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Materials for energy storage have become increasingly important in the modern world as
alternatives to petrochemical energy sources. Although technology such as lithium-ion batteries
and solid oxide fuel cells are in commercial use, improvements must still be made to increase
widespread adoption. To this end, nanostructured materials have emerged as potentially
impactful solutions, as they can greatly improve the performance of the energy storage device.
One goal of this dissertation was to fabricate nanostructured materials through solution-based
processing, electrospinning, and controlled annealing for lithium-ion battery electrodes. This
project resulted in the formation of porous fibers from inexpensive, nontoxic materials that can
be used as high capacity electrodes. Another component of this dissertation was to deposit thin
film noble metals and metal oxides via sputtering for metal-air battery cathodes. The results from
these experiments indicate that nanostructured thin films could have improved catalytic activity
compared to polycrystalline bulk structures, and also were lower cost due to the decrease in
material used.

The other major portion of this dissertation was to study the fundamental behavior of
nanostructured materials for energy storage at a localized level using electrochemical strain



microscopy, a technique that is still in its infancy. The measured responses using electrochemical
strain microscopy tended to be difficult to interpret, as they contained many different chemical
and mechanical contributions. A series of experiments were devised to distinguish among the
different mechanisms, comparing differing responses from Vegard strain, ferroelectric behavior,
and electrostrictive effects. Given this framework, inhomogeneous lithium iron phosphate was
characterized using electrochemical strain microscopy. From these results, it was found that
nanocrystalline particles had higher lithium ion diffusivity as compared to microcrystalline
particles, which correlates with macroscopic electrochemical performance. Furthermore, this
technique could be applied to measure local lithium ion concentration in samples at different
states of charge. Electrochemical strain microscopy was also applied to study samarium doped
ceria, a solid oxide fuel cell electrolyte. In this case, the measured behavior was found to be due
to the motion of small polarons, supporting the space-charge model of mixed ionic and electronic
conductivity in nanostructured electrolytes. Electrochemical strain microscopy was found to be a
strong and versatile technique that can fundamentally characterize local behavior of ions,
vacancies, electrons, and holes in an energy storage material, and can guide future research in
this area.
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1 Introduction

1.1 Motivation

In this modern and highly power consuming world, the demand for energy storage
systems continues to increase. This demand requires energy storage solutions that can fulfill a
wide variety of different applications, ranging from small batteries in consumer electronics to
large systems for grid storage. For each of these applications, the current energy storage
technology leaves much to be desired. In consumer electronics, batteries are often seen as the
heaviest, costliest, and least environmentally-friendly component [1]. In order to reduce the
weight and volume of consumer devices, increasing the energy and power densities of batteries
is crucial. As renewable power sources become of more interest as petroleum prices increase, the
development of grid-level storage and regulation also becomes a priority. Here, the requirements
for energy storage focus more on price and long cycle lives rather than on density [2], allowing
for the possibility of low power systems [3, 4]. Energy storage solutions are also being sought for
electric and hybrid electric vehicles to alleviate the demand for fossil fuels in transportation and
reduce environmental pollution. For that application, the emphasis is on reliable batteries that
have high energy and power densities and long cycle lives [5, 6]. Although lithium-ion and
nickel-metal hydride batteries are used today in commercially sold vehicles, their performance
and cost, along with safety concerns, are considered significant limitations to wider adoption of

electric vehicles [7-9].



Energy storage systems are not only necessary on this world, but are also crucial for the
future of space exploration. Many functions on spacecraft and on the International Space Station
depend solely on electrical energy to power its lights, run life-support systems, energize its
computers, and conduct scientific studies [10]. Fuel cells based on hydrogen have been utilized
in a variety of space applications, particularly in space shuttles, and can be combined in the
future with solar cells to convert water to hydrogen and oxygen and back again to water to serve
as a safe and plentiful energy source. In recent years, thermoelectric devices have been used to
generate renewable energy for use in the Mars Rovers, but power generated by these elements
must be regulated and stored for long-term use. In space applications, batteries must not only
fulfill the terrestrial requirements of high energy density and long cycle life, but also must be
tolerant of temperatures ranging from -40°C to 40°C, and be resistant to radiation damage [11-
13]. Improvements in energy storage would increase the lifetimes of spacecraft and enable a

wider reach for space exploration.

In order to meet the goals for such a wide variety of applications, many different forms of
energy storage solutions have to be developed. These solutions require improving the current
state-of-the-art batteries and fuel cells and also developing thus far uncommercialized metal-air
systems. There is no expectation of a one size fits all solution to these diverse applications, but in
all of these technologies, the adoption of nanostructured material architectures has the potential
to transform the field [14]. Nanostructured materials, due to the greater influence of surface
effects, have unique mechanical and electrical properties not found in bulk [15]. For lithium-ion
batteries, nanostructured electrode materials allow for reactions that cannot occur in the bulk and

can accommodate lithium ion intercalation without mechanical degradation [16, 17]. In addition,



the distances that electrons and ions must travel decrease in nanostructured materials, leading to
faster transport rates, and thereby, potentially faster charging and discharging. Nanostructured
materials are also important as catalysts and electrolytes in fuel cells and metal-air batteries [15].
For many fuel cell and metal-air systems, platinum-based catalysts are used to facilitate the
oxygen reduction reaction. Dispersing nano-sized platinum or platinum alloy particles onto
nanostructured carbon can increase the catalytic activity while reducing the amount of expensive
elements used [18, 19]. In these systems, the electrolyte, a solid ion conductor, can also be
enhanced by turning toward nanostructured materials for its components [20]. The ionic
conductivity of nanostructured electrolytes can be markedly higher compared to their bulk
counterparts, due to changes in defect chemistry and conductivities at grain boundaries and

surfaces compared to that of the bulk [21, 22].

One of the early goals in this research project was to develop methods of fabricating
nanostructured materials for use in energy storage devices, for the reasons described above.
Chapter 2 and Chapter 6 in this dissertation will focus on those effects. However, the increased
use of nanostructured materials has led to another major research area: the characterization of
such materials and their behavior during electrochemical cycling. There are a multitude of
different methods to characterize and understand the behavior of these materials in energy
storage systems. Many researchers have examined the changes that occur on electrode materials
during and after electrochemical cycling, using techniques including scanning electron
microscopy [23-27], transmission electron microscopy [28-30], x-ray diffraction [31, 32], among
others. The method that forms the bulk of this dissertation is electrochemical strain microscopy,

a scanning probe microscope technique that seeks to examine at nanoscale the electrical and



mechanical interactions in materials for energy storage. Scanning probe techniques have been
applied extensively to examine changes in the surface morphology in lithium ion battery
electrodes, usually by measuring the surface topography during or after charge and discharge
processes [33-35]. Electrochemical strain microscopy is a relatively new technique in which a
combination of alternating current (AC) and direct current (DC) biases are applied onto a
material surface and the resulting strain changes are measured to correlate the motion of
electrons, holes, ions, and vacancies to the applied biases [36, 37]. As this technique was
developed only recently, there remain many unanswered questions relating to the underlying
mechanisms behind observed phenomena. In order to distinguish among different mechanisms, a
series of experimental protocols were designed, which are described in Chapter 3, which provide
a framework that can guide future research. Specific applications of electrochemical strain
microscopy on lithium iron phosphate as a cathode for lithium-ion batteries are discussed in

Chapter 4 and on samarium doped ceria as an electrolyte for solid oxide fuel cells in Chapter 5.

Nanostructured materials have become increasing more important in the field of energy
storage. The development of techniques to both manufacture and characterize these materials for
use in high efficiency energy storage materials remains a major topic of interest in the research
community. The final chapter in this dissertation will present some ideas of possible next steps in

this area.

1.2 Energy Storage Systems

1.2.1 Lithium-lon Batteries



Lithium-ion batteries have become the dominant energy storage technology due to their
high energy densities compared to other rechargeable battery systems [38]. Initially, lithium
rechargeable batteries were fabricated with an intercalation compound as the cathode and lithium
metal as the anode, taking advantage of lithium’s low density and electropositivity [39].
However, safety issues arising from the use of lithium metal inhibited this technology’s
feasibility for wide-spread use. The lithium-ion battery, in contrast, uses intercalation compounds
for both anode and cathode, with an inorganic electrolyte, avoiding the stripping and plating that
occurs when using lithium. A simplified schematic of a lithium-ion battery is depicted in Figure

1.1, showing the motion of ions and electrons during the charge and discharge processes.
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Figure 1.1: Schematic of lithium-ion battery

When Li-ion batteries are charged, lithium ions are released by the cathode, pass across the
electrolyte, usually through an ion-porous separator that prevents short-circuiting, and are

intercalated into the anode. During discharging, lithium ions undergo the reverse motion, moving



from the anode through the electrolyte and into the cathode. The electrochemical processes
occurring at the electrodes produce or consume electrons that flow through an external circuit.
Although the basic concepts underpinning lithium-ion batteries are straight-forward, the actual
processes involved are highly complicated, involving diffusion and electromigration of Li-ions in
the electrolyte, electrochemical reactions and charge transfers at the interfaces between
electrolyte and electrodes, and intercalation and extraction of Li-ions in electrodes. For example,
the successful use of graphite as the anode requires the formation of a solid electrolyte interface
that allows for kinetic stability in the system [40, 41], the study of which is a subfield of its own

within the lithium-ion battery community.

The current industrial standard for lithium ion batteries consists of a lithium metal oxide
such as lithium cobalt oxide as the cathode, graphite as the anode, and an organic electrolyte,
with the anode and cathode electrically separated by a polypropylene separator [42]. In order to
improve upon the current status quo, researchers have sought out alternatives to each component.
For the majority of electrolytes currently in use, lithium hexafluorophosphate (LiPFg) salt is
dissolved in a combination of ethylene carbonate (EC) and a linear carbonate such as dimethyl
carbonate (DMC), diethyl carbonate (DEC), or ethyl methyl carbonate (EMC) to increase the
fluidity and decrease the melting point [43]. However, this compound has its limitations in terms
of temperature and voltage range, and is vulnerable to decomposition which can lead to thermal
runaway. Researchers have focused on improving the current electrolyte compounds through the
use of additives [44], and turning toward aqueous electrolytes [45, 46], gel polymer electrolytes
[47, 48], or solid electrolytes [49, 50]. For the lithium-ion anode, technological improvements

have approached the theoretical energy density of graphite, and efforts have been underway to



develop materials with higher energy densities [51]. Some systems of interest are nanostructured
titanium dioxide (TiO,) [52], tin dioxide (SnO2) [53], and silicon [54], all of which have higher
theoretical capacities, but are limited in practical use due to cost, stability, and large volume
changes during cycling. On the cathode side, there is a multitude of alternatives to the layered
lithium cobalt oxide (LiCoO;), which has a relatively low theoretical capacity and can be
expensive due to the limited availability of cobalt [55]. Some alternatives include the spinel
structures lithium manganese oxide (LiMn,0O,) [56] and lithium nickel manganese oxide
(LiNipsMng50,) [57], vanadium oxides (V,0s) [58], and phospho-olivine structures such as
lithium iron phosphate (LiFePOy) [59]. It is this latter material, lithium iron phosphate, which
serves as the focus of the synthesis and characterization efforts in this project, due to its unique
olivine structure in which lithium ions move along one-dimensional channels [60]. The benefits

and limitations of this system will be discussed in further detail in Chapter 2.

1.2.2 Solid Oxide Fuel Cells

Fuel cells are storage devices that convert energy from fuel to electrical energy through
electrochemical processes. The focus in this work is solid oxide fuel cells (SOFCs), which are
named for their ceramic electrolyte, and typically operate at high temperatures [61]. They have
attracted significant attention in recent years due to their high efficiencies as well as low
emissions, and can serve as combination heating and power systems [62]. A schematic of a solid

oxide fuel cell is shown in Figure 1.2.
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Figure 1.2: Schematic of solid oxide fuel cell

In a solid oxide fuel cell, oxygen is supplied to the system on the cathode side, where it is
reduced to oxygen ions. The oxygen ions move through the ion-conducting electronically
insulating ceramic electrolyte, and combine with hydrogen, supplied on the anode side, to form
water. The reaction of hydrogen and oxygen ions also releases electrons, which flow through an

external circuit from anode to cathode. The half-cell reactions can be written as the following:
Anode: H, + 02~ - H,0 + 2e~
Cathode: %02 +2e” - 0%

On both the cathode and anode sides of the SOFC, conductive catalytic materials are required to
carry out the electrochemical reaction. Anode materials are required to be stable at high

operating temperatures in the reducing environment at the gas inlet, and not be oxidized at the



gas outlet. This limits the choice of materials to nickel, cobalt, and precious metals, with nickel
being the most commonly used due to its low cost [62]. The nickel anode is typically mixed with
the electrolyte material for the sake of thermal expansion compatibility [63]. In some cases, the
nickel/electrolyte composite is doped with metals such as copper or platinum to enhance
electronic conductivity, increase catalytic behavior, or to better accommodate the use of
hydrocarbon fuels [64, 65]. Cathode materials are typically conducting oxides such as the
perovskite-structured lanthanum strontium ferrite and lanthanum strontium cobaltite, also often
mixed with the electrolyte [66]. By mixing with the electrolyte, the material is not only more
compatible with the system in terms of thermal expansion, but also improves in efficiency due to

the increased surface area over which oxygen reduction can occur [67].

The focus in this project is on the solid electrolyte, particularly doped ceria. The solid
electrolyte in SOFCs must have good ionic conduction in order to minimize cell impedance, but
must also be electrically insulative to minimize leakage currents [68]. Furthermore, the
electrolyte must be completely nonporous in order to separate the oxygen and hydrogen fuels.
The most common electrolyte currently used is yttria-stabilized zirconia (YSZ), which is
particularly suitable for operation at high temperatures, at around 800 - 1000°C [69, 70].
However, YSZ ionic conductivity decreases exponentially with decreasing temperature, and is
subject to decreases in conductivity due to aging [71, 72]. A promising alternative to YSZ has
emerged in doped cerium oxide, or ceria, which can be used at lower temperatures between 500 -
700°C. Ceria is commonly doped with samarium or gadolinium to increase ionic conductivity,
typically at dopant concentrations of up to 20 -25%. In recent years, the efforts in solid oxide

fuel cell technology has turned toward decreasing the operating temperature to 500 — 750°C,



termed intermediate temperature (IT) SOFCs [73, 74]. As such, the emphasis on doped ceria has
become pronounced, particularly focusing on effects of grains in bulk ceria and their influence
on ion conduction. However, ceria also exhibits electronic conduction in certain conditions,
primarily at low oxygen partial pressures, and nanocrystalline ceria can exhibit this mixed
conduction even under oxidizing conditions [75]. The exact mechanism of the electronic
conduction is still under debate, and a focus of this project will be on examining the behavior of
ions and electrons at surfaces and grain boundaries in order to characterize the mixed conduction

behavior.

1.3 Electrochemical Strain Microscopy

The major focus in this dissertation research was to implement electrochemical strain
microscopy (ESM) to study nanoscale electrochemical properties of materials for energy storage
systems. ESM is a novel technique developed in the past few years by a group at Oak Ridge
National Laboratory, based initially on a similar, more well-established, method for probing
piezoelectric materials, titled piezoresponse force microscopy (PFM) [76-78]. The basis of both
techniques, and in strain-based scanning probe microscopy (SPM) in general, is the use of a
conductive scanning microscope tip to apply a series of alternating current (AC) and direct
current (DC) voltages to the surface of the material to be studied, inducing strain changes that
can be measured as vertical or lateral deflections of the cantilever. The motion of the SPM probe
is measured through a laser reflecting off of the cantilever and directed at a photodiode, capable
of detecting strains on the order of picometers. A simplified schematic for ESM is presented in

Figure 1.3.
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Figure 1.3: Schematic of electrochemical strain microscopy

Unlike the well-defined responses in ferroelectric materials measured through PFM, the
responses measured during ESM are complex and can be governed by many different underlying
material behaviors. The exact material behaviors that govern the measured strains are not yet
fully known, but experiments can be performed to distinguish among possible mechanisms, as

will be discussed in Chapter 3.

