ ((Y203)95(ZrO2)e05), were used in the

experiments described below.

Fabrication of Electrochemical thin Film Model Cell. The thin film model cell

was designed to mimic conventional cells with a composite electrode consisting of an
oxygen conducting CGO phase and an electronic conducting LSM phase. A previous
study on this type of model cell has been reported elsewhere with further details on the
cell preparation.!®® The YSZ single crystals (CrysTeC GmbH, Germany) that served as
electrolyte and substrate for the thin films had a (100) exposed face, were single side
polished and measured 2.54 cm in diameter. The LSM thin film electrode and thin films
of CGO were deposited on the YSZ using pulsed laser deposition (PLD) with a KrF

excimer laser. During the depositions, the fluence was 2 Jcm™ with a laser frequency of
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10 Hz and the distance between the substrate and target was 7.5 cm. The CGO thin films
(200-300 nm) were deposited at a substrate temperature of 700 °C and oxygen partial
pressure of 5 x 10 mbar on both the polished and the rough side of the YSZ single
crystal. The LSM thin film electrode (~200 nm) was deposited on top of the CGO layer
on the polished side of the YSZ single crystal and a shadow mask maintained LSM thin
film electrode dimensions of 0.5 cm x 1 cm. The LSM deposition was conducted with a
substrate temperature of 600 °C and with oxygen partial pressure at 7 x 10 mbar. The
oxygen partial pressure was increased to 0.02 mbar immediately after the deposition and
during cool-down to avoid oxygen deficiencies from developing in the LSM electrode.
An LSC-CGO (50 wt.% (LaggSro.4)o.99C003-50 wt.% Ce9Gdo101.95) porous electrode
(30 um) was screen-printed as a “counter-electrode” to the thin film LSM electrode and
was deposited on top of the CGO thin film on the rough side of the YSZ single crystal.
Following the application of the LSC-CGO electrode, the entire electrochemical cell was
heated to 930 °C for 24 hours. A Pt current collector was painted on the LSC-CGO
electrode and sintered at 900 °C for 2 hours. Finally, Au was sputtered onto the thin film
electrode and the cell was heat-treated at 700 °C for 120 hours allowing the Au to sinter,
with the intention of forming a continuous Au network for current collection. As
subsequent imaging revealed the formation of separate pm-sized Au particles rather than
an Au network, adequate current collection was obtained by applying an Au mesh in the
final test-set-up. The complete architecture of the thin film model cell is shown in Figure
6.1a and a SEM image of the LSM thin film electrode and the adjacent layers is found in

Al.l.
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Preparation of “Conventional” Electrochemical
Cell with Porous LSM-CGO Electrodes. Electrochemical cells with porous LSM-

CGO composite electrodes were prepared as follows: a CGO10 (Rhodia) electrolyte with
1% Fe added as a sintering aid was tape-casted, stamped out in disks and sintered at a
maximum temperature of 1250 °C for 4 hours. After sintering, the electrolyte disks were
dense, 350 um thick and had a diameter of 23 mm. A circular 10 mm diameter 50 wt.%
LSM15 — 50 wt.% CGO10 composite electrode was screen-printed onto each side of the
CGO electrolyte disks and sintered with the maximum temperature of 1050 °C for 2
hours, resulting in ~30 um thick porous electrodes. A sketch of the cell with porous

LSM-CGO electrodes is shown in Figure 6.1b.

Addition of BaO. BaO was added to both a dense, thin film LSM electrode and a

porous LSM-CGO electrode. Due to reaction with CO, in the atmosphere and reaction
with the electrode components, the majority of the Ba added was present as BaCO3 or as
Ba-Mn-O compounds (vide supra) throughout the in operando experiments; however for
brevity, these samples are referred to as BaO-infiltrated samples. Due to differences in
sample architecture between the thin film LSM electrode and a porous LSM-CGO
electrode, slightly different procedures were used for the BaO addition. The porous
LSM-CGO electrodes were infiltrated by adding a droplet of 0.32 M Ba(NO3), (ag) onto
the electrode surface and the solution was allowed to soak into the porous structure.
Excess solution was removed from the surface and the infiltrated cells were heat-treated
at 700 °C for 1 hour to decompose the Ba(NO3), into BaO. This procedure was repeated

7 times to obtain a uniform coverage of ~50 nm BaO particles throughout the electrodes.
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A similar procedure was employed for deposition of Ba(NOs), onto the LSM thin film
electrodes, where an aqueous 0.032 M Ba(NOs), solution containing 10 wt% P123
dispersant (BASF) was used. Excess solution on the thin film electrodes was not wiped
off of the surface prior to the heat-treatment at 700 °C and the Ba(NO3), deposition step
was only performed once. This procedure resulted in large agglomerations of BaO on
some areas of the electrode (Fig. 6.2a), while in other areas nanosized BaO particles were
well dispersed on the electrode surface as intended. It is emphasized that the in operando
Raman spectroscopy reported in this paper was conducted on the electrode area with
well-dispersed BaO. Top-view SEM images of an electrode area with BaO present as
nanoparticles is shown in Figure 6.2b and a bare LSM thin film electrode for comparison
is shown in Figure 6.2c. The BaO particles on the surface caused the BaO treated
electrode to appear more “roughened” (Fig. 6.2b) compared to the non-infiltrated surface

(Fig. 6.2c).

o Cry Au

Figure 6.2. Top-view SEM images of the LSM thin film electrodes (a, b) with BaO
deposition and (c) without BaO deposition.
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Scanning Electron Microscopy

Electrode surfaces and cross-sections of broken cells were investigated with
scanning electron microscopy (SEM) on a Zeiss Supra 35 microscope. The
microstructure of the electrode surfaces was investigated using the InLens detector with a
5 kV acceleration voltage and without any pre-treatment of the electrode. The thickness
of the thin film layers of broken cross-sections was determined using the backscattered
electron detector with a 10 kV acceleration voltage and the cross sections were carbon

coated to avoid charging of the sample.

