Copyright
by
Sean Michael Wood
2016

The Dissertation Committee for Sean Michael Wood certifies that this is the
approved version of the following dissertation:

Studies of Potential Anode Materials for Lithium-Ion Batteries

Committee:
Charles Buddie Mullins, Supervisor
Adam Heller, Co-Supervisor
Arumugam Manthiram
Gyeong S. Hwang
Guihua Yu

Studies of Potential Anode Materials for Lithium-Ion Batteries

by
Sean Michael Wood, B.S. CHEM. & BIO. E., M.S.E.

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

The University of Texas at Austin
August 2016

Dedication

To my family and friends for their never-ending support and encouragement,
To my all of my labmates for their advice and wisdom,
And to my dog, Elektra, for her constant comfort and companionship over the years.

Acknowledgements

I want to acknowledge and thank the many people who have helped and guided
me throughout my long and arduous journey in graduate school. Primarily I would like to
thank my family and friends for their unwavering support, especially my mother Sharon,
my sister Shannon, my aunt Robin, and my stepfather David for encouraging me to keep
going when times were rough. Even though I am halfway across the country, without
them I would not have made it this far. Also, I would like to thank my stepmother Silke
and my father Stuart halfway across the world for the comedic encouragement of their
“Drei Jahres Plan”.
I would also like to express my sincerest gratitude to my supervisor, Professor
Buddie Mullins, and my co-supervisor, Professor Adam Heller. Dr. Mullins has taught
me many of the soft skills necessary to succeed and thrive outside of the lab, and I value
the many one-on-one discussions I have had with him over the years, where I was able to
learn many important lessons from his storytelling. Dr. Heller has tried to impart his vast
wisdom on me and finally helped me to understand the fundamental difference between
science and engineering. He also genuinely cared about my success and wanted for me to
do with my life whatever makes me happiest, whether that was in academia or elsewhere.
For that, I am eternally grateful.
I would also like to express my appreciation to Dr. Arumugam Manthiram, Dr.
Gyeong Hwang, and Dr. Guihua Yu for their valuable input and time commitment in
serving on my dissertation committee. Two other professors have also helped me to grow
outside of the Chemical Engineering field. I appreciate Dr. Varun Rai's invitations to
present my work to my peers and a wider audience through the UT Energy Symposium.
v

And I valued greatly my time working with Dr. Tom Edgar in the IGERT program and
the unique experiences that provided, including the chance to study abroad in Munich,
Germany.
My friends outside of the lab have been one of my greatest sources of joy during
my time here in Austin, and I am forever grateful for them. The ridiculous antics of
Adrien Guillaussier and Kevin Vasquez always brought a smile to my face. Discussions
about politics and pop culture with Stephen Hoang served as a needed escape from the
world of engineering. Venting my frustrations with Matt Walters, who went through the
trials and tribulations of graduate school with me, helped keep me level headed and
focused towards the light at the end of the tunnel.
I would also like to thank the friends in my lab who have provided me endless
sources of fascinating discussion and comedic relief, helping to keep me sane: Emily
Powell, Edward Evans, Melissa Meyerson, Bryan Wygant, Adrian Brush, and Rodrigo
Rodriguez. They have all been truly wonderful people to work with.
I would like to thank my undergraduate assistant, Codey Pham, who helped me
complete so many of the experiments that led to this dissertation. I would also like to
thank the other collaborators who assisted in my various published works: Dr. Kyle
Klavetter, Dr. Andrei Dolocan, Dr. Hugo Celio, Sindhu Nathan, and Pedro de Souza. I
would also like to acknowledge Solvay Fluor for their donation of fluoroethylene
carbonate and Celgard for their donation of separator membranes to our laboratory.
Finally, I would like to acknowledge the financial support of the Welch
Foundation, the National Science Foundation’s Integrative Graduate Education Research
Traineeship program, and the Department of Defense’s National Defense Science and
Engineering Graduate Fellowship program.
vi

Studies of Potential Anode Materials for Lithium-Ion Batteries
Sean Michael Wood, Ph.D.
The University of Texas at Austin, 2016

Supervisor: Charles Buddie Mullins
Co-Supervisor: Adam Heller

Lithium-ion batteries (LIBs) are currently used in nearly all consumer electronics,
including cellular phones, laptop computers, and wearable devices such as smart watches.
In the future, these batteries will also be used in electric vehicles and to store excess
energy on a grid scale from intermittent sources such as wind and solar. On the anode
side of LIBs, graphite has been the state-of-the-art material for the last 25 years and is
reaching its technological limits, so research into new anode materials is needed in order
to meet the increasing consumer demands for smaller, longer lasting batteries.
The use of lead would be an incremental improvement over graphite since it has a
higher capacity and is also cheap and abundant. A series of lead chalcogenides (PbO,
PbS, PbSe, and PbTe) was synthesized, and their electrochemical properties were tested
to determine their usefulness as potential LIB anode materials. PbO and PbS were found
to perform poorly. PbSe performed better, although exhibited side reactions that rendered
it unusable in actual LIBs. PbTe performed extremely well over the given testing
window, able to be charged and discharged in only 30 minutes without suffering capacity
fade. However, this material would be too expensive to use on a large scale due to
tellurium’s rarity. Additionally, the 30 year old lithium-lead reaction mechanism in the
literature was updated using a series of ex situ X-ray diffraction experiments.
vii