1.4 Dissertation Overview

This dissertation covers research performed over the past four years in both fabricating
and characterizing nanostructured materials for energy storage systems. Chapter 2 covers the
synthesis of nanostructured lithium iron phosphate fibers through electrospinning and multi-step
thermal treatment. Chapter 3 begins the electrochemical strain microscopy portion of the
dissertation by introducing some of the many techniques developed to distinguish among
different mechanisms behind observed strain behavior. Chapters 4 and 5 describe specific

applications of electrochemical strain microscopy on lithium iron phosphate (Chapter 4) and
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samarium doped ceria (Chapter 5). During the course of the past few years, a portion of time was
spent each year at the Jet Propulsion Laboratory, developing materials for metal-air batteries.
The research performed during those internships is described in Chapter 6. Finally, Chapter 7
will summarize the research covered in this dissertation and present some ideas for the next steps

in this area.
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2 Synthesis of LiFePO, Fibers through Electrospinning

2.1 Motivation

Although lithium-ion batteries have become the dominant energy storage solution in
many industries, including consumer electronics and automotive power, improvements in each of
these applications require even more performance and reliability from these batteries. In order to
increase capacity and cyclability, researchers have turned to nanostructured materials for
electrodes [79, 80], for many reasons. The rate of lithium ion intercalation and electron transport
can increase in nanostructured morphologies due to reduced distances [81] . Furthermore, as the
individual particle sizes are reduced within a material, the overall surface area is correspondingly
amplified, allowing for better contact with the electrolyte and increasing lithium-ion flux across
the electrode-electrolyte interface. Researchers have found that nanostructured systems that
include degrees of porosity also demonstrate increased capacity and longevity, due to porous
materials being able to accommodate substantial volume change during lithium-ion intercalation

and extraction without irreversible damage [82, 83].

The primary electrode system focused on here is lithium iron phosphate (LiFePO,) as a
cathode for lithium-ion batteries. LiFePO, is being developed as a competitive candidate to
replace the now commonly used LiCoO, due to its low toxicity, high thermal stability, abundant
sources, and its relatively lower costs [84, 85]. Its olivine structure allows for reversible insertion

and extraction of lithium ions, with a theoretical specific capacity of 170 mAh/g at a steady
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voltage of 3.45 V versus lithium [86]. The structure of LiFePOy, is shown in Figure 2.1(a), along

with a typical charge/discharge curve in Figure 2.1(b).
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Figure 2.1: (a) Crystalline structure of LiFePQO, [87] (b) Typical charge/discharge curve for LiFePO4 showing steady

voltage [88].

Within this olivine structure, insertion and extraction of lithium ions occur with the following

two-phase reaction: LiFeP0O, < FePO, + Li* + e~

Lithium ions can only travel through 1-D channels, along the b direction in the figure above. One
major drawback of LiFePO, as a cathode material is its poor electronic and ionic conductivity,
especially when the particles are large, since the channels can be more easily blocked by ionic
disorder, foreign phases, or stacking faults. For practical use, LiFePO, is often coated with
carbon or other conductive materials [89], most commonly by introducing a carbon source into
the synthesis procedure. Many kinds of carbonaceous organic compounds, including precursor
materials containing acetates, carbonates, and citrates, can be incorporated prior to annealing in a

reducing atmosphere, forming a homogeneous carbon coating on the final material [90].
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Due to the unique nature of LiFePO, and the method by which lithium ions travel in 1-D
channels, forming nanostructured materials is crucial to the performance of the electrode. The
primary methods of synthesis discussed in this work are solution-based electrospinning

techniques used in conjunction multi-step thermal treatment.

2.2 Principles of Electrospinning

Electrospinning is a convenient and versatile technique that has been developed to
process polymeric, ceramic, metallic, and composite nanofibers with diameters ranging from 10s
of nanometers to micrometers [91-93]. The setup for electrospinning consists of a spinneret with
a metallic needle, a syringe pump, a high-voltage power supply, and a grounded collector. A
viscous solution is loaded into the syringe and driven to the needle tip by a syringe pump,
forming a droplet at the tip. A high voltage is then applied to the needle, and the droplet is
stretched. If the viscosity of the solution is sufficiently high, an electrified liquid jet is formed.
The jet is then stretched and whipped continuously by electrostatic repulsion until it is deposited
on the grounded collector, resulting in nanofibers with uniform cross-section. However, if the
viscosity is low, which can be controlled by adjusting polymer concentration, then the droplet
cannot be stretched into a continuous nanofiber, and is broken into smaller droplets instead. A
schematic of this processing technique is shown in Figure 2.2(a), alongside a photograph of the

actual laboratory setup in Figure 2.2(b).
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(b)

Figure 2.2: (a) Schematic of electrospinning, with voltage applied between syringe needle and conductive collector, (b)

picture of actual electrospinning setup in laboratory

Initially, electrospinning was developed to fabricate polymer fibers, in which materials
such as polyethylene, polystyrene, and polyacrylonitrile are mixed with solvents to form viscous
solutions, and then electrospun into fibers of varying diameters and morphologies. Later,
electrospinning techniques were expanded to fabricating ceramic nanofibers by electrospinning
followed by annealing [94], particularly for applications in lithium-ion batteries [95, 96]. There
are many variables that affect the resulting fibers, both within the precursor solution as well as
during the electrospinning process [97]. The precursor solution properties that affect the resulting
electrospun fibers include surface tension, conductivity, and viscosity, while the applied voltage,
tip-to-collector distance, and solution flow-rate affect the fibers during electrospinning.
Furthermore, the electrospinning environment, such as temperature and humidity, also has an

effect on the final material.
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In this research project, electrospinning is used to form lithium iron phosphate, a highly
crystalline material that must be annealed to form the olivine structure. Furthermore, the polymer
component of the precursor solution must be selectively annealed so that a portion of it is

converted to carbon to increase conductivity [98].

2.3 Electrospinning Results

There were two main paths taken in this project, based on two different precursor
formulations. The first was based on an acetate solution, consisting of lithium acetate, iron (II)
acetate, and phosphoric acid, inspired by the work of Zhang’s group at North Carolina State
University [90]. The advantage of using this particular set of precursor ingredients is that the iron
ions present in the solution are already in the ferrous state, which is necessary for the formation
of lithium iron phosphate. As a result, the iron ions do not need to be further reduced during the
annealing process, but simply needs to be prevented from oxidizing. Zhang’s group dissolved
these precursor elements into polyacrylonitrile (PAN) and N,N-dimethylformamide (DMF) for
electrospinning. The goal of this research project was to use the same LiFePO, precursor
materials to form fibers through electrospinning, but to replace PAN with the much less
expensive polyvinylpyrrolidone (PVP), and replace the highly toxic DMF with a water/acetone

solution.

The second path described in this research project was to electrospin LiFePO,4 using a
nitrate-based set of precursor ingredients, consisting of lithium hydroxide, ferric nitrate, and

phosphoric acid, based on the work of Yanyi Liu in Cao’s group [99]. This set of precursor

17



ingredients uses iron ions in its ferric state, requiring iron to be reduced to its ferrous state during
the synthesis and annealing procedures. However, these materials are readily soluble in water at
relatively high molarities, which is beneficial when forming viscous precursor solutions for
electrospinning. The work of Yanyi Liu was geared toward forming thin films through drop-
casting, so her recipe was modified by adding PVP to increase viscosity for electrospinning and
removing ascorbic acid since PVP by itself was sufficient to reduce Fe’* to Fe?*. The goal for
this part of the research project was to determine if electrospinning in conjunction with a multi-

step thermal treatment process could form porous lithium iron phosphate fibers.

2.3.1 Acetate route of synthesis

This synthesis process began by mixing together lithium acetate, iron (II) acetate, and
phosphoric acid with a molar ratio of 1:1:1 with respect to Li:Fe:P, and adding water to form a
10 wt% solution. This particular mixture tends to be insoluble in water. To resolve this issue,
citric acid is added in order to raise the pH of the solution, which in turns aids solubility [100]. In
addition, the citric acid serves as a source of carbon in the final annealed material. Citric acid
was added at 2.3 wt%, and the entire solution was heated to 60°C for 30 minutes to aid
dissolution. Polyvinylpyrrolidone (PVP) was added to the solution at three different
concentrations: 8%, 9%, and 10%, by weight. All of the solutions were electrospun at a voltage
of 20 kV applied at a distance of 12 cm from electrospinning tip to collector. Scanning electron

microscope images of the electrospun fibers are presented in Figure 2.3.
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Figure 2.3: SEM images of electrospun fibers with three different concentrations of PVP added.

As Figure 2.3 shows, the fibers all had diameters between 50 — 70 nm, regardless of the
concentration of PVP. Higher concentrations of PVP, however, made the electrospinning
process more difficult because the solution had a tendency to coagulate at the tip of the syringe.
Therefore, subsequent thermal treatment processes were performed on the 8% PVP solution

only. A multi-step thermal treatment process was performed, based on a method developed to
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produce carbon nanofibers [98] from PVP. The effect of each thermal treatment step on the

morphology of the fibers is presented in Figure 2.4.

Figure 2.4: SEM images of LiFePO, fibers after being (a) electrospun, then (b) stabilized in air at 150°C for 24 hours, (c)

pre-oxidized in air at 360°C for 4 hours, and (d) annealed in flowing nitrogen at 600°C for 3 hours.

The fibers were first dried in air at 150°C for 24 hours, which serves to slowly allow all of the
solvents to evaporate and stabilize the fibrous morphology. The stabilization step does not alter

the fibers significantly, except to slightly decrease fiber diameter through solvent evaporation, as
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Figure 2.4(b) demonstrates. The stabilized fibers were heated in an oven in air at 360°C for 4
hours as a pre-oxidation step to preserve the fibrous structure prior to converting the PVP to
carbon during annealing. It appears that this pre-oxidation process begins to crystallize the
lithium iron phosphate structure, as Figure 2.4(c) depicts, but the material is still in its fibrous
structure. Finally, the sample was annealed in flowing nitrogen gas at 600°C for 3 hours to form
the olivine lithium iron phosphate. This final crystallization step destroys the fibrous structure,
leaving behind scattered small lithium iron phosphate crystals, as shown in Figure 2.4(d). The
main problem with this particular synthesis route is that the fibers are initially very thin in
diameter yet high in polymer concentration, and once crystallization begins, it is difficult to
maintain the fibrous structure. Attempts to increase the diameter of the fibers by increasing the
concentration lead to coagulation at the tip of the syringe, rendering electrospinning impossible.
Another common method to increase the diameter is to reduce the applied voltage between
syringe and collector, but this resulted in formation of particles rather than fibers for this
particular system. As a result, a different formulation for electrospinning lithium iron phosphate

fibers was pursued.

2.3.2 Nitrate route of synthesis

The second synthesis route discussed here is based on a synthesis method developed by
Liu et. al. [99] for synthesizing LiFePO, thin films by forming a dilute precursor solution and
then drop-casting. The electrospinning precursor solution took basic elements from her
formulation, beginning by mixing together phosphoric acid, iron (III) nitrate nonahydrate,

lithium hydroxide monohydrate, and ascorbic acid at a molar ratio of 1:1:1:1 for P:Fe:Li:ascorbic
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acid, and then added to water at a concentration of 1 mol/L. The 1 M solution was then heated on
a hot plate to 60°C, and held at that temperature for an hour in order to allow the ascorbic acid to
fully dissolve. Polyvinylpyrrolidone (PVP) was then added to the solution at 6.5 wt% after
mixing to increase viscosity and serve as an additional source of carbon. The resulting solution
was electrospun at 20 kV at a distance of 10 cm to the plate. Due to the conductivity of the
precursor solutions, particularly the nitrate, the electrospun fibers took on a cloudy consistency

between the electrospinning needle and the collection plate, as shown in the Figure 2.5(a).

Figure 2.5: (a) LiFePO, precursor solution during electrospinning process (b) Electrospun fibers with clumping evident

The cloudiness during the electrospinning process eventually leads to clumps forming in the final

material, as depicted in Figure 2.5(b).

Platinum-coated silicon substrates were used to collect small amounts of the electrospun
fibers, which were then annealed in nitrogen gas at 600°C for crystallization. Scanning electron

microscope images of the annealed fibers are shown in Figure 2.6.
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Figure 2.6: Scanning electron microscope images of annealed LiFePQ, at two different magnifications

As the figure shows, the fibers range in diameter from approximately 500 nm to 1 pm.
The fibers on Pt/Si were assembled into a battery half-cell using the three-electrode method, with
an Ag/Ag" electrode serving as reference, as pictured in Figure 2.7(a). The first charge and
discharge curves of this electrode are shown in Figure 2.7(b), below. Due to the very small
amount of fibers that adhered to the substrate, an accurate measurement of mass, and therefore

specific capacity, could not be made.
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Figure 2.7: (a) Three-electrode electrochemical cell, and (b) charge/discharge curve for LiFePQO, fibers

This synthesis route appeared to be promising, but had several major issues. In Figure 2.7(b),
there is a slight plateau at around -0.05 V vs. Ag/Ag+, which corresponds to the expected 3.45 V
vs. Li plateau expected from lithium iron phosphate. However, the overall capacity of this
sample is low, due in part to the large quantities of carbon present in the fibers. In addition,
because of the clumping of fibers during the electrospinning process, it is difficult to fabricate
larger quantities of fibers for electrochemical testing. For the first problem, an effort was made to
reformulate the precursor solution to reduce the amount of material that would convert to carbon
upon annealing. The original formulation utilized ascorbic acid as a reducing agent, but through
x-ray diffraction (XRD), it was found that citric acid or PVP by itself was sufficient to reduce
Fe* to Fe™ during the annealing process. Three solutions containing LiFePO, precursor

ingredients were created, and one of the reducing agents of citric acid, ascorbic acid, or PVP was
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added to each. The solution was dried and annealed in flowing nitrogen, and the resulting

powders were ground up for XRD, with the results plotted in Figure 2.8.
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Figure 2.8: X-ray diffraction data for lithium iron phosphate synthesized with citric acid, PVP, and ascorbic acid as

reducing agents. The red vertical lines correspond to expected LiFePO, olivine peaks.

All three sets of powders displayed the characteristic peaks of olivine LiFePQ,, indicating that
any of these reducing agents alone would be sufficient to reduce Fe’* to Fe**. Since the addition
of PVP is necessary to increase viscosity, for further experiments, only PVP was added to the

LiFePO, ingredients.
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The other major drawback of the nitrate synthesis route is the conductivity of the
electrospinning solution that creates the cloudiness present in Figure 2.5(a), making it difficult to
fabricate larger quantities of these fibers. To solve this problem, a modification to the
electrospinning set-up was made, using a rotating drum collector rather than a flat plate. The
schematic of the rotating drum is shown in Figure 2.9(a). The rotating drum manually forces the
fiber to coil around the collector, rather than being attracted to the electrospinning tip. An actual
rotating drum was designed and manufactured by Feiyue Ma, another member of the research

group, and a picture of this set-up is presented in Figure 2.9(b).