Time-of-Flight-Secondary lon Mass Spectroscopy

Analysis of the elemental distribution through LSM thin film electrodes without
and with BaO deposition was performed with Time-of-Flight Secondary lon Mass
Spectrometry (TOF-SIMS) using a TOF-SIMS IV (ION-TOF GmbH, Minster,
Germany). The 25 ns pulses of 25 keV Bi" (primary ions) were used at a repetition rate of
10 kHz, yielding a target current of 0.7 pA. Depth profiling was performed with
approximately 2 nm depth resolution on a 200x200 pm? surface analysis area centered in
a 300x300 pm? sputter area. The 30 nA of 3 keV Xe* was used as sputter ions (10 second
sputtering, 1 second pause and then analysis using one scan and 256x256 pixels). For all
analyses electron bombardment (20 eV) was used to minimize charge built-up at the
surface. Desorbed secondary ions were accelerated to 2 keV, mass analyzed in the flight

tube, and post-accelerated to 10 keV before detection.
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X-ray Photoelectron Spectroscopy

The surface stoichiometry of four LSM thin film electrodes without BaO
deposition were analyzed with X-ray photoelectron spectroscopy (XPS) performed on a
K-alpha (Thermo Electron Limited, Winsford, UK) using a monochromated Al-K-a X-
ray source and a take-off angle of 90° from the surface plane. Atomic concentrations
were determined from surface spectra (0-1350 eV, 100 eV detector pass energy) and
were calculated by determining the relevant integral peak intensities using a Shirley type
background. Each sample surface was analyzed at three different surface locations and

the average value for all four samples is reported in the results section.

Raman Spectroscopy

In operando Raman spectra were acquired using a Renishaw InVia spectrometer
with a 488 nm Ar-ion laser and Pelletier cooled charge-coupled device (CCD) detector.
The cells were mounted in an assembly developed originally to perform in operando
studies of solid oxide cells and has been described in more detail elsewhere.'?584 Cells
were fixed on the end of an YSZ tube with YS2B glass paste (IRD Fuel Cell AS) and
gold wires were attached to the current collectors for electrochemical measurements.
This assembly was then enclosed with a quartz tube (Quark Glass) and placed inside a
tube furnace. Optical access to the thin film electrode was maintained for Raman
spectroscopic measurements and visual inspection. In this system, the cell was tested in a
two-atmosphere environment at elevated temperatures. The laser power out of the
spectrometer was 18 mW and this laser power was selected to give the best possible

signal-to-noise ratio without causing damage to the samples. It is noted that due to
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scattering losses from the optics the power was slightly lower at the electrode surface.
During the in operando experiments, Raman spectra with 20 second exposure times were

continuously collected to record changes in the surface species under applied potential.

Electrochemical Characterization. A potential was applied on the electrochemical

cell using a Gamry Reference 600 potentiostat to record chronoamperometry curves. The
applied potential difference was either -1 V or +1 V and the potential difference was
predominantly across the thin film electrode, as the resistance of the porous LSC-CGO
electrode was < 1% of the resistance of the LSM thin film electrode. This was
experimentally confirmed by using electrochemical impedance spectroscopy to determine
the polarization resistance on symmetric cells with two LSC-CGO electrodes and on cells

with one LSC-CGO electrode and one LSM thins film electrode, respectively.

Overall Experimental Sequence. In operando Raman spectra were acquired from

a BaO-modified LSM thin film cell during 15 individual polarization experiments that
comprised a single overall experimental sequence. At the beginning of the sequence the
cell was exposed to a constant gas flow of 10% O, in Ar and heated to 500 °C. When at
500 °C, the individual experiments were conducted at -1 V or +1 V. The temperature was
then reduced to 300 °C and experiments were repeated. During the experimental

sequence, the cell was constantly subjected to a gas flow containing 10% O..

X-ray Diffraction

For phase-determination on the screen-printed electrodes and synthesized

BasMn,0g (see next section), XRD measurements were performed at room temperature
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with a Bruker D8 XRay Diffractometer (Bruker-Siemens, Germany) using Cu Ka
radiation with an acceleration voltage of 40 kV and a filament current of 40 mA. The
recorded spectra were background corrected using the EVA software (Bruker), and the
crystallographic database available in the EVA software was used to identify the present

phases.

Reference Material

During the course of the in operando Raman experiments, vibrational bands
appeared that could not be assigned to the original materials. Consequently, several new
‘candidate’ materials were chosen for analysis and served as spectroscopic reference data.
Many of these materials were available from traditional sources and/or spectra were
already available from the literature. These materials included SrO,®"  [a,05,12%8
Mn203'[289—291] Mn304,[289—291] Mn027[289-291] MnOY[Zggl BaO,[292’293] and BaMnog_[294] One
material that was relatively poorly characterized by Raman spectroscopy was BazMn,Osg,
which was synthesized in our own laboratory and characterized by XRD and Raman
spectroscopy; see Al.2 for further information about synthesis and characterization of

this material.

Results

LSM thin film electrodes were characterized by ToF-SIMS and XPS before and
after the in operando Raman spectroscopy. Results from the pre- and post-

characterization are described below together with the in operando Raman spectroscopy
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results. Furthermore, evidence of the secondary BazsMn,Og phase in a conventional,

porous LSM-CGO electrode is reported.

Pre-Characterization of LSM Thin Films

The LSM electrodes used in these studies had the nominal composition
(Lag.g5Sro.15)0.9Mn0s.;5, where the LSM perovskite structure had a slight deficiency on the
A-site. Four of these LSM thin films without BaO were characterized by means of ToF-
SIMS and XPS. A representative ToF-SIMS depth profile for one of the thin films is
shown in Figure 6.3, after the signal intensity for the individual elements has been
corrected for the total signal intensity to minimize instrumental effects. The ToF-SIMS
profile (Fig. 6.3) shows an approximately 25 nm thick surface layer of the LSM with a
composition deviating from the bulk LSM composition (ToF-SIMS measurements have a
depth resolution of ~2 nm for these materials). Within this surface layer, Mn appears to
be depleted and La enriched compared to the bulk values for LSM. Variation in the
concentration profiles of individual elements is also observed throughout the layer (Fig.
6.3b). Compared to bulk LSM, Sr appears to be enriched within the 5 nm layer next to the
gas-solid interface and depleted at depths from 5 nm to 25 nm. The Mn concentration
within the first 5 nm next to the gas-solid interface shows a slight increase towards the
interface but never exceeds the bulk value. Furthermore, the LaO concentration profile
reaches a maximum at 7 nm’s depth. Overall these distributions indicate the existence of
two surface layers: a top layer dominated by Sr and Mn and an inner layer enriched in La.
These findings agree with reports from similarly prepared electrodes.”™! We note that

care must be taken when interpreting ToF-SIMS profiles on LSM electrodes, as matrix-
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effect may cause artifacts to appear in the concentration profile.?®! For this reason the
four LSM electrodes were analyzed by XPS to yield quantitative information on the
electrode composition within a probe depth of 5-10 nm. The results from the XPS
analysis of four LSM films are reported in Table 6.1, where the measured ratios between
the elements are compared to the theoretical ratios. The XPS results are in agreement
with the results from the ToF-SIMS depth profile and show enrichment in A-site cations
(La, Sr) relative to the B-site cation (Mn), with the Sr enrichment being more pronounced
than the La enrichment. Sr segregation on the surface of perovskites has been observed
previously and is believed to influence the electrode performance, but the specific
influence of Sr’s enrichment at the electrode surface is still debated.!?**?°! In conclusion,
both XPS and ToF-SIMS show Sr enrichment at the LSM thin film surface, and the ToF-
SIMS furthermore reveals that within a 25 nm surface layer of the LSM electrode the

composition deviates from the bulk LSM composition.
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Figure 6.3. ToF-SIMS depth profile through un-tested LSM thin film, the entire thin
film (left) and the 50 nm closest to the gas-solid interface (right). The letters state the
following a) 25 nm thick LSM surface layer with composition different from the bulk
electrode, b) bulk LSM electrode and ¢) CGO thin film below the LSM electrode. The
intensity is proportional to the concentration of the elements.
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Table 6.1. Ratio between metallic electrode elements in (LaggsSro.15)0.9MnOs.5as
synthesized and measured at the surface of 4 un-tested LSM thin films by XPS, probing
depth 5-10 nm.

As synthesized ratio ~ Measured ratio Measured/As synthesized
Sr/La 0.176 0.27 £ 0.04 1.53
Sr/Mn 0.135 0.41+0.07 3.04
La/Mn 0.765 1.49+0.15 1.95
(La+Sr)/Mn 0.9 1.91+0.17 2.12

Post-Mortem Characterization of LSM Thin Film with BaO

The LSM thin film electrode with BaO was characterized by ToF-SIMS after the
in operando Raman spectroscopy experiments. The depth profiles for the electrode
elements show less well-defined electrode interfaces (Fig. 6.4) compared to the untested
LSM-thin electrodes. This difference is ascribed to the sample preparation rather than
being a result from the in operando experiments. The depth profile for the Ba shows

diffusion of Ba from the surface through the entire LSM electrode.
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Figure 6.4. Post mortem ToF-SIMS depth profile through LSM thin film electrode
impregnated with BaO. The letters state a) the surface layer, b) the bulk LSM electrode
and c) the CGO thin film below the LSM electrode. The Ba depth profile shows
diffusion of Ba into the LSM electrode.
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Presence of BazMn,0g on BaO-Infiltrated LSM Electrodes

XRD data collected on BaO infiltrated porous LSM-CGO electrodes revealed a
minor peak at 24.1° likely due to BaCO3 (ICSD 91888) and three minor peaks in the
diffraction pattern at 260 locations of 27.7°, 31.4° and 42.2° (A1.3). These latter features
correspond to the three dominant peaks of BazMn,Og (ICSD 280045), one of the few
compounds in which Mn is present in an oxidation state of +5. This material presumably
formed during electrode processing since it was not present during the initial stages of
fabrication. As BazMn,Og is not commercially available, BasMn,Og was synthesized
according to the procedure described by Weller et al., and characterized by XRD and
Raman spectroscopy, the latter revealing two characteristic peaks at ~301 cm™ and
771 cm™ 1?8 Details concerning BasMn,Og synthesis are reported in A1.2 together with

XRD and Raman data from the pure compound.

Raman Spectroscopy

In the following sections, results from the Raman experiments are presented,
including spectra recorded on thin model electrodes with and without BaO deposition.
However at first a comparison between the porous LSM-CGO electrode and the thin film
electrode is made.

Reproducibility between Porous LSM-CGO
Electrode and LSM Thin Film Model Electrode. Raman spectra recorded from a

porous LSM-CGO electrode (Al.4) were consistent with the results from the thin film
electrode with respect to the presence of BasMn,Og. In contrast to the thin film electrode,

presence of MnOy and BaCOj3 was not detected in the porous LSM-CGO though BaCOs
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residues from the impregnation were detected on the edge of the porous electrode, as
evidenced by stronger more well-defined 690 cm™and 1050 cm™ peaks, and likely gave
rise to the aforementioned weak BaCOj signal in the XRD. The presence of MnOy and
BaCO3 on the pristine thin film electrode and not in the porous electrode is assigned to
differences in the preparation method, and does not influence the conclusions drawn on
BasMn,0g in this paper.

Similarities and Differences between Pure LSM
Electrodes and Electrodes with BaO Deposition. Representative in situ Raman

spectra collected from thin film LSM electrodes without and with BaO deposition
exposed to 0.1 atm O, in Ar at 500 °C are shown in Figure 6.5. Spectra recorded prior to
polarization show clearly the compositional differences between electrodes. The most
distinct vibrational feature for the pure LSM thin film electrode is a broad peak at
610 cm™. Vibrational modes of both YSZ and MnO, species are found in this
region. (289290293001 o cells with thin film electrodes, this feature may therefore arise
from MnOy on the electrode surface/within the electrode and/or from the YSZ substrate
below the electrode. Cells with the screen printed LSM-CGO electrode (A1.4) did not
contain YSZ but showed a similar peak around 610 cm™ that can result only from MnOx
species. The literature reports some discrepancy on peak assignments for the vibrational
Raman modes of MnOy species.”®**°  Some of this uncertainty can be attributed to
material changes induced by exposure to high intensity fields including laser light.!2890!

Furthermore, the different phases of MnOy all have vibrational features between

570-690 cm™. Given these considerations and a preponderance of evidence in the
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literature, the 610 cm™ peak is assigned tentatively to MnO, [239%:3%] This assignment is
also consistent with XPS results by Backhaus-Ricoult et al. that showed Mn in an
oxidation state of +4 on the un-polarized LSM surface.?*

In contrast to the pure LSM thin film electrode, the BaO modified LSM thin film
electrode exhibits several sharper bands in the Raman spectrum. Two features are
observed consistently at 306 cm™ and 773 cm™ on the electrodes with BaO. The
306 cm™ and 773 cm™ peaks are assigned to a BasMn,Og secondary phase and are
discussed in more detail below. In addition to these features, a peak at 1051 cm™ was
observed and the intensity of this peak varied strongly with the position on the sample.
Since MnO has peak at 1050 cm™ and BaCO; a peak at 1052 cm™ the observed peak is

tentatively assigned to one of these two species.['%*%]

773

1051
LSM + BaO

Intensity (a.u.)