Figure 2.9: (a) Schematic of rotating drum fiber collector along with (b) picture of actual setup in laboratory.
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With the rotating drum set-up, larger quantities of lithium iron phosphate fibers could be
fabricated from the nitrate formulation. The precursor solution was similar to that previously
used, consisting of phosphoric acid, iron (III) nitrate nonahydrate, and lithium hydroxide
monohydrate at a molar ratio of 1:1:1 for P:Fe:Li dissolved in water at a 1 M concentration. The
solution was heated to approximately 50°C to aid dissolution, and PVP was added at 7 wt% for
electrospinning purposes. Higher concentrations of PVP were also attempted, but led to
coagulation at the tip of the syringe. Scanning electron microscope images of the electrospun

fibers is presented in Figure 2.10, showing fibers of diameters of approximately 500 nm to 1 um

in diameter, similar to that in the original formulation.

Figure 2.10: Scanning electron microscope images of electrospun lithium iron phosphate fibers at different magnifications

The same multi-step thermal treatment described previously was also applied to these
fibers, but here the influence of each thermal treatment step on fiber morphology is isolated and

examined. The final annealing step of 3 hours in flowing nitrogen at 600°C remained unaltered.
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The first thermal treatment step was to stabilize the fibers at 150°C for 24 hours. In Figure 2.11,
fibers that were directly annealed are compared against fibers that underwent the stabilization

step prior to annealing.

Figure 2.11: SEM images of electrospun LiFePO fibers (a) directly annealed in N, at 600°C for 3 hours, and (b) first

stabilized at 150°C for 24 hours and then annealed in N, at 600°C for 3 hours.

From the SEM images, there does not appear to be a significant effect in the morphology of the
fibers from the stabilization step by itself. The next thermal treatment step was a pre-oxidation at
360°C in air for four hours. However, when this particular thermal treatment step was applied to
the fibers followed by annealing, the resulting material was orange in color, indicating presence
of iron in its ferric state, most likely forming LisFe,(PO4);. When there is not enough PVP
present during the annealing step, the iron present tends to oxidize into its ferric state. The pre-
oxidation step was reduced in length until annealed fibers remained dark brown after annealing.
The difference in color between fibers pre-oxidized for 4 hours and fibers pre-oxidized for 30

minutes is shown in Figure 2.12.
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Figure 2.12: Fibers annealed in N, gas for 3 hours that have been first pre-oxidized for (a) 4 hours, and (b) 30 minutes

From this set of experiments, it was determined that the pre-oxidation step could not be more
than 30 minutes at 360°C. This pre-oxidation step appeared to have a significant effect on the

morphology of the electrospun fibers, making the fibers slightly porous, as shown in Figure 2.13.
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Figure 2.13: SEM images of LiFePO, fibers that have been (a) pre-oxidized at 360°C for 30 minutes, then annealed in N,
at 600°C for 3 hours, and (b) stabilized at 150°C for 24 hours, pre-oxidized at 360°C for 30 minutes, then annealed in N,

at 600°C for 3 hours.

Furthermore, fibers that were pre-oxidized without the stabilization step appeared to be slightly
more porous than fibers that were first stabilized before the pre-oxidation and annealing steps.
By using a pre-oxidation step, porous lithium iron phosphate fibers could be fabricated through

solution-based synthesis, electrospinning, and multi-step thermal treatment.

2.4 Summary

Electrospinning has proven to be a versatile technique in the fabrication of electrode
materials for lithium ion batteries. Up to this point, fabrication of lithium iron phosphate fibers
using electrospinning techniques have involved the use of PAN as the polymeric thickener,
which is fairly expensive, and NMP to dissolve the precursor ingredients, which is highly toxic.

Efforts were undertaken to replace PAN with PVP and NMP with water or acetone. An acetate
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based synthesis route was first attempted, with the formation of the precursor solution facilitated
by citric acid as an aid for dissolution. The electrospun fibers from this precursor formulation
were very thin in diameter, ranging from 50 — 70 nm. Due to the thinness of the electrospun
fibers, it was very difficult to maintain the fibrous structure during subsequent annealing
processes. Efforts to increase the initial diameter were unsuccessful due to coagulation at the
syringe tip when increasing polymer concentration and spraying of droplets rather than fibers

when decreasing applied voltage during electrospinning.

Lithium iron phosphate fibers with larger diameters could be formed after switching to a
nitrate formulation that was more easily dissolved in water. The nitrate formulation was too
conductive to electrospin using a plate collector, so a rotating disc collector had to be
manufactured for synthesizing larger quantities of fibers. These fibers were stabilized, pre-
oxidized, and annealed to form olivine lithium iron phosphate, and the effects of each thermal
treatment step on the morphology of the fibers was studied. The use of a pre-oxidation step
proved crucial to the formation of porous fibers. The fibers formed during this process appeared
to be promising for use as lithium ion battery cathodes. However, the electrospinning and
thermal treatment processes were extremely time-consuming, rendering this process inefficient
for large-scale manufacturing of lithium-ion battery electrodes. A method to mass-produce fibers
by electrospinning in conjunction with modifying the thermal treatment process would have to
be developed in order for this technique to be feasible for practical use. Due to these limitations,
electrochemical characterization of electrospun fibers for lithium-ion batteries was not

completed.
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3 Electrochemical Strain Microscopy: Distinguishing

Mechanisms

3.1 Motivation

The development of electrochemical strain microscopy in the past few years has
galvanized researchers into delving into the intricacies of bias-induced strain measurements
within scanning probe microscopy. The underlying premise of these measurements, applying a
series of alternating current (AC) and direct current (DC) electric fields to the surface of a
material of interest using a scanning probe microscope cantilever, was originally used to examine
ferroelectric materials as piezoresponse force microscopy [77, 78, 101]. In ferroelectric
materials, the strains induced through the application of AC biases were the result of the
piezoelectric effect, in which oscillating electric fields induce strain changes through motion of
cations and anions within an asymmetrical crystal lattice [102]. The characteristic property of
ferroelectric materials, the existence of spontaneous dipole moment that can be polarized, can be
observed using PFM by applying DC voltages and observing hysteretic reversals in phase and
butterfly-type loops in amplitude. A simplified schematic for the mechanism that governs PFM is

presented in Figure 3.1.
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Figure 3.1: Schematic of electromechanical coupling due to piezoelectric effect

In the past few years, a group of researchers at Oak Ridge National Lab developed
electrochemical strain microscopy to study lithium-ion battery electrodes [36, 103, 104]. This
technique was later applied to electrodes for fuel cells and metal-air batteries [105], and solid
electrolytes for lithium-ion [106] and solid oxide fuel cells [107]. However, as the range of
applications expanded, there arose many more questions about the nature of the measured
electrically-induced strain. The original explanation behind electrochemical strain microscopy
was that the observed strains were Vegard strains from concentration changes of lithium ions or
oxygen vacancies, as schematically described in Figure 3.2. However, this explanation appears

insufficient to cover all of the observed phenomena.
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Figure 3.2: Schematic of electromechanical coupling due to Vegard strain

A series of recent publications in particular motivated this particular project. Recent
studies have experimentally observed electromechanical coupling in glass [108] and silicon
[109], and additionally observed that both materials can exhibit hysteretic phase loops and
butterfly amplitude loops. Neither material is piezoelectric nor ferroelectric, yet their behavior
resemble the characteristics of classical ferroelectrics. At the same time, these materials also do
not follow the rules that would classify their behavior under Vegard strain. It is suggested that
their behavior is the result of electrostrictive behavior of the dipoles in the material, as

schematically described in Figure 3.3.

Figure 3.3: Schematic of electromechanical coupling due to electrostriction.

34



Recent research on samarium doped ceria, an electrolyte for solid oxide fuel cells [107],
attributed observed strains to Vegard strains due to the motion of oxygen vacancies. However, in
further experiments performed in this project, as described in more detail in Chapter 5, another
possible explanation arose, that of valence change being the underlying mechanism rather than
ionic motion. Due to these disputes within the research community, it became increasingly
necessary to develop a series of methods and experiments that can distinguish among different
possible mechanisms and answer the crucial questions that arise during strain-based scanning

probe microscopy.
3.2 Resonance Enhancement

Typical amplitudes of surface strain induced by an applied AC bias during ESM are on
the order of 10 pm or less, which although detectable, can be difficult to separate from the
inherent noise in the system. In order to magnify the response, the AC bias is applied at
frequencies close to the resonance frequency of the tip-sample interaction to enhance the
sensitivity, magnifying the responses by orders of magnitude. Analytically, the cantilever-sample
system can be regarded as a damped driven harmonic oscillator, with the amplitude (A) and

phase (¢) at a particular frequency (w) given by [110]

A((D) — Adrivew% (3.1)

J(@3-02)"+(wow/Q)?

— wWow
¢ =tan™’ (m) + Parive (3.2)
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where wy is resonant frequency and Q is the quality factor, and Ag. and @g. refer to the
intrinsic surface oscillation amplitude and phase. Close to the resonance frequency, the
amplitude and phase in the real system does, indeed, behave as governed by equations (3.1) and
(3.2), as depicted in Figure 3.4. The red and green dots in Figure 3.4 represent experimentally
measured amplitude and phase from the lock-in amplifier, and the black curves are fitted by
equations (3.1) and (3.2). By fitting such curves, the intrinsic, or drive, amplitude and phase can

be calculated for a specific location.
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Figure 3.4: Amplitude (red) and phase (green) as a function of frequency close to resonance

Such measurements of amplitude and phase as a function of frequency are time-consuming when
used in conjunction with lock-in amplifiers. However, the use of a single frequency when
mapping a region of a material is problematic, because the resonance frequency varies from
location to location. As an example, in Figure 3.5(a), a 2 um by 2 um ESM mapping of LiFePO4

is shown, with three locations selected. At each location, bias was applied over a sweep of
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frequencies, with the corresponding amplitudes plotted, as shown in Figure 3.5(b). The
resonance frequency can shift by as much as 20 kHz in this particular case, since the resonant

frequency is highly dependent on topography.
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Figure 3.5: (a) ESM scan of a 2 pm by 2 pm area of LiFePO4, with three locations marked (b) amplitude vs frequency

plots for the three marked locations.

There are two main methods by which mappings of amplitude and phase can be performed using
resonance enhancement to increase the signal-to-noise ratio. The first, by which Figure 3.5(a)
was generated, is termed dual amplitude resonance tracking, or DART, and was developed by
Rodriguez and group and licensed by Asylum Research [111, 112]. This method, as depicted
schematically in Figure 3.6, sums two excitation voltages with frequencies on either side of

resonance and sends this signal to the cantilever.
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Figure 3.6: Schematic of Dual AC Resonance Tracking method for ESM [111]

The resulting surface vibrations are sent to lock-in amplifiers referenced to the two frequencies,
and the amplitude and phase at each frequency is extracted. The difference between the two
amplitudes is used for feedback control. This allows the resonance frequency to be tracked as it
shifts during scanning. From the two amplitude and two phase values extracted, equations (3.1)
and (3.2) can be solved for the drive amplitude and phase, as well as quality factor and resonant

frequency [112]. This technique allows for fairly quick mappings of amplitude and phase while
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maintaining contact resonance. However, over rough surfaces, the resonance tracking can fail, in
the sense that the two frequencies applied are no longer on either side of the actual resonant
frequency. Furthermore, since the full shape of the response-frequency curve is not measured,

quantitative calculations of damping in the system are limited.

Another approach to tracking resonance frequency is to apply biases across a band of
frequencies that encompass all of the resonance frequencies over the region of interest, and then
extract the intrinsic amplitude and phase during post-processing. This technique is termed band
excitation, and was developed in Kalinin’s group at Oak Ridge National Lab [113, 114]. Figure

3.7 presents a schematic of this method.
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Figure 3.7: Schematic of band excitation, showing the process by which bias across a band of frequencies is applied to a

sample [114].
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As the schematic shows, from the lower right, a signal in the frequency domain, with a defined
amplitude and phase in a band around the resonant frequency, is inverse Fourier transformed into
a time signal and sent to the SPM cantilever. The measured response is Fourier transformed and
fitted with the driven damped harmonic oscillator model to obtain amplitude and phase in the
frequency domain. This technique allows for quantitative analysis of surface amplitude and
energy dissipation, essentially eliminating the issues that arise with topographic crosstalk.
However, since lock-in amplifiers are not used in this method, the signal-to-noise ratio is
inherently lower during operation of band excitation compared to single-frequency or dual-

frequency methods.

The ESM work presented in this dissertation will make use of all of the different methods
described here to measure the intrinsic amplitude and phase of the material of interest. These
methods include not only DART and BE, but also the measurement of amplitude and phase as a
function of frequency at single points over a grid, which is time consuming but can lead to

greater insights into the underlying mechanisms of the material.

3.3 Phase Determination

One of the major tools used in strain-based scanning probe microscopy is the application of AC
voltages to a conductive scanning probe microscope (SPM) probe in contact with a material that
demonstrates strain deformation due to the applied voltage. The oscillating strain deformation is
measured by the SPM probe through a laser spot reflecting off the probe cantilever and onto a

photodiode. This signal passes through a digital lock-in amplifier, from which amplitude and
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phase can be calculated [115]. The phase signal is of particular interest for PFM and ESM, as it
establishes whether the material of interest expands or contracts when subjected to bias. A

simplified schematic of the phase lag as defined in this context is presented in Figure 3.8.
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Figure 3.8: Schematic of phase lag between the input signal, which is the bias sent to the cantilever by the direct digital

synthesizer (DDS), and the output signal, as measured through a laser-photodiode system and sent to a lock-in amplifier.

However, the phase lag between the input voltage and the response is also influenced by
instrumental phase lags in the system. Furthermore, close to the cantilever-sample resonance
frequency, the phase undergoes a 180° reversal, since it behaves in accordance to a damped drive
harmonic oscillator model, as shown in Figure 3.4. The majority of experiments performed in
strain-based scanning probe microscopy take place at the cantilever-sample resonance frequency
to increase the signal to noise ratio, making the determination of phase during the course of
normal operating difficult. The determination of the true phase lag within the material requires
eliminating the contributions of these other factors, which is the object of this portion of the

research project.
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The first part of this project lies in establishing the instrumental phase lags in the system.
To measure the phase lag due to the lock-in calculation, the direct digital synthesizer (DDS) is
routed directly to the digital signal processor, and the phase difference can then be measured.
This phase lag is listed in Table 3.1 as the lock-in phase lag. Next, to include the external
circuitry, the DDS is routed to the high voltage amplifier, which sends the signal to the sample
holder containing the high voltage source, as pictured in Figure 3.9. During normal
measurements, this SPM probe would be connected to the high voltage source. However, for this
measurement, the high voltage source is routed to the digital signal processor, and the phase
difference is listed in Table 3.1 as the total instrument phase lag. This phase lag is higher than the
one contributed by the lock-in alone, indicating that the hardware plays a significant role in the

overall phase lag.

Figure 3.9: (a) High voltage source, with wire connecting out of it, and (b) Wire connecting high voltage source to BNC

Input 1 on controller.