610

LSM

500 ' 1000 ' 1500
Raman shift (cm™)
Figure 6.5. Representative Raman spectra recorded on a LSM thin film electrode with

and without BaO infiltration at 500 °C in 10% oxygen flow. The top spectrum is
displaced vertically to facilitate comparison.
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Table 6.2 summarizes assignments for materials observed in the Raman spectra
during the experiments on the thin films samples. All peaks were not present
simultaneously, but depended on the sample and experimental conditions.

Table 6.2. Overview of all peaks observed in the Raman spectra recorded on the thin film
samples; note all peaks may not be observed simultaneously.

Raman Shift Assignment Reference

(cm™)

306 BazMn,0g This work, see Al.2
610 YSZ 1299,300]

610 (broad and weak) MnOy, most likely MnO, [290.302,304]

644 MnOy, most likelyMn304 [289.290]

662 MnOy, most likely Mn,O3 [290]

690 BaCOs [192:305]

771 BazMn,0g This work , see Al1.2
1050 MnO [303]

1052 BaCO3 [192]

Effect of Applied Potential on Electrode Surface Composition. In operando

Raman measurements were performed to investigate how electrode composition changed
as a function of applied potential and temperature. Experimental parameters are
summarized in Table 6.3. With two exceptions, measurement series were conducted at
least twice for each combination of parameters to confirm the reproducibility of the
results. In general, the chronoamperometry curves recorded during cathodic polarizations
showed a small deactivation during the first ~600 seconds, resulting in a 10-20%
decrease in the current density, (see A1.5). After these initial changes, the current density
stayed stable indicating the electrode did not suffer further degradation during the

experiments.
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Table 6.3. The parameters used during the in operando Raman characterization.

Parameter Values
Atmosphere 0.1 atm Oz in Ar
Temperature 300 °C, 500 °C

Applied voltage oCV,-1V,+1V

The following section describes how the chemical species detected with Raman
spectroscopy were influenced by operational conditions. Raman spectra recorded at
500 °C prior to, during and after cathodic polarization of -1 V are shown in Figure 6.6a
and Figure 6.6b together with the corresponding changes in selected peak intensities
plotted in Figure 6.6¢. Finally, Figure 6.7 shows a peak intensity plot for a similar
experiment conducted at 500 °C; however, in this case the cell polarization was switched
to +1 V immediately after the -1 V polarization. Electrodes exhibited consistent
qualitative behaviors with respect to polarization at 300 °C and 500 °C. Spectra from the
electrode operating at 300 °C are reported in Al.6.

BazMn,0g: The formation and decomposition of BazMn,0Og was characterized by
reversible increases or decreases, respectively, of the 306 cm™ and 773 cm™ peak
intensities. Raman spectra showed that in a 0.1 atm O, environment, the BazMn,0g
vibrational band intensity diminished during cathodic polarization at -1 V (Fig. 6.6 and
Fig. 6.7) and increased to an asymptotic limit during anodic polarization at +1 V
(Fig. 6.7). Similarly, when the cell was held at OCV after cathodic polarization, the
BazMn,0g peak intensities increased (Fig. 6.6¢), but at a slower rate compared to the
increase observed during anodic polarization. Taken together, these observations show

that the amount of the BazMn,0Og secondary phase in an infiltrated electrode depends
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strongly on the applied potential, in this case ranging from almost full decomposition at

cathodic polarization to full regeneration at OCV or anodic polarization.
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Figure 6.6. Raman spectra on BaO infiltrated LSM thin film electrode at 500 °C with
10% O2: (a) before and during the onset of -1 V, (b) at -1 V followed by OCV, and
(c) the normalized peak intensity plot for the data set shown in (a) and (b).
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Figure 6.7. Peak intensity plot from Raman spectra on BaO infiltrated LSM thin film
electrode at 500 °C with 10% O, during -1 V polarization followed immediately by
+1 V polarization.
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MnOy: In addition to the MnO, peak at 610 cm™, a broad vibrational band was
observed at approximately 644 cm™. Contrary to the behavior observed for the 773 cm™
feature assigned to BasMn,Og, the signal at 644 cm™ increased upon cathodic
polarization of the electrode (Fig. 6.6 and Fig. 6.7). This feature is most likely a signature
of Mn3O, given literature reports of a dominant band at 650 cm™ in spectra collected at

e. [289,290]

room temperatur Furthermore, these prior studies have also shown that MnO,

and Mn,O3 may be converted into Mn3O4 due to localized heating from the laser

excitation source used for the Raman measurements,28%290:301.306]

In Figure 6.6¢c and
Figure 6.7 the formation of Mn3O, is anticorrelated with the loss of BazMn,Og. These
results suggest that BazMn,Og decomposition is a dominant source for the observed
Mn30O,4 formation. The Mn3O,4 expulsion from the LSM electrode itself during cathodic
polarization cannot be excluded either, since the peak intensity plots occasionally show
an increase in the Mn3O4 occurring faster than the decrease in the BazMn,Og signal (see
AL1.7). We propose that under reducing conditions, the BazMn;0Og (where Mn is in a +5
oxidation state) decomposes into MnsO, (with mixed Mn?*/Mn** character). The
resulting Ba-containing material eluded detection in these experiments and in this
connection, it is noted the absence of CO, in the gas flow make generation of BaCOs;
unlikely. A change in the 1051 cm™ peak was observed upon polarization as the peak
increased during cathodic polarization and decreased during subsequent OCV and anodic
polarization (Fig. 6.6 and Fig. 6.7). However, this increase in intensity was only

observable when the 1051 cm™ was either small or non-existent prior to the polarization.

If a large, dominant peak at 1051 cm™ was present in spectra before the polarization, no
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effect of cathodic polarization was observed, yet a decrease was still observed during
anodic polarization (see A1.6). This result is explained by the coincidence between the
BaCO; peak at 1052 cm™ and the MnO peak at 1050 cm™, as the strong BaCO; peak
occasionally overshadowed changes in the weak MnO peak. The BaCO3 was not affected
during cathodic polarization, but partly oxidized during anodic polarization. The MnO
was formed during cathodic polarization and removed during anodic polarization. The
correlation between the polarization induced changes in the MnOy species and the
BasMn,0g will be discussed further on the “Discussion” section.

The transformations observed with cathodic polarizations were reversible. Once
the cathodic polarization was removed, the vibrational signature for BazMn,Og began to
reappear (Fig. 6.6b and Fig. 6.6c), eventually approaching its original intensity prior to
the -1V polarization. Changing the bias immediately from -1 V to +1 V accelerated the
regeneration of BazMn,Og (Fig. 6.7). Interestingly, when the cathodic polarization (-1 V)
was changed to OCV, the BazsMn,0Og began to grow back immediately, albeit slowly,
while the Mn3;O, signal continued to increase for several minutes before eventually
returning to pre-cathodic polarization levels (Fig. 6.6¢). The continued growth of the
Mn304 signal after the cathodic polarization was removed is ascribed to re-oxidation of
MnO and is discussed below.

Finally, we note that all of the spectroscopic measurements show that material
changes happen on the order of minutes or tens of minutes when the cell is polarized at
300 °C or 500 °C, with the most dramatic material changes occurring within the first

5 minutes. Thus, ex situ techniques or in situ measurements without sufficient temporal
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resolution will not be able to resolve compositional changes occurring in these high

temperature materials during operation.

Discussion

Electrode Surface Composition at OCV Conditions

BaO infiltration of LSM electrodes has in previous work, based on
electrochemical impedance spectroscopy at OCV conditions, been reported to cause a
significant decrease in the polarization resistance.l®*?*%%21 The aim in the present study
IS to investigate the reason for this decrease, which, depending on reaction conditions and

362812821  Raman

sample preparation, may be as large as an order of magnitude.
spectroscopy performed with electrodes at OCV revealed the presence of BazMn,Og on
the BaO infiltrated LSM electrodes to be the only consistent difference between
infiltrated and non-filtrated electrodes. For this reason BazsMn,Og is suggested to cause
the reduced polarization resistance at OCV observed when LSM electrodes are infiltrated
with BaO. Unfortunately there are to the best of the author’s knowledge no reports in
literature on the electrical properties of BasMn,0g. However, work described by Roos et
al. may provide insight into the electrical properties of BazMn,Og since Roos et al.
explain manganese ions in tetrahedral coordination as in BasMn,0Og can easily change
from Mn®" to Mn* and from Mn*" to Mn**, which may contribute to the observed
enhancement of the electrode’s electrocatalytic properties.*’” The suggestion that

BasMn,0g causes the reduced polarization resistance at OCV is made with the

reservation that for each reporting in the literature, both the amount of Ba infiltrate and
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the LSM stoichiometry play a role in secondary phase formation and the possible
formation of BaCOs, which may also influence the electrocatalytic properties.?*!
However, regardless of the impregnation method and materials choice, electrodes in a
real application are subjected to electrical polarization, for which reason the effect of
cathodic and anodic polarization on the BaO infiltrated LSM electrode was investigated

in this study.

Electrical Polarization and Electrode Surface Composition

The in operando Raman spectra presented in Figure 6.6 and Figure 6.7
demonstrate clearly that the surfaces of a BaO-infiltrated LSM-electrode are dynamic and
significantly affected by an applied polarization. The discussion below focuses on how
the dominant species on the electrode surface, BazMn,Og and MnOy, are affected by the

applied reaction conditions.

BazMn,0g. Under 0.1 atm O, in Ar, BazMn,0g showed a strong dependence on
the applied electrical polarization where cathodic polarization promoted decomposition
and anodic polarization promoted the regeneration of BazMn,Og on the LSM electrode.
Cathodic polarization has the same effect on LSM electrodes as very low oxygen partial
pressures, a condition that promotes the formation of oxygen vacancies.*®® Continued
exposure to high cathodic polarization conditions and/or low the oxygen partial pressure
ultimately leads to decomposition of LSM electrodes and will also decompose complex
oxides like BasMn,0g.%*™) The Ba-Mn-O diagram (Fig. 6.8) shows that the total oxide

content in the BasMn,Og only needs to decrease 4% for the material to transform into a
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different stoichiometric compound.’®*? Furthermore, the diagram reveals that if the oxide
content is reduced by 4-5% a region is reached in which several Ba-Mn-O and Mn-O
compounds can coexist, which corresponds well with the increase in different MnOy

species observed on the electrode surface during cathodic polarization in this study.

* Ba,Mn,0,

® BaO

= MnO

v Ba,MnO,

< Mn;0,
Mn,0,

+ BaMn,O,

o MnO,

4 BaMnO,
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Figure 6.8. Ba-Mn-O ternary diagram showing BazMn,Og (black star) and other phases.
Compounds with the Mn Valence of +2 (red), +3 (green), +4(blue), and +7 (purple) are
grouped by color and connected by dashed lines, while compounds with mixed Mn
valence have a gradient between the colors representing the two different valences. The
diagram is re-printed from the dissertation thesis of Eric C. Samulon.?*?

MnOy. The in operando Raman spectra show that the amount of Mn3zO4 on the
electrode surface increased significantly during cathodic polarization and decreased
during anodic polarization. We propose that the dominant source of the MnzO, is
BasMn,0g given that during the majority of the polarizations the intensity of the
BasMn,0g and the Mn3zO, Raman signal appear directly anti-correlated. Expulsion of