The measured phases from both sets of experiments are dependent on the frequency of the input

signal. For both sets of experiments, an AC bias of 1 V was applied at the specified frequency.
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Frequency Lock-in Phase Lag Total Instrument Phase Lag
10 kHz 2° 2°

50 kHz 10° 13°

100 kHz 20° 27°

200 kHz 40° 60°

300 kHz 60° 90°

Table 3.1: Phase lag due to the lock-in calculation and overall phase lag, as a function of frequency

As the data indicates, the phase lag increases linearly with frequency, both in the lock-in
calculation as well as in the total instrument lag. This can be seen more clearly in a plot of the

phase lag versus frequency, as in Figure 3.10.
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Figure 3.10: Instrument and lock-in phase lags as a function of applied frequency, along with linear fits.
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This is a clear indication that there is a constant lag in the time domain from the lock-in
calculation and the hardware contribution, since phase is linearly related to frequency when a

constant time constant is provided, as equation (3.3) shows.

Ag = f - At-360° (3.3)

The measured instrument lag as described leaves out an important additional source of delay
inherent in the measurement system: the cantilever-laser-photodiode system. Since there is no
simple way to independently measure these lags, it became apparent that a calibration material
was needed. Thin-film ferroelectric materials were chosen, because they can be poled using DC
voltages to have regions of known polarization on the surface of the material. Two specific
systems were chosen: polyvinylidenefluoride-co-trifluoroethylene (PVDF-TrFE) and lead
zirconate titanate (PZT), both of which were synthesized through solution-based methods and
spin-coated onto platinum-coated silicon wafers and annealed [116, 117]. Regions of the thin
films were polarized in a square pattern using a conductive cantilever to apply large DC biases,
as shown schematically in Figure 3.11(a). For the PVDF-TrFE sample, +/- 40 V was applied to
polarize the region, while for the PZT sample, +/- 10 V was applied. The region was then
scanned using piezoresponse force microscopy to verify that two separate domains were formed,
as depicted as phase contrast images in Figure 3.11(b) for PVDF-TrFE and Figure 3.11(c) for
PZT. In the images presented, only the relative phase differences between the two regions are
significant, as the absolute value contains multiple components as previously described, and are

typically offset so that the measured response are between -90° and 270°.
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Figure 3.11: (a) Schematic of DC voltage application, with +/- 40 V for PVDF-TrFE and +/- 10 V for PZT, (b) phase

mapping of PVDF-TrFE after voltage application, and (c) phase mapping of PZT after voltage application.

As Figure 3.11(b) and (c) indicate, the DC biasing process created two separate domains with a
180° phase difference between the two. In order to determine the true inherent phase lag in the
material, phase was measured as a function of frequency at individual points in both domains for
both systems. Since phase scales linearly with frequency, it is beneficial to perform the
measurements at relatively low frequencies, far away from the cantilever-sample resonance

frequency. An example of the phase measurement at low frequencies is shown in Figure 3.12.

Phase (°)

Frequency (kHz)

Figure 3.12: Example of phase measurement away from resonance frequency
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Many more data points were collected than usual measurements of this type in order to capture a
more accurate data set. For a data set as presented in Figure 3.12, an average and standard
deviation of phase is calculated, and the results are displayed versus the center frequency in the
data set, in this particular case, 50 kHz. A major limitation of this particular experiment is that
the poled regions are only stable for a limited amount of time, thus only a few points for each
sample was measured for its inherent phase before the region must be again polarized. However,

this experiment has proven to be repeatable and thereby can be used to determine intrinsic phase.

The phase results for PVDF-TrFE are presented in Figure 3.13, showing the results for

four points, two in each domain.
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Figure 3.13: Phase lag as a function of frequency for PVDF-TrFE in positively and negatively poled domains.

Because PVDF-TTFE is a material with a negative piezoelectric coefficient [118], positively
poled regions are expected to have a 180° phase lag, while negatively poled regions are expected
to have a 0° phase lag. As Figure 3.13 indicates, the measured phase lag, even at low
frequencies, has additional contributions other than the inherent phase lag. Additionally, the
instrumental phase lag is plotted alongside the results for PVDF-TrFE. This measured instrument
lag includes phase lag from the lock-in calculation and some of the hardwire connections, but
does not include the laser spot - photodiode system. The additional phase lag seen in PVDF-
TrFE indicates that this laser spot — photodiode system may be a major contributing factor to the

additional lag.
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This experiment was repeated using PZT, which has a positive ferroelectric coefficient,
and should show intrinsic phase behavior the exact reverse of that in PVDF-TrFE. This particular
synthesized material was slightly less stable after poling compared to PVDEF-TrFE, so only one
point from each location was selected. As Figure 3.14 depicts, measurement of phase in
positively poled domains in PZT show phase values that are close to the expected 0°, but offset
by phase lag in the system, while the negatively poled domains in PZT show phase values close

to the expected 180°.
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Figure 3.14: Phase lag as a function of frequency for PZT in positively and negatively poled domains.
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This technique is valuable for determining whether the material is expanding or contracting with
a positive bias, but the phase determination is not precise enough to account for minor deviations

from pure expansion and contraction.

Another consideration during the study of phase lag is the influence of cantilever dynamics. For
much of the research associated with scanning probe microscopy, the cantilever bending
behavior at a single location, typically at the end of the cantilever, is monitored using a laser spot
— photodiode system. However, the overall cantilever vibrational shape during operation can
have a significant influence on the amplitude and phase measured. From Asylum Research’s
work on periodically poled lithium niobate [119, 120], it appears that long-range electrostatic
interactions and small changes in contact stiffness in the sample can alter the shape of the
cantilever from its theoretical behavior. These effects can occur even at frequencies below the
cantilever-sample resonance frequency, causing contrasts in measured phase based on the
position of the laser spot on the cantilever holder. Although the frequencies used in these
experiments tend to be well below the reversal frequencies measured by Asylum Research, it is
important to eliminate this possible source of phase lag. From their work, it appears that the
reversal in phase behavior occurs at much higher frequencies when the laser spot is away from
the end of the cantilever. The previous set of experiments were repeated with the laser spot
moved from its original position at the tip of the cantilever to a location close to half-way down
the length, as schematically depicted in Figure 3.15. If a phase reversal does occur, the phase
results from measurements taken with the laser at the shifted spot would be different than the

phase results taken with the laser at the end of the cantilever.
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Figure 3.15: Schematic depiction of laser spot position on SPM cantilever

The laser spots in Figure 3.15 are represented by large circular shapes due to the resolution of the
optical microscope, and are not representative of the actual laser spot. The Asylum Research
experiment was performed on a Cypher system with a much more powerful optical microscope
that can more precisely locate the laser spot on the cantilever. However, the parameters of this

experiment are sufficient to determine if there is a phase change when the laser spot is shifted.

With the laser spot adjusted to the new position halfway down the length of the SPM cantilever,
a series of phase measurements were performed in positively and negatively poled regions of
PVDE-TrFE, following the exact same procedure as with the previous set of experiments. The
results are plotted in Figure 3.16(a) along with a set of results taken with the original laser spot
location. Here, 80 kHz was used for the third frequency due to unexplained amplitude peaks at

100 kHz which may skew the data.

50



240 —

Ty ® Laser Position 1
3 ® Laser Position 2
5, 220 —
Q
=
3 200
@ N Position 2
E -
180 — Ty \L Posﬂ:;n 1
60 — >

m ® Laser Position 1
3 @® Laser Position 2
5 40—
3 T
& 20
=
o

0 o

| | | | | I
0 20 40 60 80 100
Frequency (kHz)

Figure 3.16: Phase lags in positively and negatively poled regions, using two different laser positions.

As Figure 3.16 depicts, the phase lags with the laser spot shifted are virtually identical to phase
lags from the original and more commonly used laser spot. This result indicates that the
experiments described in this section are not affected by a possible phase reversal, and can be
used definitely to calibrate materials for which the intrinsic material phase lag is unknown. One
such material, samarium doped ceria (SDC), was measured and compared to negatively poled

domains of PVDF-TrFE, which has an intrinsic material phase lag of 0°.
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Figure 3.17: Phase lag in samarium doped ceria, plotted with PVDF-TrFE for comparison.

As Figure 3.17 shows, the phase lag in SDC is very similar to the phase lag in negatively poled
domains of PVDF-TrFE, indicating that it also has a 0° phase lag, which means that it expands
under a positive bias. The implications of this result lead to a hypothesis regarding the
underlying mechanism of bias-induced strains observed during -electrochemical strain

microscopy experiments of samarium doped ceria, which are discussed in Chapter 5.

3.4 First and Second Harmonic Responses in Vertical and Lateral

Measurement Modes

For the most part, when discussing strain-based scanning probe microscopy experiments,
the assumption is that the measured strain changes are linearly related to the applied AC biases.

Essentially, the applied bias, when only an AC component is present, can be expressed as:

Viip = Vaccos(wt)
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The surface response contains not only a corresponding linear response, but also responses at

higher harmonics. The amplitude can be expressed as:

A = Ajcos(wt + 1) + AycosQwt + ¢,) + Az cos(3wt + @3) + -

During the normal operation of bias-induced strain microscopy experiments, the measured
amplitude is filtered through lock-in amplifiers, which use the frequency of the applied bias as a
reference [115], extracting out the first harmonic amplitude and phase. However, higher
harmonic responses can lead to greater insights to the nature of the material. For example,
electrostrictive, joule heating, and electrostatic effects are typically second harmonic responses
to applied voltage [67, 121, 122]. Recent research in this area has used the analysis of these
higher harmonic responses to study ferroelectric nanocapacitors [123, 124], in which the linear
response, corresponding to ferroelectricity, can be separated from the quadratic response,
corresponding to Joule heating effects arising from leakage currents. In this project, the
difference between first (linear) and second (quadratic) harmonic responses are applied to a
number of different materials with the goal of distinguishing among the different mechanisms

that are responsible for observed SPM strains.

In the research performed by Kalinin’s group at Oak Ridge National Laboratory, the
second harmonic response was measured through a technique termed half-harmonic band

excitation, a schematic of which is presented in Figure 3.18.
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Figure 3.18: Schematic of operational principle of (a) first-harmonic and (b) half-harmonic band excitation [124]

The principles of band excitation were covered in Chapter 1 of this dissertation, but essentially
the signal applied to the cantilever consists of a band of frequencies with a constant amplitude,
and the response is measured and fitted with the damped driven harmonic oscillator model to
obtain amplitude and phase values [114]. In the first harmonic operation, the input and output
signals lie in the same frequency range, close to the cantilever-sample resonance frequency. In
the half-harmonic band excitation method, the input signal is applied at half the resonance
frequency, while the output signal is monitored at the resonance frequency, thereby measuring
the quadratic response while still using the cantilever-sample resonance enhancement to increase

the signal-to-noise ratio.

In the AFM system used over the course of this research project, implementation of the band

excitation technique is not yet sufficient to perform the range of experiments necessary to
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characterize the materials of interest. The method used instead for most experiments was a dual
amplitude resonance tracking (DART) technique [112], which is also covered in more detail in
Chapter 1. This technique uses two frequencies, one on either side of the resonance frequency, to
track the resonance frequency as it shifts over the course of an experiment, utilizing lock-in
amplifiers for each frequency. The existence of these two lock-in amplifiers makes it possible for
the implementation of a half-harmonic technique to measure quadratic responses. During typical
operation, an AC voltage with a specific frequency is referenced to one lock-in, and the output
signal is sent to the same lock-in, amplifying the response at the input frequency. The frequency
of the AC voltage and the measured response can be swept over a series of values, typically
chosen to be close to the cantilever-sample resonance frequency. A typical amplitude versus
frequency curve generated through such an experiment is shown in Figure 3.19(a). In order to
measure the second harmonic signal, the response is sent instead to the second lock-in, which is
referenced to twice the input frequency. The input frequencies are chosen to be close to half of
the resonance frequency, so that the response signals are amplified by the cantilever-sample

resonance. This second harmonic response is shown in Figure 3.19(b).
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Figure 3.19: Amplitude versus frequency data as a result of biases applied at (a) the frequencies measured and (b) half the

value of the frequencies measured.

The measurements in Figure 3.19 were performed on lithium iron phosphate (LiFePO,), a
cathode material for lithium ion batteries. In this case, the quadratic response is most likely due
to quadratic terms within Vegard strain, and is smaller than the linear response. The difference
between quadratic and linear responses can be used to distinguish among different underlying

mechanisms that cause field-induced strain responses measured by the SPM.

Recent publications regarding piezoresponse force microscopy on silicon and glass have
demonstrated ferroelectric-like strain responses, even though neither material is ferroelectric
[108, 109]. However, particularly in soda-lime glass, the measured responses are most likely due
to electrostrictive behavior of the dielectric material and electrochemical behavior of the sodium
ions at the surface. The ferroelectric and electrostrictive responses can be distinguished by
examining the difference between linear and quadratic responses, since piezoelectric strain is
linearly related to applied field, while electromechanical strains from electrostriction are

quadratic to the applied field. This can be expressed as equation (3.4):

g (Ps+ xE)? = P2 + 2yP,E + x*E? 3.4)
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where P is the spontaneous polarization, and yE is the induced polarization. For a ferroelectric
material, the spontaneous polarization dominates, while for a dielectric material with no
spontaneous polarization, the induced polarization terms cause the resulting strain.
Correspondingly, for a ferroelectric material such as lead zirconate titanate (PZT), the linear
response should dominate, while for a material such as soda-lime glass, the quadratic response

should be strong. This behavior is observed experimentally in Figure 3.20.
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Figure 3.20: Linear and quadratic responses to applied bias for (a) PZT and (b) soda-lime glass

Furthermore, the difference between piezoelectric and electrostrictive responses can be further
distinguished by examining the lateral response to applied bias. Up to this point, all of the strain
measurements have been made in the vertical direction. However, there is also a lateral
component to piezoelectric response, since the domains can be aligned perpendicular to the
applied field. The lateral response can be measured as a twisting of the cantilever rather than the
bending observed in the vertical response. For dielectric, non-ferroelectric materials, there should
not be a significant lateral response, since induced polarization behavior is in the direction of
applied bias. Measurements of the linear and quadratic responses in lateral mode for PZT and

soda-lime glass are shown in Figure 3.21(a) and (b), respectively.
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Figure 3.21: Linear and quadratic responses in the lateral direction for (a) PZT and (b) soda-lime glass.

These results demonstrate that the comparison between linear and quadratic responses in vertical
and lateral modes can aid in distinguishing between piezoelectric and electrostrictive behavior.
However, the examination of second harmonic responses has its limitations with regard to
distinguishing among the many different possible mechanisms. For example, lithium iron
phosphate also shows strong quadratic responses in both vertical and lateral modes of
measurement, as shown in Figure 3.22, albeit with slightly higher linear response compared to

the quadratic.
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Figure 3.22: Linear and quadratic responses in LiFePQ, in (a) vertical and (b) lateral modes
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The quadratic response in LiFePO4 may be the result of a quadratic component to the Vegard
strain, but may also have contributions from electrostatic interactions as well. This area of study
is of increasing interest to the research community, and may possibly have greater implications

in the field of electrochemical strain microscopy.