Mn3O,4 from the LSM electrode itself during cathodic polarization may also be a minor
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source for Mn3;0,, as expulsion of Mn3O4 from LSM previously has been observed ex
situ by XRD on LSM samples sintered at low oxygen partial pressure (pO,=10° atm).B*
Furthermore expulsion of MnO/Mn3;O4 has been reported on LSM and lanthanum
manganite electrodes during cyclic voltammetry.®® Ex situ ToF-SIMS studies of LSM
microelectrodes have also revealed a strong, irreversible redistribution of the Mn from
the electrode onto the electrolyte after electrical polarization.”® In situ studies of
manganese redistribution on LSM electrodes are scarce. Among the few literature
reports is work by Backhaus-Ricoult et al., who detected polarization induced reduction
and migration of Mn-species onto the electrolyte by XPS under conditions approximating
those employed in solid oxide fuel cell systems.[?*¥ Results from the in operando Raman
measurements generally agree with findings from the aforementioned studies in terms of
the capability of a cathodic polarization to re-distribute Mn in/on the LSM electrode.
However, the Raman data imply Mn3O,4 enrichment during cathodic polarization whereas
the in situ XPS study showed Mn depletion at the electrode surface during cathodic
polarization.®®!  The discrepancy is likely explained by a combination of: (1) the
presence of BazMn,0Og that acts as a Mn3zO4 source in this work, (2) Backhaus-Ricoult
using stoichiometric LaggSro,MnO3 while the present study employed A-site deficient
(Lap 85Sr0.15)0.9Mn0Os.5, and/or (3) diffusion of Ba-ions into the LSM, as evident from the
TOF-SIMS characterization (Fig. 6.4) altering cation segregation mechanism(s).**"

One interesting observation of Mn3zO, observed in operando considers the
behavior of Mn;O4 at OCV following cathodic polarization. After the Raman signal from

Mn3O, increases and stabilizes during cathodic polarization, the MnzO, increases even
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further during the first 3-5 minutes at OCV after the polarization has been removed at
500 °C (Fig. 6.6). These observations appear contradictory, namely that applying a
cathodic polarization causes an increase in the Mn3O, signal, and the removal of the
cathodic polarization is accompanied by a Mn3O, signal intensity that increases even
further. A plausible explanation of this phenomenon hinges on the labile nature of Mn"".
In BasMn,Og, Mn has a formal oxidation state of 5+. Under cathodic polarization
of -1V, Raman spectra show that reduced forms of Mn (i.e. Mn* and Mn*") become
more prevalent, given the growth of vibrational signatures at 644 cm™ (Mn3;O,4) and
1050 cm™ (MnO). When the bias is removed or reversed, thermodynamic considerations
will once again favor more oxidized forms of Mn, leading eventually to the fully
recovered amount of Mn®* in BazMn,Og. Given the availability of mobile oxide ions, we
propose that as MnO begins to oxidize, Mn3O,4 forms as an intermediate species on a path
that ultimately results in BasMn,Og and accounts for the growth in the 644 cm™ Raman
band after the cell polarization returns to OCV from -1 V. When the bias is reversed
from -1V to +1V, the kinetics of such a transformation would simply be too fast for
experiments to report the Mn3O, intermediate growth. This hypothesis is supported by a
weak decrease in Mn3O, signal at the end of the cathodic polarization (Fig. 6.6c).

Finally, an additional observation associated with MnO, segregation on the
electrode surface is that the segregation was only observed on LSM electrodes with BaO.
A number of LSM thin film electrodes without BaO deposition were subjected to various
treatments, including higher temperatures (700 °C) and stronger polarizations (-2.5V)

than those applied to the BaO modified electrodes.™™® Despite these more extreme
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conditions, an increase in the amount of Mn3;O, was not observed with Raman
spectroscopy during any of the polarizations.®® The fact that changes in Mn3O, were
not observed on the pure LSM electrodes suggests that the BasMn,Og secondary phase is
a dominant source for Mn3O4 formation, although Ba diffusion into the LSM electrode
(Fig. 6.4) can have influenced Mn segregation. Regarding the amount of Ba, which can
be accommodated in LSM, experiments have shown that lanthanum manganites are
stable with up to 40% substitution of Ba on the La site.**® However, a recent study of
lanthanum manganite thin films has shown that the maximum substitution level is
strongly dependent on temperature and oxygen partial pressure.*!

The BazMn,0g secondary phase on LSM electrodes infiltrated with BaO was
most likely formed via a reaction with excess MnOy in the electrode. The behavior of this
secondary phase and of MnOy phases during polarization has been discussed above, and

in Eq. (6.1)-(6.3) the proposed cathode reactions are summarized.

l4e~ + 3BazMn,05 — 2 Mns0, +9Ba0 + 702" (6.1)
LSM,, + 2e~ — LSM,,4 + Mn;0, +MnO + 02" (6.2)
Mn;0, + 2e~ — 3MnO + 0%~ (6.3)

So far it has been suggested that Baz;Mn,Og is responsible for the reduced
polarization resistance observed on the BaO infiltrated LSM electrodes at OCV
conditions. Furthermore, the removal of BasMn,Og and the associated changes in the
electrode surface composition during cathodic polarization have been thoroughly
discussed. Still unresolved is how these compositional changes during polarization

influence electrode performance. A common issue in LSM electrodes and other
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perovskite based electrodes is passivation of the electrode surface due to segregation of
Sr and impurities to the surface.”*”! We suggest that reduction of BazMn,Os releasing
Mn304 and MnO onto the electrode surface will increase the electrochemical activity.
This suggestion is based on literature reportings showing decreased polarization
resistance in oxygen atmospheres on LSM electrodes infiltrated with MnOx or Pt-YSZ
electrodes modified with Mn-species.**>>'"1" Since very limited reports are made on the
electrocatalytic properties of MnOy, further experiments are needed to test the hypothesis
that the release of MnzO4 and/or MnO one the electrode surface increases the

electrochemical activity of the BaO infiltrated electrodes during operation.

Conclusion

The experiments on BaO modified LSM electrodes described in this work were
conducted to explore how the addition of BaO affects the LSM electrodes’
electrocatalytic properties, particularly as an O, reduction catalyst. The enhanced
electrocatalytic properties caused by the BaO modification is, based on this work, at
OCV conditions ascribed to formation of a secondary BazsMn,Og phase. During cathodic
polarization a significant redistribution of elements in the electrode surface takes place,
as the BasMn,Og phase decomposes and MnOy species accumulates in the electrode
surface. The redistributions are reversible with polarization, thus the electrode returns to
the original state when polarized in the anodic direction or returned to OCV. These
reversible changes illustrate that element or material specific techniques must be applied
in operando, to envisage the active state during operation of an infiltrated LSM electrode,

or any other solid electrode prepared infiltration. Knowing the exact electrode
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composition during operation is a crucial prerequisite for understanding why the
widespread use of infiltration in electrode preparation improves the electrocatalytic
properties of solid electrodes. Another consequence of results reported herein is
recognition that compounds such as BazMn,0Og that include a highly oxidized transition
metal can serve as a “storage” compound for the transition metal until polarization is
applied and the transition metal having high electrocatalytic activity is “released” or
redistributed onto the electrode surface. Further research is however needed in order to

explorer this intriguing concept in more detail.

Acknowledgements

M. L. Traulsen gratefully acknowledges support from the Danish Independent
Research Council - Technology and Production (12-131965). R. A. Walker gratefully
acknowledges support from the U.S. Office of Naval Research (N000141410326). M. D.
Mclintyre gratefully acknowledges support from the U.S. National Science Foundation

Division of Material Research (1411210).



147

CHAPTER SEVEN
CONCLUDING REMARKS
Conclusions

The studies presented throughout this dissertation demonstrate the efficacy of
in operando Raman spectroscopy to directly identify material changes in solid oxide fuel
cell (SOFC) electrodes. This technique is especially valuable for investigating the
catalytically active or inactive role of dopants and secondary phases in mechanisms
responsible for enhanced performance. The information obtained from in operando
Raman spectroscopy studies can aid in selecting materials for optimal SOFC performance
at lower operating temperatures.

For example, Chapter 6 has shown that the BazMn,Og secondary phase improves
the electrocatalytic activity of LSM electrodes under OCV conditions at 500 °C. The
reduced resistance for oxygen reduction under cathodic polarization conditions is
associated with the reversible decomposition of BasMn,Og and formation of MnOy
species on LSM electrodes. These results bring up questions about the electrochemical
activity of MnOy species and whether or not these species form on LSM electrodes doped
with other chemical species such as KNO3.B™!

Although lower operating temperatures will slow the thermal coarsening of Ni
particles, modification of Ni-YSZ anodes is required to prevent thermal coarsening and
therefore improve the longevity and durability of the cermet.°*'®1 One common strategy

to suppress thermal coarsening is doping Ni-YSZ with materials such as TiO,, Al,O3, and
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Al,TiOs (ALT).[P960228319  Chapter 5 showed that at typical SOFC processing
temperatures (>1000 °C) TiO, will react with YSZ to form the mixed ion-electron
conducting ZrsTi;O24 phase.?” The presence of this phase in TiO, or ALT doped Ni-
YSZ anodes may contribute to the enhanced performance.[®®?%2%1 Cuyrrently, we are
investigating ALT doped anodes and the secondary phases formed in these cermets
during fabrication processes.®” Our most recent studies of Al,O3 infiltrated Ni-YSZ
anodes show the NiAl,O4 secondary phase forms during anode fabrication process (Fig.
7.1a) and reduces into Al,O3 decorated Ni particles under H; at 800 °C (Fig. 7.1b). The
infiltrated cells had higher performance and less Ni coarsening than cells with pure Ni-
YSZ anodes. These results are promising and warrant future experiments with carbon-

containing fuels.
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Figure 7.1. (a) Room temperature Raman spectra of pure and Al,Oj infiltrated Ni-YSZ.
(b) SEM image of Al,Oj3 infiltrated Ni on a YSZ substrate following reduction with H,
at 800 °C.

Conversely, Ni-YSZ anodes infiltrated with BaO or Sn are used to reduce carbon

are accumulation with carbon-based fuels; metal sintering in these cermets remains to be

 [47:48.129,208,321]

investigate Chapter 4 demonstrated that carbon accumulation with CH,4
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fuel is suppressed in BaO infiltrated and Sn infiltrated Ni-YSZ anodes.™ In situ Raman
spectroscopy and electrochemical measurements of these SOFCs suggest a heterogeneous
distribution of carbon throughout the cermets where carbon accumulated in the
electrochemically active region of the anodes closest to the electrolyte.  The
spectroscopic and electrochemical data revealed that BaO promoted carbon oxidation and
was the more effective at mitigating carbon accumulation than Sn infiltrated anodes. In
addition to carbon formation processes, this study showed that carbon could be removed
from the anode via oxidation with H,O, CO,, or O, reforming agents. H,O was the most
efficient reforming agent at carbon removal with O, and CO, taking ~3 and ~6 times
longer, respectively.

Studies of carbon accumulation with syn-gas are needed since this fuel mixture
can be produced from a variety of fuel sources such as biomass, coal gasification,
methane reforming and exhaust from solid oxide electrolysis cells (operating with
COu/H,0  mixtures). 1% Thys  understanding carbon formation/oxidation
mechanisms with syn-gas mixtures is pertinent as syn-gas is one of the most accessible
and abundant fuels. Both the fuel source and fuel reforming parameters affect syn-gas
composition.  Chapters 2-3 focused on 50%CO:50%H, syn-gas mixtures and
demonstrated reduced carbon accumulation with higher operating temperatures and

polarization conditions.!*?"3?!

An interesting correlation between spectroscopic and
electrochemical measurements revealed that low level of carbon helped to stabilize cell
potential at all temperatures. Although several publications have proposed that carbon

could help improve connectivity, the results presented in this dissertation are, to the best
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of my knowledge, the first studies to show directly carbon growth, as evidenced in the in
operando Raman spectra, coinciding with a stabilization of the cell’s electrical output.

Collectively, the studies presented in this dissertation highlight the versatility of in
operando Raman spectroscopy to investigate the surface chemistry in high temperature
electrocatalysts and materials used for energy conversion. The spectroscopic and
electrochemical data obtained from these experiments provide valuable information that
directly identifies material and compositional changes with enhanced electrocatalytic
activity and overall SOFC performance. These results can be used to develop and refine
fabrication processes and develop operational protocols that will aid in the transition to

zero-emission energy production/generation.

Future Directions

Operation of SOFCs with Syn-gas Mixtures

Although excessive carbon accumulation is deleterious to Ni-YSZ, Chapters 2-3
have shown that low levels of carbon accumulation with a 50/50 CO/H; syn-gas mixture
can help improve connectivity in cermet anodes. This result brings up important
questions about how carbon accumulation is affected by syn-gas composition and
operational temperature. Future experiments would vary gas compositions such as
CO/H,, CO,/CO/H,, and CO,/CO/H,/H,0 with each at various temperatures. Subsequent
syn-gas experiments would be conducted with Sn or BaO infiltrated Ni-YSZ to evaluate

how well these anodes suppress carbon.
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ALT Ni-YSZ Studies

Currently, studies exploring the mechanisms responsible for the improved
performance and stability of ALT doped Ni-YSZ anodes have focused on ZrO,-TiO; and
Al,O3-Ni-YSZ systems. Future studies of the TiO,-Ni-YSZ system need to be conducted
in order to evaluate how Al,O3 and TiO, each affect Ni-YSZ and whether or not the
enhancement for the ALT doped anode is a synergistic effect. Additional studies would
include reduction/oxidation cycling the anodes as well as the syn-gas experiments

described above to see if carbon accumulation is suppressed in these cermets.
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APPENDIX A

SUPPORTING INFORNATION FOR CHAPTER 6
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Supporting Information

Al.1. SEM Image of Thin Film Electrode

Figure Al1.1. SEM image of broken cross-section of an electrochemical thin film model
cell, showing (from top to bottom) the sputtered Au layer, LSM thin film, CGO thin
film and YSZ electrolyte.