3.5 Spectroscopic Measurement Techniques

Up to this point, the scanning probe microscopy techniques described have all focused on the
application of alternating current (AC) voltages to the sample of interest. The application of
direct current (DC) voltages can cause changes in the local state of the material, which can then
be detected by application of AC voltages and measurement of the resulting strain changes. For
example, the application of large DC biases can switch the local polarization in ferroelectric
materials and increase or decrease the local ion concentration in lithium ion electrodes. One
particular experiment, involving a triangular sweep of DC bias modulated by square wave
signals, is commonly applied to ferroelectric and electrochemical materials. This experiment has
been alternately described in publications as switching spectroscopy [125], dynamic ESM [105],
among others. For the sake of simplicity, here, the technique will be referred to by the more
general term voltage spectroscopy [36], although this is technically a misnomer since it does not
strictly involve the interaction between matter and radiated energy. A representation of the

waveform applied to the sample is shown in Figure 3.23.
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Figure 3.23: Schematic of triangle-square waveform

The triangle-square waveform shown in Figure 3.23 represents the series of DC biases that are
applied to the sample through a conductive cantilever. On top of these DC biases, AC biases are
applied to measure field-induced strain. When the DC bias is applied, the measured response is
dominated by electrostatic effects, which in large part cover up any other responses due to
piezoelectricity or Vegard strain. Therefore, the AC response is measured after each DC pulse, in
order to characterize the behavior of the material in response to DC stimuli. The amplitude and
phase as a response to the DC pulses, plotted in Figure 3.24 for three different classes of
materials, differ depending on the underlying mechanism that dominates electromechanical

behavior in the given material system.
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Figure 3.24: Voltage spectroscopy amplitude and phase for (a) PZT, (b) LiFePO,, and (c) soda-lime glass

For ferroelectric materials such as PZT, application of DC voltages past the coercive voltage
cause a switching of the polarization, resulting in characteristic butterfly loops in amplitude and
hysteresis loops in phase, as shown in Figure 3.24(a). For electrochemical materials such as
lithium iron phosphate, application of DC voltages simply manipulates the ionic concentration
and correspondingly the magnitude of its strain response, while leaving the phase unchanged, as
shown in Figure 3.24(b). Furthermore, its amplitude is anti-symmetric rather than symmetric
with respect to DC bias, which is consistent with the compositional dependence of nonpolar

Vegard strain. Figure 3.24(c) shows the amplitude and phase response for soda-lime glass,
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which, unexpectedly exhibits ferroelectric-like hysteresis and butterfly loops, even though it is
neither piezoelectric nor ferroelectric. The reversibility of the phase suggests that the strain
response in glass is dipolar in nature, and that the electromechanical coupling is related to
dipoles induced by ionic motion under external electric field, as proposed by Roger Proksch in a

recent publication [108].

In addition to the examination of second harmonic responses described previously,
electromechanical behavior arising from ferroelectricity and dipolar electrostriction can also be
distinguished by varying the parameters of voltage spectroscopy. The behavior of amplitude and
phase as the maximum DC bias applied is increased is different for ferroelectric materials such

as PZT compared to amorphous insulators such as glass, as shown in Figure 3.25.
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Figure 3.25: Voltage spectroscopy with varying maximum DC biases, showing (a) amplitude and (b) phase responses for

PZT, and (c) amplitude and (d) phase responses for soda-lime glass.
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For ferroelectric materials such as PZT, the phase hysteresis loop and amplitude butterfly loops
do open up as maximum DC voltages increases, up to its coercive voltage, and does not open up
further beyond that, as shown in Figure 3.25(a) and (b). For soda-lime glass, however, the
electrostrictive response does not show a defined coercive voltage. Higher electric fields induce
larger extents of ionic diffusion, and thus the hysteresis response opens up further with increased
maximum voltage, as shown in Figure 3.25(c) and (d). In essence, the glass possessed mixed

characteristics of both polar and electrochemical systems.

Another parameter that can be altered to differentiate among different mechanisms in
voltage spectroscopy is the overall period of the triangular sweep, that is, the total time shown in
the schematic in Figure 3.23, which is also the total time it takes to obtain data for a single
hysteresis or butterfly loop. For ferroelectric materials, intrinsic polarization is very fast, and
essentially time-independent within the parameters of this experiment. As a result, changing the
sweep time does not significantly alter the shape of the hysteresis or butterfly loops, as Figure

3.26(a) and (b) show.
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Figure 3.26: Voltage spectroscopy with varying loop times, showing (a) amplitude and (b) phase responses for PZT, and

(c) amplitude and (d) phase responses for soda-lime glass.

Since the strain response in glass is dipolar, it is limited by ionic transport, which is much slower
than the dynamics of intrinsic polarization. Therefore, decreasing the sweep time causes the
butterfly and hysteresis loops to collapse, as shown in Figure 3.26(c) and (d). The use of these
voltage spectroscopy techniques adds another method by which the many different mechanisms

observed in strain-based scanning probe microscopy can be distinguished.

3.6 Summary

The development of electrochemical strain microscopy and its application to a diverse
series of materials has opened up questions about the fundamental nature of the observed

behavior. Initial assumptions about measured strain changes being the result of the motion of
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ions and vacancies have been proved to be incomplete. This section describes a series of
experiments that can provide more clues as to the actual mechanisms occurring on the surface of
a given material during strain-based scanning probe microscopy measurements. Measurement of
the intrinsic phase behavior of the material indicates whether the surface is contracting or
expanding with applied bias. Another experiment described was to compare the first and second
harmonic responses to applied bias. Since linear and quadratic components arise from different
material behaviors, this information provides additional clues as to the underlying mechanisms at
play. Similarly, measurement of lateral responses is an indication of the presence of out-of-plane
response to an in-plane excitation, which can eliminate certain sources of signal, such as

electrostatic interactions.

Voltage spectroscopy techniques have been applied to great effect in ferroelectrics for
many years. However, the hysteretic behavior of non-ferroelectric materials such as soda-lime
glass and silicon has recently become a mystery. Through varying experimental parameters such
as the voltage sweep period and the maximum DC bias applied, significant differences between
ferroelectric and non-ferroelectric behavior can be illuminated. This technique can be used to
even greater effect if it can be combined with second-harmonic measurements, in order to
examine the behavior of mechanisms that respond as a function of the field squared. The
development of second-harmonic voltage spectroscopy requires customization of the AFM

software, and will be pursued in the near future.
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4 Electrochemical Strain Microscopy of LiFePO,

4.1 Motivation

Researchers in the field of energy storage have increasingly turned to nanostructured
materials to increase capacity and cyclability beyond the theoretical limit of bulk materials [16,
17, 126]. However, the exact mechanisms responsible for this enhancement are not yet fully
understood, and techniques to study lithium-ion batteries at nanoscale are crucial to furthering
the understanding of nanostructured systems. In the previous chapters, electrochemical strain
microscopy (ESM) was discussed as a promising technique that can directly study lithium ion
distribution and diffusion in electrode and electrolyte materials. The local strain changes detected
using this method is due to the oscillation of lithium ion concentration induced by a conductive
scanning probe microscope tip. ESM analysis of electrode materials makes it possible to
correlate local electrochemical activities of lithium ion electrodes at nanometer scale with
topographical morphology as well as macroscopic battery performance at device level, and thus
can help to pin down the mechanisms responsible for performance enhancements often observed

in nanostructured electrodes.

This technique is applied to study the properties of inhomogeneous lithium iron
phosphate (LiFePO,). LiFePOy,, due to its olivine structure, allows reversible intercalation and
extraction of lithium ions through one-dimensional channels. For larger particles, however,
capacity becomes limited when the channels become blocked by Li/Fe disorder or stacking faults

[60]. Furthermore, it has been proposed that lithium ion insertion occurs as a two-phase reaction,
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which limits electronic and ionic conductivity, particularly when the particles are large [127,
128]. Electrochemical strain microscopy can be used to directly compare lithium ion motion on
lithium iron phosphate particles of varying sizes, and is applied here on an inhomogeneous
lithium iron phosphate system. The first set of experiments was performed using an Asylum
MFP-3D atomic force microscope, using the dual amplitude resonance tracking (DART)
technique. Later, a series of experiments were performed at Oak Ridge National Laboratory as
part of a user proposal, using band excitation to study LiFePO, electrodes. In conjunction with
these experiments, a collaborator, Chihou Lei, developed an analytical model for ESM on
lithium-ion electrodes. Using values calculated from his model, experimental data could be
quantitatively fitted in order to estimate the diffusivity of lithium ions at the surface of LiFePO,.
These results suggest that ESM can be applied to quantitatively determine fundamental

properties of lithium ion electrodes at nanoscale.

4.2 Fabrication of LiFePO, samples

The samples of LiFePO, used in the first set of experiments were fabricated by Yanyi Liu
from Professor Guozhong Cao’s sol-gel group in Materials Science, with a synthesis procedure
modified from previously published work [99]. The precursor solutions were prepared by
combining lithium hydroxide monohydrate, ferric nitrate, phosphoric acid, and L-ascorbic acid
C¢HgOg with a molar ratio of Li:Fe:P:ascorbic acid of 1:1:1:1. The ingredients were added to
deionized water at a concentration of 1 mol/L and heated at 60°C for 1 hour on a hot plate to
fully dissolve the ascorbic acid. After allowing the solution to cool, a small amount was further

diluted to 0.01 mol/L. The undiluted solution was ground up for x-ray diffraction in order to
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confirm the crystal structure of the synthesized material. The results of the x-ray diffraction
experiment are shown in Figure 4.1, with the red lines indicating standard peaks for the olivine

lithium iron phosphate.
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Figure 4.1: X-ray diffraction of concentrated lithium iron phosphate powder

The solution that had been diluted to 0.01 M was used to fabricate electrodes by drop-casting 50
pL onto Ti-foil. Films were annealed at 600°C for 3 hours in N; gas. The resulting lithium iron
phosphate material was imaged using scanning electron microscopy (SEM), as shown in Figure

4.2.
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Figure 4.2: Scanning electron microscope images of lithium iron phosphate, with a larger area shown in (a), and smaller

areas highlighted and shown as (b) and (c).

As the SEM images illustrate, the resulting film is inhomogeneous, with areas that show very
crystalline morphology with particles on the order of 500 nm — 1 um, as shown in Figure 4.2(b)

and areas that show evidence of much smaller particles, as shown in Figure 4.2(c).

One of the prepared samples was directly used in electrochemical strain microscopy
experiments, after attaching the foil to a thin stainless steel disk using epoxy. The edges of the Ti
foil were coated with silver paint to ensure a conductive path between the steel disk and the
sample. Figure 4.3 shows photographs of the lithium iron phosphate electrode during the

preparation process for electrochemical strain microscopy.

Figure 4.3: Lithium iron phosphate sample (a) after annealing, (b) adhered to a steel disk, (c) coated with silver paint.
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Two other samples were prepared and assembled into electrochemical test cells using a lithium
metal foil as anode, Celguard 2400 microporous film as separator, and electrolyte composed of 1
M LiPFg dissolved in a mixture of ethylene carbonate and dimethyl carbonate at a volume ratio
of 1:1. One of the samples was charged to a potential of 4.2 V vs. lithium metal, while the other
sample was charged to 4.2 V and then discharged to 2.0 V; both the charging and discharging

processes were carried out at a rate of 1 C. The charge/discharge curves are shown in Figure 4.4.
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Figure 4.4: Charge and discharge curve for lithium iron phosphate

Additional samples were prepared for the band excitation studies at Oak Ridge National
Lab. The synthesis procedure was identical to the one described above, except that they were
fabricated by the author of this dissertation. The substrates used were thin pieces of titanium
metal (99.7% pure, 0.25 mm thick, Sigma Aldrich). Scanning electron microscope images of the
thin films are presented in Figure 4.5, also showing different morphologies in different regions of

the sample.
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Figure 4.5: SEM images of LiFePO, thin films on titanium substrates. Both images were taken from the sample sample,

but in different regions.

One sample was kept for ESM testing as an as-processed sample, while two other samples were
assembled into coin cell batteries with lithium metal as the anode. One of these samples was
charged before being disassembled from the coin cell, and the other one was charged and
discharged prior to disassembly. The charge and discharge curves for the tested LiFePO4 samples

are presented in Figure 4.6.
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Figure 4.6: Charge and discharge curves for LiFePO, on titanium substrates

There was a major problem with the samples prepared for band excitation experiments. The
electrodes were assembled into coin-cell type batteries that were not very stable at the charged
and discharged states indicated in Figure 4.6. As a result, by the time the electrodes were
disassembled from the coin-cell batteries, the potential of the cell had shifted from its fully
charged or fully discharged states. Therefore, it is difficult to conclusively evaluate the lithiation

state of the electrodes tested.

4.3 Electrochemical strain microscopy with DART

As was previously described, the LiFePO4 samples studied were inhomogeneous in terms
of morphology, which make them convenient samples due to the presence of particles of
different sizes in a single specimen under otherwise identical conditions. This allows for the

ability to correlate local lithium ion motion with morphology and macroscopic battery

72



performance. Figure 4.7 shows contact-mode atomic force microscopy images of the two

different types of morphologies.
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Figure 4.7: Contact mode atomic force microscopy of LiFePQ,4 sample showing two different morphologies

Electrochemical strain microscopy was performed on both types of morphologies, which from
here on will be referred to as microcrystalline for the regions with micron-sized particles and
nanocrystalline for regions with nanosized particles. For all of the experiments, ESM was
performed using the dual amplitude resonance tracking (DART) technique, described in more
detail in Chapter 3. The data presented was calculated from the experimentally collected data
using a damped driven harmonic oscillator model. Figure 4.8 is an example of the data collected

from ESM overlaid on topography.
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Figure 4.8: (a) Amplitude overlaid on topography, (b) quality factor overlaid on topography (c) resonance frequency

overlaid on topography

Figure 4.8(a) shows the drive amplitude overlaid on the topography, while Figure 4.8(b) shows
the quality factor, a measure of energy losses in the system, and Figure 4.8 (c) shows the

resonant frequency, which is primarily a function of the topography.

In order to understand the electrochemical implications of the ESM response, the
transport of lithium ions in electrodes is examined with more detail. While the dynamics and
kinetics of lithium ion intercalation and extraction in LiFePO, is very complicated and not yet

well understood, for small perturbations under SPM induced electric field, the assumption is
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made that the redistribution of lithium ion concentration n is governed by diffusion driven by

concentration gradient and electro-migration driven by electric field gradient [129],

an DzFn
=V (Dn) + V- (2" Ve) @.1)

Here, the first term is the diffusion contribution, with D representing the diffusion coefficient,
and the second term is the electro-migration contribution. Under equilibrium conditions before
SPM probing, both contributions are balanced with no evolution of lithium ion concentration.
Since the AC bias is applied with relatively high frequencies in the range of 300 kHz, which is
much shorter than typical diffusion time scales, the redistribution of lithium ion concentration is
solely due to electro-migration, and such small perturbations do not change the overall lithium

ion concentration distribution. Thus, equation (4.1) can be simplified as

b F
7 =MD Ve @2)

It is thereby evident that changes in lithium ion concentration induced by the SPM tip are
proportional to the local equilibrium concentration ny as well as to the diffusion coefficient D.
Since this change is directly proportional to molar volume change and thus the ESM response
probed, it can be concluded that ESM amplitude also correlates with the local concentration as

well as the diffusion coefficient of Li-ion.
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Figure 4.9: Relaxation characteristics of ESM responses of LiFePQj, at different stages of processing and testing, where
the left axis indicates the ESM response and the right axis indicates the applied voltage; (a) as processed; (b) charged;,
and (c) discharged.