Al.2. Synthesis and Characterization of BazMn,0s

One material that was relatively poorly characterized in Raman spectroscopy
literature was BazMn,0g. Consequently, BazMn,0g was synthesized according to the
procedure described by Weller et al. for subsequent Raman characterization.”®! First,
stoichiometric amounts of BaCO3 (Sigma-Aldrich) and Mn,O3 (Sigma-Aldrich) were
mixed in ethanol for 6 h on a ball-mill. The mixture was then dried, transferred to a
crucible and heated to 900 °C under flowing air for 24 h. The sample was air-quenched
from 900 °C directly to room temperature. XRD measurements after the synthesis
showed a nearly pure phase of BazsMn,Og with only very minor phase impurities from

BaMnOz; and BaCO; (Fig. Al.2a).
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Figure Al.2a. XRD recorded on synthesized BazMn,Os.
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Figure Al.2b. Raman spectrum collected from the synthesized BazMn,Os.

The Raman spectrum of the synthesized BazMn,Og (Fig. A1.2b) has two dominant
vibrational modes at 301 cm™ and 771 cm™. The presence of these strong peaks, along
with the results from the XRD data (Fig. A1.3), indicates that BasMn,Og formed on the

BaO infiltrated LSM electrodes. Furthermore, the Raman spectrum of BazMn3;Og is
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similar to the Raman spectra of Sr3V,0g and BasV2Og reported in literature.*?®! Based on
these studies the 301 cm™ vibrational band can be ascribed to O-Mn-O bending while the

717 cm™ and 771 cm™ bands are assigned to Mn-O stretching.

Al.3. LSM-CGO Composite Electrode

The XRD data from the BaO infiltrated LSM-CGO composite electrode
(Fig. A1.3) shows that BazMn,Og was present in the electrode prior to in operando

Raman spectroscopy experiments and formed during the infiltration process.
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Figure A1.3. XRD recorded on porous LSM-CGO composite electrodes infiltrated with
BaO prior to Raman spectroscopy experiments.
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Al.4. Reproducibility between Porous
Composite Electrodes and Model Thin Film Electrodes

LSM thin film electrodes served as model electrodes to investigate how the
addition of BaO affects the electrocatalytic properties for O, reduction on LSM
electrodes. To verify that the chemical species observed on these model electrodes were
also present on porous electrodes used in typical applications, additional experiments
were performed on LSM-CGO composite electrodes both with and without BaO. In situ
Raman spectra collected on the plain and BaO infiltrated LSM-CGO porous composite
electrodes are shown in Figure Al.4. A spectrum recorded on the BaO containing LSM

thin film is included for comparison.
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Figure Al.4 Representative Raman spectra recorded at 500 °C in 10% O, flow on (a)
the LSM thin film electrode with BaO, (b) the porous LSM-CGO electrode infiltrated

with BaO and (c) the porous LSM-CGO composite electrode without infiltration. The
spectra are shifted on the Y-axis and re-scaled to facilitate comparisons.
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The vibrational modes at approximately 306 cm™ and 773 cm™ are distinct for both BaO
infiltrated samples and are assigned to BazMn,Og while the 1051 cm™ peak is assigned to
either MnO or BaCO5."%*®1 The strong peak at 450 cm™ corresponds to CGO and is
shifted to lower frequencies relative to the commonly reported 462 cm™ due to the
elevated operational temperature.*?" Minor peaks observed at 610 cm™ and 662 cm™ are
assigned to MnO, and Mn,O3, respectively.?2%23%41 - A \eak feature at 202 cm™ was
observed on the porous composite LSM electrode and is attributed to the lattice

vibrations in the LSM.E?

Al.5. Representative Chronoamperomentry Curve

An example of the chronoamperometry curves recorded on a cell with a BaO
infiltrated thin film LSM electrode is shown in Figure A1.5. The current density
approached an asymptotic limit of 1.7 mA/cm? after ~600 seconds under an applied

potential of -1 V.
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Figure A1.5 Representative chronoamperometry curve for BaO infiltrated LSM thin
film electrode at 500 °C in 10% O, with Ar polarized at -1 V.
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Al.6. In Operanddo Raman Spectrosopy at 300 °C
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Figure Al.6a. Raman spectra recorded on LSM thin film electrode with BaO
deposition at 300 °C in 10% O, before and during the onset of -1V applied potential.
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Figure A1.6b. Raman spectra recorded on LSM thin film electrode with BaO
deposition at 300 °C in 10% O, before and during a +1 V potential was applied to the
cell. The bottom spectrum was recorded with the cell polarized at -1 V prior to
switching the applied potential to +1 V.
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Figure Al.6¢c. Normalized change in peak intensity from Raman spectra collected on a
BaO infiltrated LSM thin film electrode at 300 °C with 10% O during -1V
polarization followed immediately by +1V polarization.
Relative peak intensities within a given spectrum showed consistent and
reproducible quantitative differences as a function of temperature (Fig. Al.6a—Al.6¢).
For example, the feature at 690 cm™ is more pronounced in Raman spectra recorded at

300°C compared to spectra recorded at 500 °C. These differences are likely due to

reduced line broadening and the better signal-to-noise ratios at the lower temperature.

Al.7. In Operanddo Raman Spectrosopy at 500 °C
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Figure A1.7. Normalized change in peak intensity from Raman spectra collected on a
BaO infiltrated LSM thin film electrode at 500 °C with 10% O, prior to, during and
after -1V polarization. During this experiment the 644 cm™ peak increased more rapidly
than the 773 cm’ ! peak increased immediately after applying the -1 V polarizations.
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