In order to verify this analysis, a sequence of DC step voltages are applied through the
SPM tip to the as-processed, charged, and discharged LiFePO, films and the corresponding ESM
responses are measured, as shown in Figure 4.9. Initially, the ESM amplitude is measured in the
absence of applied DC voltage to establish a baseline response. A positive DC voltage of 10 V is
then applied for 5 seconds, reduced to and maintained at zero for 10 seconds, followed by the
application of a negative bias of -10 V for 5 seconds, and then reduced back to zero. The
response is dominated by electrostatic interactions when DC voltage is on, which leads to
ultrahigh amplitudes. Therefore, only the relaxation of ESM response after the DC voltage is
reduced to zero is examined. In the as-processed sample, a large drop in ESM response is
observed immediately after the removal of the positive DC voltage, which then gradually
increases back to the ground level before application of the negative DC voltage, as shown in
Figure 4.9(a). On the other hand, after the removal of a negative DC voltage, a large increase in

ESM amplitude is observed, which then gradually decreases to the ground state. The different
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relaxation characteristics under different DC polarities can be explained from the presented
interpretation of ESM responses — a positive DC voltage by SPM tip reduces the lithium ion
concentration underneath the SPM tip, resulting in a smaller response than in the ground state,
while a negative DC voltage increases the lithium ion concentration underneath the SPM tip,
resulting in a larger ESM response. The relaxation of ESM response to its initial state after
removal of either positive or negative bias corresponds to the relaxation of lithium ion
concentration to the equilibrium distribution. Such interpretation is further confirmed by
relaxation characteristics observed for the charged electrode in Figure 4.9(b), where the
responses are very close to ground state regardless of applied DC biases, and little relaxation is
observed after removal of either positive or negative voltage, due to the lack of lithium ions in
the charged cathode. For the discharged cathode, the trend of relaxation is similar to the as-

processed sample, though the variation in ESM magnitude is smaller.

The relaxation characteristics after removal of DC voltages confirm that the ESM
response correlates with the local concentration and diffusivity of lithium ions, which allows for
the examination of differences in lithium ion intercalation and extraction in LiFePO, materials at
different states of charge. Due to the inhomogeneous morphology of the material, differences in
ESM amplitude can be seen between the microcrystalline and nanocrystalline structures, as

depicted in Figure 4.10.
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Figure 4.10: Comparison of ESM amplitude mappings of LiFePO, samples showing microcrystalline and nanocrystalline
regions at different stages of processing and testing, with the averaged amplitude identified in each mapping.

The top row maps the microcrystalline area in the as-processed, charged, and discharged
states, and the bottom row maps the nanocrystalline areas correspondingly. Again, the
differences among as-processed, charged, and discharged samples are evident, confirming that
the responses correlate with Li-ion concentration. Even more importantly, more notable
differences between micro- and nano- crystalline areas are observed. In the as-processed sample,
the averaged ESM response in the nanocrystalline area is more than twice the response of the
microcrystalline area, suggesting that lithium ions in the former area have much higher

diffusivity. After charging, the averaged amplitude drops substantially in both areas due to
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extraction of lithium ions, though the nanocrystalline area still shows approximately 20% higher
averaged response, again due to its higher diffusivity. In the discharged state, substantially higher
ESM response of more than 70% is observed in the nanocrystalline area, which is attributed to
both higher Li-ion intercalation and diffusivity. The correlation between nanoscale ESM
response and local crystalline morphologies is evident, which may help the understanding of
enhanced performance in lithium ion batteries with nanocrystalline LiFePO, electrodes. Indeed,
it has recently been demonstrated that LiFePO, films annealed at 600°C on Pt-coated Si show
nanocrystalline morphology and exhibit a superior initial energy capacity of 312 mAh/g, while
LiFePO, film annealed at 800°C shows microcrystalline morphology, and possesses a relatively
low capacity of 120 mAh/g [99]. These local ESM studies thus correlates well with such contrast
in macroscopic battery performances and may help understand the mechanisms responsible for

performance enhancement in nanocrystalline LiFePO,.

To this end, the mappings of quality factor are also examined, which are inversely
proportional to energy dissipation associated with lithium ion redistribution and thus reflects the
energy barrier for lithium ion intercalation and extraction. While the total energy dissipation at
each point is directly correlated with the quality factor, the energy dissipation per unit lithium ion
redistribution is more significant and can be analyzed by normalizing the total dissipation with
respect to ESM magnitude, which is directly proportional to redistributed lithium ion
concentration. Although the quantity primarily of interest is dissipation originating from ionic
motion, it is pointed out that the mechanical dissipation is also included in the data that cannot be
separated from ionic effects for the time being. Furthermore, we have ignored the effects of noise

background. The mappings of such energy dissipation per unit lithium ion redistribution for
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micro- and nano-crystalline LiFePO, under different states are shown in Figure 4.11, and the

contrast between the micro- and nano-crystalline LiFePOy, is evident.

The nanocrystalline region shows substantially smaller energy dissipation compared with
the microcrystalline one in as-processed and discharged samples, suggesting much smaller
energy barriers for lithium ion intercalation and extraction in nanocrystalline LiFePOy. This
difference may be due to the one-dimensional ion transport channel in LiFePO,, for which clear
crystalline facets as seen in microcrystalline region might not be desirable when they are
misaligned with the transport channel. Indeed, it appears from 3D topography that the dissipation
is rather uniform within one facet, yet varying from facet to facet in microcrystalline region in
the as-processed state. On the other hand, for nanocrystalline region without clear crystalline

facet, the dissipation is rather uniform, especially in the as-processed state.
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Figure 4.11: Comparison of ESM dissipation mappings, normalized by the calculated amplitude

4.4 Band Excitation Imaging of LiFePO,

Electrochemical strain microscopy experiments on LiFePO, using the DART method to
track resonance frequency resulted in strong correlations among morphology, lithium-ion
concentration changes, and electrochemical behavior. However, because the samples of LiFePO4
used were very rough in morphology, questions have arisen regarding the tracking capabilities of
the DART method, and how successful it truly was in creating maps of lithium ion concentration
changes. The band excitation method, in which the voltage applied to the cantilever consists of a

signal encompassing a band of frequencies, was applied to inhomogeneous LiFePO4 samples in
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as-processed, charged, and discharged states. A schematic of the experiment and an example of

the resulting data collected at each point is presented in Figure 4.12.
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Figure 4.12: (a) Schematic of signal sent to cantilever in frequency domain, (b) schematic of response signal, in frequency

domain, (c) actual collected amplitude at a point, fitted using the damped drive harmonic oscillator model.

For band excitation experiments, the amplitude and quality factor information is calculated
during post-processing. Therefore, the algorithm by which these values are calculated is
important to the overall results. Because of the roughness of the sample, a large frequency
bandwidth had to be used to capture all relevant data, typically chosen to be 100 kHz. When the
data point had a clear resonance peak, as shown in Figure 4.13(c), the intrinsic amplitude and
quality factor could be calculated based on the driven damped harmonic oscillator model

described by equations (3.1) and (3.2). However, many data points did not exhibit a resonance
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peak, an example of which is presented in Figure 4.13(b). When initially analyzing the collected
data, this type of data would give a false value for intrinsic amplitude. Therefore, an algorithm
was developed to separate out points where there was a peak, as in Figure 4.13(a) from points

where the signal was predominantly noise, as in Figure 4.13(b).
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Figure 4.13: Examples of BE data, with (a) signal with fitted SHO, and (b) point where there was no response
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The algorithm determined a baseline value for the noise signal, and then calculated if
there existed a peak that stood apart from the noise. When there was no such peak, the algorithm
would return a “NaN”, or “not a number” value, and would display as white in the color schemes
used for amplitude and quality factor. Using this filtering algorithm, ESM maps of the three
LiFePO4 samples in the as-processed, charged, and discharged states were compared, as

presented in Figure 4.14.
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Figure 4.14: Comparison of band excitation results from as-processed, charged, and discharged LiFePO, samples
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In contrast to the DART experiments on lithium iron phosphate at different states of charge,
shown in Figure 4.10, the results from BE do not appear to show significant differences in ESM
amplitude or quality factor. This is most likely due to the coin-cell testing set-up, in which the
lithium ions tended to be unstable at the fully charged or discharged states. Furthermore, this
may not be completely representative, as many of the mappings resulted in points where there is
little signal, as shown by the many white patches in the discharged amplitude and quality factor

images.

The other major experiment performed at Oak Ridge National Laboratory using band
excitation was to study the differences between the linear and quadratic responses to applied
bias. The first and second harmonic responses were measured in the same location, and the

resulting amplitudes and quality factors are presented in Figure 4.15.
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Figure 4.15: Comparison between first and second harmonic responses to applied signal

For lithium-ion battery electrodes, the responses observed in ESM are attributed to Vegard
strain, which are predominantly linear with applied bias. There is a strong quadratic response
observed here as well, indicating either that there is a 2" harmonic component to Vegard strain,
or that electrostrictive or electrostatic effects may play a role. This is an important area of study
that deserves further investigation; especially with other lithium ion battery electrode materials

such as the more commonly used lithium cobalt oxide.

Although the band excitation experiments did not indicate clear differentials based on
lithium ion state of charge, they help to confirm the observations obtained using DART,

particularly at the grain boundaries.
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4.5 Summary

Electrochemical strain microscopy (ESM) was used to probe lithium ion concentration
changes in inhomogeneous LiFePO, cathodes with nanometer resolution, using two different
resonance tracking techniques. Using the dual amplitude resonance tracking (DART) technique,
which relies on error tracking of the amplitude signal, clear correlations were observed between
nanoscale lithium ion electrochemical activity, local crystalline morphology, and macroscopic
battery level performance. Not only have the local lithium ion concentration and diffusivity been
probed, but also the energy dissipation during lithium ion transport been mapped. It was
discovered that nanocrystalline LiFePO, exhibits higher lithium ion diffusivity and lower energy
dissipation than microcrystalline LiFePO,4, which explains its higher capacity often observed at
macroscopic battery level. The DART technique resulted in high signal-to-noise ratios during
measurements, but loses some of the detail in amplitude and phase vs frequency curves. The
band excitation (BE) technique captures more of the cantilever dynamics in play during ESM,
but has lower signal-to-noise ratios. Due to the low signals and high roughness present on
LiFePO, thin films, this resulted in many measured points have no discernable signal separate
from the inherent noise in the system. Band excitation was also used to examine the differences
between linear and quadratic responses of this material to applied bias, which showed strong
quadratic signals, but that were lower than the linear signal. The underlying cause of the
quadratic response is still undetermined, and may be due to second harmonic components of the
Vegard strain, or due to electrostrictive or electrostatic effects. This study thus can help

understand lithium ion intercalation and extraction at nanoscale, particular their dependence on
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crystalline morphologies and defects, and can help develop electrode materials for lithium ion

batteries with enhanced performance.
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5 Electrochemical strain microscopy of doped ceria as an

electrolyte for solid oxide fuel cells

5.1 Motivation

Solid oxide fuel cells are receiving increasing amounts of attention from the research
community and energy developers at large, as power generators in stationary, portable, and
transportation applications. Not only do they convert chemical fuel to electrical energy with high
efficiency, but also produce much lower emissions of carbon dioxide and hydrocarbons
compared to petrochemical sources. Solid oxide fuel cells are defined by their electrolyte,
consisting of a metal oxide oxygen ion conductor, and typically operate at high temperatures,
between 800 — 1000°C [62]. However, as progress in efficiency and longevity increases, the high
operating temperatures are proving to be a major limitation [130], as it requires special materials
for housing and interconnects. A new field arose with the goal of reducing the operating
temperature to 500 - 700°C, termed intermediate-temperature solid oxide fuel cells. To realize
this technology, alterations would have to be made in all components. Here, the focus is on the
electrolyte, which must continue to be ionically conductive at lower temperatures. Doped ceria
has been found to have high ionic conductivities at lower temperatures, as compared to the
commonly used yttria-stabilized zirconia (YSZ), and also exhibits lower polarization resistances
[131-133]. However, doped ceria can also have the disadvantage of being electronically
conductive under reducing conditions [134, 135], and nanostructured ceria can be electronically

conductive even under oxidizing conditions [136]. The degree to which ceria behaves as a mixed
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conductor is dependent on its doping level, temperature, and oxygen activity [131]. The exact
basis of this mixed conduction is still not completely understood, with initial explanations
attributing increased electronic conductivities being due to finite size effects or dopant
segregation in the bulk of the material [137]. However, recent research have shown that a strong
case can be made for conductivity increases arising from space-charge effects near grain

boundaries, as schematically depicted in Figure 5.1.

Figure 5.1: Schematic of space charge model, with the blue areas indicating grains, and the circles indicating charges

In this model, positively charged species, impurities, and/or defects move to the grain boundaries
in order to decrease the overall energy in the system [138]. To maintain neutrality, the opposite
charge to that of the interfacial core will accumulate in the adjoining grains, forming a space-
charge region. The compensating charge is composed of small polarons, that is, electrons and
their associated lattice distortions. The size of the space charge region is directly related to the

Debye screening length [138],
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Ly = (quc,, (5.1)

where C}, is the concentration of the bulk majority carrier. Depending on material properties, the
Debye length can be on the order of 50 - 100 nm. As grain sizes in doped ceria approach the
Debye length, the space charge effect dominates, leading to electronic conduction in
nanostructured doped ceria at even low temperatures. It is important to emphasize that this is at
this point only a model. The purpose of this project is to examine the space-charge model using
electrochemical strain microscopy (ESM), a novel technique that has never been applied to this
particular system. Although the system to be studied is not nanocrystalline in nature, ESM is
applied locally at the grain boundaries and at the surface, focusing on areas where the space-

charge region holds sway.
5.2 ESM Experimental Setup

A sample of samarium doped ceria (CepsSmy,0,5) was obtained from Professor Adler’s
laboratory, which was processed as described in Lu’s thesis [139]. The SDC electrolyte was
sintered at 1625-1650°C to form flat electrolyte plates. Scanning electron microscope images of
the resulting surface morphology is shown in Figure 5.2(a), and shows evidence of clear grain

boundaries.
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Figure 5.2: (a) SEM image of samarium-doped ceria (b) EDS analysis of composition

The SEM image in Figure 5.2(a) was taken after first sputtering gold particles onto the surface of
the electrolyte in order to form a conductive path for imaging purposes. Energy dispersive
spectroscopy (EDS) was performed on this sample as well, with the results shown in Figure

5.2(b), indicating that the approximate concentration of samarium in the specimen was 20%.

The sample was mounted onto a piece of gold-coated silicon wafer using conductive
silver paint. The gold-coated wafer was then placed onto the PolyHeater™ unit from Asylum
Research, which has the capability to heat up to 300°C. A photograph of the sample and the

PolyHeater unit are shown in Figure 5.3.
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Figure 5.3: Photograph of heater with sample and substrate mounted

Metal clips are used to hold the wafer and sample in place; the metal clip also serves to connect
the gold-coated wafer to an external ground, completing the electrical circuit once the SPM tip is
applied to the sample. For all of the varying temperature experiments, the PolyHeater is heated to
the desired temperature at a rate of 5°C/min. Increasing temperature also causes the SPM
cantilever, which is composed of silicon coated with titanium and iridium, to expand. Due to this
expansion, at least 30 minutes was allowed to elapse before beginning any experiments to ensure

that the entire system was at the steady state temperature.

5.3 Proposed Mechanism for ESM of SDC

Previous research into electrochemical strain microscopy on samarium doped ceria by
Kumar and colleagues attributed observed strain responses to chemical strains caused by local
changes in oxygen vacancy concentration upon reduction/oxidation of the bulk material near the
scanning probe microscope tip [107, 140]. However, this explanation appears unlikely due to

chemical expansion due to oxygen vacancies being too small in magnitude at the low
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temperatures studied. It is more likely that the strains induced by AC biases arise from changes
in small polaron concentration in the space charge region near the surface of the material and at
grain boundaries. The determination on whether the material behaves expansively or
contractively with positive bias can serve to distinguish the mechanism by which the observed
strains are generated. This is done by measuring the intrinsic phase of the material, as described
in more detail in Chapter 3. Because the intrinsic phase of the material is difficult to separate out
from cantilever dynamics and system phase lags, ferroelectric thin films were used as calibration
materials, with which SDC could be compared to. Figure 5.4(a) depicts the locations at which the
phase measurements were made, and Figure 5.4(b) shows the results from the phase

measurements as compared to ferroelectric materials.
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Figure 5.4: (a) AFM topography image showing where on the SDC sample the phase measurements were made, (b) phase

measurements as a function of frequency compared against negatively poled regions of PVDF-TrFE and PZT
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The intrinsic phase of SDC was measured at locations on the bulk grain and at grain boundaries
in order to determine if the governing mechanism is different in these regions. The measured
phases are compared to negatively poled regions of PZT and PVDF-TrFE, and found to be
similar to negatively poled PVDF-TrFE, which is known to behave expansively with applied
positive bias. The results are consistent between locations on the grain and at the grain boundary,
indicating that the same governing mechanism exists in both regions. The intrinsic phase lag was
also measured as a function of temperature, as displayed in Figure 5.5, with all measurements

taken at a 50 kHz frequency.
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Figure 5.5: Phase measurement as a function of temperature on samarium doped ceria at locations on the grain and at the

grain boundary

These results show that the intrinsic phase is not affected by temperature, implying that the

governing mechanism is consistent on the bulk grain and at grain boundaries up to 200°C.

Based on these results, it was hypothesized that the measured responses were due to

concentration changes of small polarons in the space charge region. In particular, the strain
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responses are due to the lattice distortions attributed to the valence change of cerium ions. This
effect has been studied as a part of chemical expansion, as described by equation (5.2), in

Kroger-Vink notation.

2Ce%, + 0% © V +10, + 2Cep, (5.2)

From the work of Marrocchelli and colleagues, it was determined that the expansivity arises
from the valence change of cerium atoms rather than the formation of oxygen vacancies, which
actually have a contractive effect [141]. This model of chemical expansion assumes
electroneutrality, which is true in the bulk of doped ceria. However, in space charge regions,
there is not necessarily such an assumption. Furthermore, it is unlikely that oxygen vacancies are
sufficiently mobile at the low temperatures and high frequencies present in ESM experiments. As
a result, the measured ESM responses are attributed to the valence change of ceria that
accompanies the motion of electrons at the surface and at grain boundaries, as described by

equation (5.3).

ce't + e o cet (5.3)

The experimentally measured strain results induced by AC biases can be interpreted using this
model, as concentration changes of small polarons. This can be schematically illustrated as in

Figure 5.6.
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Figure 5.6: Schematic of proposed mechanism for ESM on doped ceria, showing (a) an accumulation of positive charge at

the surface, compensated by small polarons within a diffuse space charge region in the bulk, (b) further accentuation of
this effect at grain boundaries due to positive charge accumulation in the grain boundary core. Under (c) positive locally
applied bias, the small polaron concentration increases, causing expansion at the surface, while under (d) negative locally

applied bias, the small polaron concentration decreases, causing local contraction [142].

The interpretation of ESM responses in the rest of this section is based on the model presented.

5.4 ESM Mapping of SDC at increasing temperatures

One goal for this study was to examine the surface strain amplitudes of SDC as a function
of temperature. In order to quantitatively determine the amplitude, a set of mapping experiments

were performed at increasing temperatures. To maintain consistency, an effort was made to
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perform the electrochemical strain microscopy (ESM) experiments over the same topographical
area. Due to expansion of the cantilever, the location of the cantilever probe on the sample
changes each time the temperature is altered. In order to perform ESM over the same area at
different temperatures, a 50 um x 50 um area was first scanned using tapping mode atomic force
microscopy, which, due to intermittent contact between tip and sample, results in less wear on
the probe, and allows for scans over larger areas without significantly dulling the probe. Once a
specific feature is isolated, ESM is then performed on the smaller area. An example of ESM
mapping of a5 um by 5 um area is depicted in Figure 5.7, using an applied bias of 3 V.

Degrees
60

40

Figure 5.7: ESM mapping of (a) topography, (b) amplitude, (c) phase, (d) quality factor, and (e) resonant frequency at
room temperature. The amplitude, phase, quality factor, and resonant frequency were calculated from a damped drive

harmonic oscillator model from mappings obtained using DART.
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Here, as in previous experiments with LiFePQOy, all of the ESM scans are performed in dual
amplitude resonance tracking (DART) mode, with the final properties calculated using the
damped driven harmonic resonator model. As Figure 5.7 depicts, the values for amplitude,
quality factor, and phase are fairly constant over the grains, but deviate significantly along the
grain boundaries. The increased amplitude at grain boundaries is due to the higher concentration
of small polarons accumulating at the space charge region. This effect becomes more

pronounced at increased temperatures, as seen in Figure 5.8.

Figure 5.8: ESM amplitude and quality factors of SDC at varying temperatures.

The amplitude increases with increasing temperature, as small polarons become increasingly
mobile at higher temperatures. At each temperature, the response is higher at the grain
boundaries, as the concentration of small polarons is higher. The dissipation, a measure of

energy losses in the system, decreases with increasing temperature, indicating that the barrier to
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motion decreases. For each temperature, the amplitude and dissipation values were averaged

over the area scanned, and the results are collected in Figure 5.9.
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Figure 5.9: Averaged amplitudes and quality factors at each temperature

The increase in amplitude and quality factor with temperature is close to linear, indicating a
direct correlation between the temperature of the specimen and the strain changes induced by
applied bias. From the averaged amplitude data, the activation energy can be estimated, by fitting

the natural log of the amplitude versus the temperature, as shown in Figure 5.10.
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Figure 5.10: Arrhenius plot of average strain amplitude vs. temperature, with a slope of ~0.20 eV

The estimated activation energy is approximately 0.20 eV, which is smaller than the activation
energy of small polaron mobility, 0.4 eV [143]. This result further supports the hypothesis of

small polaron mobility being the driving mechanism of observed ESM strain changes.

5.5 Relaxation studies of SDC at increasing temperatures

The results described thus far took place at very small time scales, with biases and strains
measured close to 300 kHz. At longer timescales, however, polarization on the surface may have
an effect on less mobile defects. The first set of experiments focused on applying a series of
direct current (DC) biases and examining the amplitude response after the DC voltage was
removed. During the experiment, a 3 V AC bias was continually applied on top of the DC bias in

order to measure the amplitude response, as schematically described in Figure 5.11.
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Time

Figure 5.11: Schematic of experiment with AC biases overlaid onto DC pulses.

While the DC pulses are applied to the sample, the amplitude response is dominated by
electrostatic effects, which lead to artificially high amplitudes. As a result, only the amplitude
response in the DC off state is examined, which serves to study the relaxation behavior of the
SDC sample to applied biases. Both positive and negative biases are applied to the sample.
Figure 5.12 depicts relaxation studies at room temperature, 100°C, and 200°C, showing the
results of applying a series of increasing positive pulses and a series of increasingly negative

pulses.
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Figure 5.12: Relaxation behavior at varying temperatures, as a function of applied DC bias

Here, the primary conclusion is that increasing the applied DC bias does not appear to
significantly alter the shape of the relaxation curve. Therefore, for further studies, it was
determined that a pulse of £10 V is sufficient to study relaxation behavior. From these results, it
is also apparent that the shape of the relaxation curve changes with temperature. However, this
change with temperature is not a consistently observed behavior. The behavior can depend on the
location upon which the measurement was taken, as described in Figure 5.13, showing differing
relaxation behavior upon the application of a positive DC bias based on whether the experiment

was performed on the bulk grain or at a grain boundary.
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Figure 5.13: Relaxation behavior of SDC at 100°C with (a) AFM topography image showing locations on surface at which
measurements were taken, (b) relaxation after positive DC bias on bulk grain, and (c) relaxation after positive DC bias on

grain boundary.

These results indicate that there could be a different mechanism at play on the bulk grain versus
the grain boundary. Furthermore, at the grain boundary, it appears that there could be multiple
relaxation phenomenon observed, one indicating an increase of ESM signal immediately after
removal of the DC bias, which gives way to another indicating suppression of ESM signal. The
relaxation behavior can also be dependent on the environmental conditions of the laboratory. In

Figure 5.14, the relaxation response to a positive DC bias is plotted for a “typical” day in the lab,
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as shown in Figure 5.14(a), is compared to the relaxation response for an exceptionally hot and

humid day in the lab, as shown in Figure 5.14(b).
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Figure 5.14: (a) Relaxation response on a “typical” day in the lab, and (b) relaxation response on an exceptionally hot and

humid day, both sets measured without added heating.

Both sets of data in Figure 5.14 were collected without the use of the heating element, and can be
considered as measured at “room temperature”, even though the exact room temperature
conditions are different. On a typical day, the room was at approximately 24°C - 25°C, while on
the “exceptionally hot and humid” day, the room was at approximately 27°C - 28°C. The
humidity of the room was not measured, and can only be described qualitatively. The relaxation
behavior on a typical day showed a suppression of ESM signal after the application of a positive
DC bias, while on a hot day, there appeared to be some reversal of this signal even without

heating.
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Even when using the heating element for relaxation experiments, the results were
inconsistent, and could be dependent on the amount of time between the onset of heating and the
measurement. Figure 5.15 shows the difference in relaxation behavior at 65°C for a sample 30

minutes after the onset of heating and 5 hours after the onset of heating.
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Figure 5.15: Relaxation behavior after the application of a 10 V DC bias at 65°C (a) 30 minutes after onset of heating and

(b) 5 hours after onset of heating

Although the results are similar, it appears that the increase in ESM signal is more pronounced

after a longer heating time, and in at least one case, showed opposite behavior.

Because of all of these discrepancies, it is difficult to determine the exact mechanism that
governs ESM behavior after application of DC biases. One possible explanation is that sustained

positive bias slowly drives oxygen vacancies out of the diffuse space charge region, leading to a
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decrease in the concentration of small polarons, and thus decreases the ESM signal intensity for
some time period until the system relaxes back to equilibrium. This explains only the behavior at
room temperature. Another, more likely, possibility is that sustained DC bias causes shifts in the
concentration of charged defects or adsorbates on the surface. This explanation is more probable
because the relaxation behavior changes depending on location, environmental conditions, and
time after onset of heating, all of which can alter the surface properties of the sample. In order to
fully characterize the relaxation behavior in this material, some of these variables would have to

be controlled for by fully controlling the environmental conditions of the experiment.

5.6 Summary

Electrochemical strain microscopy (ESM) has shown to be a valuable tool in examining
ion and electron defect dynamics at nanoscale. In this chapter, ESM was applied to samarium
doped ceria, in which the strain induced by AC biases was determined to be caused by changes
in the small polaron concentration, that is electrons and associated lattice shifts. This theory
stands in direct opposition to previous research asserting that oxygen vacancy motion was the
cause. Through phase analysis, it was determined that doped ceria undergoes expansion with
positive bias, which correlates with small polaron rather than oxygen vacancy mobility.
Mappings of the surface of samarium doped ceria (SDC) found that the amplitude of strain
response was higher at grain boundaries, where the concentration of small polarons is also
higher, and that the amplitude increases with increased temperature, as the mobility increases
with temperature. The application of large DC biases to the surface caused shifts in the

concentration of small polarons, which over time, relaxed back to its initial state. The direction
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and degree to which the small polaron concentration was altered depended on the location of the
experiment on bulk grain or at grain boundaries, environmental conditions, and how long the
sample was heated for at higher temperatures. Because of the inconsistencies of the results, it is
most likely that the relaxation responses are due to shifting of surface adsorbates and defects.
This area warrants further study, controlling for the different variables separately in order to
isolate the relevant mechanism at each condition. ESM may provide a way to investigate local
displacement in defect concentrations, revealing more clearly why and how electrode reactions

proceed at nanometer length scales.
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6 Deposition and Characterization of Cathode Catalysts for

Metal-Air Batteries

This section describes research performed at the Jet Propulsion Laboratory over the course of
summers 2012, 2013, and 2014, under the supervision of Dr. Andrew Kindler in the

electrochemistry group, Section 3463.

6.1 Motivation

Metal-air batteries can be thought of as hybrids between batteries and fuel cells,
consisting of metallic negative electrodes and air catalysts as positive electrodes [144]. Metal-air
batteries were first developed early in the previous century, and were investigated with great
interest in the 1960s and 1970s as energy storage solutions for a wide variety of applications
[145]. However, problems with material corrosion and other technical issues led to a drop-off in
interest, and the development of lithium-ion and nickel metal-hydride batteries quickly replaced
metal-air technology for most applications. However, modern demands of grid storage and
electric vehicles are demanding performance beyond the current battery technology. As such,
metal-air batteries have received increasing attention in the past decade due to their high
theoretical energy densities [146, 147]. Metal-air batteries use oxygen from the air as one of the
reactants in the cell, eliminating the weight of the positive electrode that a conventional battery
would contain, similar in operation to a fuel cell cathode. The anode can be considered a
consumable fuel, as in aluminum-air batteries, or a rechargeable electrode comparable to those in

secondary batteries, as in iron-air batteries. Both electrodes, along with the selection of a
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compatible electrolyte and design of the overall cell, are the subject of increased attention by the
research community, as improvements in each element are necessary for the more wide-spread

adoption of metal-air technology.

This chapter covers the work undertaken over the course of three internships at the Jet
Propulsion Laboratory, in which the area of emphasis was on electrically rechargeable metal-air
batteries, particularly iron-air batteries for grid storage and metal-hydride air batteries for electric
vehicles. Both systems operate in alkaline solutions, and share common requirements for the air
cathode. Iron-air batteries have been under consideration for grid storage, since the requirements
in that application focus more on price and long cycle lives rather than on density and power [2-
4]. Thus far, sodium-sulfur and redox flow batteries have been the most commonly deployed for
grid storage, but recent analysis suggest that aggressive cost reductions would have to be made
for long-term implementation [148]. Iron-air batteries can serve as a viable alternative, due to

their low cost, abundant material supply, and environmental-friendliness [149].

For electric vehicle applications, alkaline rechargeable batteries have an important
advantage over the currently dominant lithium-ion technology, because these aqueous systems
are less flammable and therefore do not require stringent thermal regulation systems, which add
weight to overall battery packs. Metal-hydride air batteries arise out of nickel-metal hydride
systems, which are still in use in some electric vehicles. Metal-hydride air batteries seek to
replace the nickel electrode, which weighs approximately the same amount as the metal-hydride
electrode but has only two-thirds of its capacity [150]. Previous development of metal-air

batteries have involved the use of different electrodes for charging and discharging, which
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reduces the overall capacity of the system [151]. The development of a bifunctional catalytic
material can make this technology more feasible for practical use, since its overall capacity

would be higher than its competitors.

Both metal-hydride air and iron-air batteries require truly bifunctional air catalysts to be
considered electrically rechargeable. The reactions at the air cathode, when isolated, can be
considered identical for both systems. During discharge of the battery, oxygen is reduced to

hydroxide ions, while during charging, hydroxide ions are oxidized to evolve oxygen.

Charge: 40H™ - 0, + 2H,0 + 4e™ 6.1)

Discharge: 0, +2H,0 + 4e~ - 40H™ 6.2)

The search for an air catalyst that can accomplish both oxygen reduction and oxygen evolution
reactions for many cycles without degradation is crucial to the wide-spread feasibility of metal-
air batteries. A number of different catalysts have been considered, predominantly noble metal
catalysts such platinum and platinum alloys, and transition metal alloys such as perovskites and
spinels [152, 153]. Oxygen reduction can occur via direct electron reduction, as described in
equation (6.2), or can go through a pathway involving peroxide [154], when then reduces into
hydroxide ions. The direct electron reduction process most commonly occurs on noble metal
catalysts, while the peroxide pathway often occurs in transition metal oxides.. These transition
metal oxides, which are considered low-cost alternatives, are typically mixed with high surface-
area carbon to enhance conductivity [155, 156], and require carbon to support the catalytic

reduction to hydroperoxide [157]. Carbon, however, is unstable at high potentials, and is subject
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to oxidation and subsequent degradation during the oxygen evolution reaction [158]. Therefore,
to use transition metal oxides as bifunctional catalysts, carbon has to be eliminated from the
electrode. One of the goals of this work was to characterize carbon-less nickel cobalt oxide
spinels as a low-cost bifunctional catalyst. The other goal was to examine if thin coatings of
noble metals could be used as bifunctional catalyst, gaining the advantage of these materials,

while reducing the overall cost.

6.2 Catalyst Fabrication

The majority of the catalysts tested were prepared by sputtering. Sputtering is a thin film
deposition technique that uses energetic ions, in this case argon ions, to bombard atoms or
molecules from a target containing the source material and deposit them on a substrate [159].
Reactive gases can also be introduced during the sputtering chamber to form compound films,
such as the spinel nickel cobalt oxide. The only sample that wasn’t sputtered was a
polycrystalline platinum electrode (99.99% pure, Pine Instruments) that was used as a control
sample, against which other catalytic materials were measured, and also as a test electrode to

determine the potential of the reference electrode used.

The noble metal catalysts studied in this project were predominantly platinum based.
Thin film platinum samples were fabricated through sputtering directly onto glassy carbon
electrodes. These samples were sputtered in a basic sputtering chamber, after pumping down the
chamber to approximately 70 mTorr, for different amounts of time, forming films of

approximately 100 nm, 50 nm, and 25 nm thick, respectively. The platinum ruthenium thin films
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were sputtered onto glassy carbon electrodes in a high vacuum chamber that was pumped down
to less than 3 x 1077 Torr. For this second sputtering process, the PtRu targets were first
conditioned by sputtering for 1 minute with a power setting of 50 W, then sputtered onto the
electrodes for 5 minutes, 2.5 minutes, and 1.25 minutes, respectively, all at a power setting of 50

W.

The spinel nickel cobalt oxide was deposited via reactive sputtering, that is, by flowing
oxygen gas into the sputtering chamber in order to form oxide material from a NiCo, target. The
ratios of oxygen and argon gas flowing into the sputtering chamber had an effect on the
composition of the resulting material. Three samples of nickel cobalt oxides were formed, with
10%, 20%, and 30% oxygen in the overall gaseous mixture, respectively, with the total gas flow
kept constant. During the sputtering process, the target was conditioned for 10 minutes with
argon flow only, followed by oxygen being introduced into the system. All of the samples were

sputtered for 10 minutes.

6.3 Rotating Disc Electrode Experiments for Catalytic Performance

Evaluation

The catalytic materials described were tested for oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) performance using a rotating disc electrode set-up. During the
electrochemical operation of a metal-air battery, it is very difficult to separate out the catalytic
activity of the electrodes from mass transport effects in the electrolyte, and other flooding or

drying effects related to cell design [154]. The rotating disc electrode method is ideal for
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evaluating catalytic performance, since the convective behavior of the electrolyte is well-
characterized in the steady state [160]. The purposes of these experiments were to evaluate
materials for use as electrocatalysts. As such, the emphasis in oxygen reduction reaction
evaluation was to compare the limiting currents of different materials. This limiting current is
reached when the applied potential is sufficiently negative such that oxygen molecules that reach
the electrode are immediately converted to hydroxide ions. Materials with higher magnitudes of
limiting currents are more electrocatalytic in the oxygen reduction mode. Since the limiting
current is also related to the rotation rate of the electrode, materials must be compared against
each other at the same rotation rate. On the oxygen evolution side, the concern is the voltage
versus reference at which the current begins to rise exponentially. The lower the voltage at which

this occurs, the better the catalyst is at evolving oxygen.

The procedure for the rotating disc electrode experiments were derived from a protocol
obtained from Professor S. R. Narayanan’s group at the University of Southern California. The
oxygen reduction experiments took place in an oxygen saturated environment. Oxygen gas was
bubbled into the test solution for at least 30 minutes, and then blanketed over the solution during
testing. An open circuit potential measurement and 25 cycles of cyclic voltammetry at a high
sweep rate were performed in order to obtain a baseline measurement and stabilize the set-up.
The actual ORR data presented were taken immediately after, as cyclic voltammograms at a rate
of 2 mV/s for two cycles at each of the following rotation speeds: 2500 RPM, 1600 RPM, 900
RPM, and 400 RPM. The oxygen evolution reaction experiments took place in an argon-
saturated solution. Argon gas was bubbled into the solution for at least 1 hour, and then

blanketed over the solution during testing. Again, the open circuit potential was measured to
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obtain a baseline, followed by the performance of a slow sweep from 0 V to 0.65 V vs. Hg/HgO
to obtain OER data. The results from ORR and OER measurements were compared against each

other in an effort to find optimal catalytic materials for a bifunctional air electrode.

6.4 Catalytic Testing Results

6.4.1 Evaluation of Noble Metals

Platinum thin films with varying thicknesses were tested for oxygen reduction and
evolution performance compared to bulk platinum. Figure 6.1 presents cyclic voltammograms

(CVs) of the four samples, all taken at a rotating disc electrode speed of 1600 RPM.
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Figure 6.1: Oxygen reduction reactions of thin film platinum compared to bulk.

For oxygen reduction reactions, performance is characterized by the magnitude of the limiting

current, which with the sign convention of the test cell, is negative. It appears that the 100 nm
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thick platinum thin film has the best performance, followed by the 50 nm thick platinum film,
while the 25 nm film is similar to the polycrystalline sample. One possible reason for the
favorable performance of thin films is that sputtering causes favorable growth of certain
crystalline orientations that lead to higher activity. The particular crystalline structure of the
specimen is yet undetermined, but can be characterized with x-ray diffraction. Similarly, all three
thin films show enhanced performance in the oxygen evolution regime compared to the
polycrystalline platinum. For oxygen evolution, performance is measured by the potential at
which the curve begins to rise exponentially. As Figure 6.2 shows, the 100 nm platinum film

begins to rise well before the other films do.
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Figure 6.2: Oxygen evolution reactions of thin film platinum compared to bulk.

These results show that sputtered thin films of platinum can be viable catalysts for bifunctional
electrodes, and films as thin as 100 nm can show strong catalytic behavior. Furthermore, due to

favorable crystal growth, these thin films are superior to bulk platinum. However, a limitation of
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these thin films is their degradation over time, especially after use as oxygen evolution catalysts.
In Figure 6.3, the ORR behavior of the 100 nm thin film platinum electrode is compared from its

first use as an ORR catalyst to its behavior after a full sequence of ORR and OER experiments

were performed.
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Figure 6.3: Oxygen reduction reaction curves for 100 nm thick platinum film, comparing initial behavior to behavior

after ORR and OER experiments.

It is apparent that the electrode undergoes degradation over time and after use. This is a

phenomenon that does not readily appear in polycrystalline platinum, and is a major drawback to

the use of thin films in metal-air batteries.

Another noble metal system studied was a platinum ruthenium alloy. In Figure 6.4, the
ORR performance of thin film PtRu is compared against polycrystalline platinum, with all

measurements taken at a rotating speed of 1600 RPM.
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Figure 6.4: Oxygen reduction behavior of Pt/Ru alloy compared to polycrystalline platinum

Unlike thin film platinum, the thickness of the PtRu film does not affect its oxygen reduction
performance. This is promising, indicating that very small amounts of this material can be used,
reducing the overall cost. However, this is not the case for the oxygen evolution reaction, as
shown in Figure 6.5, where thicker PtRu films have better oxygen evolution performance as

compared to thinner films.
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Figure 6.5: Oxygen evolution behavior of PtRu thin films compared to bulk platinum

From these results, it appears that platinum ruthenium alloys are strong candidates for
bifunctional air catalysts, but that higher loadings are necessary for facilitating oxygen evolution

reactions, which increases the cost of the overall system.

6.4.2 Evaluation of nickel cobalt oxides

In addition to investigating thin layers of expensive metals such as platinum, another
branch of study was the pursuit of less expensive catalytic materials, focusing on sputtered spinel
nickel cobalt oxide. It was hypothesized that altering the ratio of oxygen to argon in the
sputtering environment can affect the crystal structure of the sputtered material and therefore the
performance. In Figure 6.6, the different nickel cobalt oxide thin films are compared to

polycrystalline platinum.
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Figure 6.6: Oxygen reduction reaction behavior of sputtered nickel cobalt oxides, compared to polycrystalline Pt

The three thin films appear to have little variation, and all show poorer performance in oxygen
reduction compared to polycrystalline platinum. The nickel cobalt oxide spinels are, however,
within the same order of magnitude. On the oxygen evolution side, the performance of the nickel

spinel oxides is much superior to that of polycrystalline platinum, as shown in Figure 6.7.
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Figure 6.7: Performance of sputtered nickel cobalt oxides compared to polycrystalline platinum in oxygen evolution

Furthermore, in oxygen evolution experiments, there are more significant variations in
performance among the three thin films, indicating that changing the sputtering environment
does have an effect on the resulting performance. These results suggest that nickel cobalt oxide
can be a lower cost alternative to noble metals for metal-air batteries, but that improvements

would need to be made on the oxygen reduction side for realistic adoption.

6.5 Summary

This chapter covers some of the work performed over three internships at the Jet
Propulsion Laboratory. All of the projects worked on involved metal-air battery technology,
specifically iron-air and metal-hydride air batteries. For both of these systems, and other metal-
air batteries in general, the theoretical energy densities cannot be realized without the

development of a fully bifunctional air cathode. In this research project, thin coatings of noble
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metals were deposited via sputtering in order to determine if thin films exhibited sufficient
catalytic activity compared to bulk. Evaluation of thin platinum films via rotating disc electrode
experiments showed that coatings of 100 nm were superior to that of bulk platinum. Similarly,
thin films of platinum ruthenium alloys were also strong electrocatalysts in both the oxygen
evolution and oxygen reduction regimes. Alternatively, nickel cobalt oxide spinels were tested as
lower-cost alternatives to the noble metal catalysts. These performed poorly in oxygen reduction
mode, but were strong oxygen evolution catalysts. These materials have potential as bifunctional

catalysts, but modifications would need to be made for wide-spread adoption.
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7 Conclusions and Future Work

7.1 Conclusions

The work presented in this dissertation on nanoscale research into energy storage systems
has encompassed synthesis and characterization. In Chapter 2, the initial research on fabricating
nanostructured electrode materials for lithium ion batteries was discussed. Two different lithium
iron phosphate (LiFePO,4) solutions were formulated for processing into electrospun fibers.
Because the precursor solutions contain organic compounds, the final annealing steps for the
fibers included controlled processes to convert the organic compounds to carbon, introducing
conductive coatings within the synthesis process. This technique successfully produced thin
porous LiFePOy fibers, but is limited in practical use by its multi-step, time-intensive, fabrication

process.

The characterization portion of the dissertation is introduced in Chapter 3.
Electrochemical strain microscopy (ESM) was a recently developed technique to study
electromechanical coupling in energy storage materials. However, the measured strain responses
are difficult to interpret, as they can have many different underlying mechanisms that contribute
to the overall response. Chapter 3 describes a series of experiments that were devised to
distinguish among these different mechanisms by measuring the intrinsic phase response,
examining differences between linear and quadratic effects, and studying the results from voltage
spectroscopy. These experiments can serve as a fundamental starting point in pinning down the

underlying mechanism of a material.
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In Chapter 4, the techniques of electrochemical strain microscopy are applied to
inhomogeneous lithium iron phosphate thin films in order to correlate nanoscale response to
morphology and macroscopic electrochemical properties. ESM was applied onto inhomogeneous
LiFePO, films at different states of charge. Using this technique, the lithium ion motion of
nanocrystalline LiFePO4 was clearly demonstrated to be higher than that of microcrystalline
LiFePO, within the same sample. Furthermore, by examining activity at different states of
charge, it was demonstrated that ESM can probe the concentration of lithium ions by comparing
amplitudes. These results were further confirmed using band excitation to probe lithium ion
activity, and also examining the difference between first and second harmonic responses. There
is a strong second harmonic response on lithium iron phosphate, but that is smaller than the first
harmonic. This quadratic effect may be due to electrostatic or electrostrictive effects, or due to
quadratic components of Vegard strain, which is predominantly linear. These techniques were
also applied to study samarium doped ceria, a solid oxide fuel cell electrolyte, as described in
Chapter 5. Responses from ESM on this material were determined to be due to concentration
changes of small polarons, electrons and their associated lattice strain. The intrinsic phase of the
material was measured, and its activation energy was estimated from amplitude measurements.
Both of these results supported the theory that strains measured were the function of
concentration changes of small polarons, rather than oxygen vacancies, as previously reported.
Relaxation data for doped ceria was also enlightening, showing completely different relaxation
behavior at different temperatures, different environmental conditions, and different heating
times. These results suggest that the relaxation results are most likely due to the DC biases

applied altering concentrations of surface adsorbates and defects.
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Chapter 6 covers metal-air battery research performed over three summer internships at
the Jet Propulsion Laboratory. Although the actual work performed encompassed a variety of
topics, including the fabrication of metal-air batteries, the research discussed here focused on
characterizing catalytic materials for the air electrode. The performance of secondary metal-air
batteries is highly dependent on a successful bifunctional air catalyst, which has not been yet
fully realized. The research described in this chapter characterized platinum and platinum
ruthenium thin films using rotating disc electrode measurements as bifunctional catalysts, finding
that these thin films perform better than their bulk counterparts. Although the noble metals are
expensive, reducing the amount of material used can make them feasible for wide-spread
adoption. The other system studied were nickel cobalt oxide thin films, which could be deposited
by reactive sputtering. The ratio of oxygen to argon could be altered in the synthesis procedure,
forming films with different crystalline morphologies, and had an effect on their catalytic
performance. From these results, it appears that there are a few viable bifunctional catalysts

possible, but that further work must be done to optimize these structures.

7.2 Future Work

Electrochemical strain microscopy has proven to be an exciting new technique that can
examine local ion and electron motion at nanoscale. This technique has been applied to lithium
ion battery electrodes and solid oxide fuel cell electrolytes, but has the potential of investigating
many more materials beyond that. However, the mechanism behind the observed strain responses
of these materials is unclear, and can have many different contributions. The future of this

technique depends on the ability to truly separate out these different contributions. In particular,
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the contributions from electrostatic effects has not been completely analyzed, and experiments
would have to be devised to determine how exactly these electrostatic effects affect measured
results. Some preliminary work had also been done with voltage spectroscopy, but an
unexamined aspect is the quadratic voltage spectroscopy, which is an interesting line of work to
pursue. Using quadratic voltage spectroscopy, some of the electrostrictive behavior could be
separated out from ferroelectric effects or electrochemical Vegard strain. Furthermore, almost all
of the experiments carried out in this dissertation were performed in an open environment, in
which the ambient temperature and humidity could not be determined or controlled. For future
research into materials where the environmental conditions play a major factor, such as in doped
ceria, experiments should be carried out in controlled environments with known temperature and
humidity, and possibly in inert gas chambers. The technique of electrochemical strain
microscopy is only in its infancy and can be a versatile and fundamental tool for materials

characterization in the future.
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