A step change improvement over graphite could come from using lithium metal,
which would increase the anode capacity by a factor of 10. However, lithium metal
suffers from uncontrollable dendritic growths which pose extreme safety hazards. An
electrolyte additive was developed using potassium ions to overcome this dendrite issue.
Dendritic growth was completely halted when this additive was used, and the cells cycled
stably over the entire 18 day test period. The corrosion layer that forms on the surface of
the lithium metal was characterized (via electrochemical impedance spectroscopy, X-ray
photoelectron spectroscopy, and time of flight – secondary ion mass spectrometry) and
found to be altered by the presence of potassium, leading to the improved performance.
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SECTION 1:
INTRODUCTION TO LITHIUM-ION BATTERIES

1

Chapter 1:
Components of a Lithium-ion Battery
Energy storage is a critical component of many of the technologies that exist
today, from portable consumer electronics to power tools, implantable medical devices to
electric vehicles.1,2 There are a number of different options for energy storage including
batteries, fuel cells, capacitors and supercapacitors, compressed air, flywheels, and
pumped hydro, each with power and energy densities (shown in the Ragone plot of
Figure 1.1, which was recreated with data from the IEC3) suited for different applications.
Of the different types of energy storage, electrochemical energy storage technologies are
most well-suited for portable applications.
Batteries are by far the most popular and common of these technologies, existing
in both non-rechargeable (primary) and rechargeable (secondary) forms.4 Examples of
primary batteries include disposable alkaline batteries (commonly seen in AA or AAA
format), lithium batteries, and silver oxide and zinc air batteries (both of which are used
in smaller applications such as watches and hearing aids). Secondary batteries gain more
attention due to their reusability and include chemistries such as lead-acid, nickel
cadmium, nickel metal hydride, and lithium-ion batteries. Lithium-ion batteries in
particular have become the most prominent of these technologies in the 25 years since
Sony first commercialized them in part due to their high energy density (due to its most
negative electrochemical redox potential of -3.04 V vs. the standard hydrogen electrode)
and low weight (with a density of only 0.53 g cm-3).4,5
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Figure 1.1. Ragone plot comparing the energy and rated power of various energy storage
technologies.
Over the past two and a half decades, lithium-ion batteries have been used in
everything from laptops and cellphones to portable music players and wearable
electronics, demanding ever decreasing size and increased energy density. In the future,
lithium-ion battery growth will continue at an exponential rate as they are more widely
used in things like electric vehicles and at the grid scale to store excess energy from
intermittent power sources such as wind and solar.2,6,7 Figure 1.2 shows past trends in
worldwide lithium usage as well as projected future usage, showing that use of these
batteries is expected to continue growing exponentially.8
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Figure 1.2. Worldwide lithium production since 1990 and expected growth in lithium
production until 2025.
A schematic of a typical lithium-ion battery is shown in Figure 1.3. It is
comprised of an anode, a cathode, a separator, and an electrolyte, each of which will be
further discussed in the following sections.
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Figure 1.3. Schematic of a lithium-ion battery. Lithium ions are represented as red
spheres.
ANODE & CATHODE
The anode and the cathode are the two electrochemically active components of a
lithium-ion battery and are the two materials that store all of the charge.6,7,9 When a
battery is fully discharged, all of the lithium is stored in the cathode, which is typically a
metal oxide such as LiCoO2 or LiFePO4. To charge the battery, an external voltage is
applied to force the lithium ions to shuttle from the cathode to the anode, where graphite
is the most commonly used material. The lithium ions are stored between the graphene
layers of the graphite when the battery is fully charged. To discharge the battery,
electrons are allowed to flow through an external circuit to power a device, and the
5

lithium ions shuttle from the anode back to the cathode.2 An example of the reaction that
occurs during charging and discharging on the cathode side is shown in Equation 1.1. An
example of the reaction that occurs during charging and discharging of the anode is
shown in Equation 1.2. The overall cell reaction is shown in Equation 1.3.10
Equation 1.1: Cathode: LiCoO2 ⇌ Li1-xCoO2 + x Li+ + x eEquation 1.2: Anode: C + x Li+ + x e- ⇌ LixC
Equation 1.3: Overall: LiCoO2 + C ⇌ Li1-xCoO2 + LixC
Commonly-used anode and cathode materials as well as next-generation materials
are shown in Figure 1.4. In this plot, the cathode materials (purple) are at higher
potentials and anode materials (green) are at lower potentials.4 The overall battery
voltage is calculated by subtracting the anode potential from the cathode potential:
Vbattery = Vcathode – Vanode.
For example, the most common battery in use today (LiCoO2 | Graphite) has a
potential of 3.9 V vs. Li/Li+ – 0.2 V vs Li/Li+ = 3.7 V. Although next generation cathode
materials such as sulfur and air have a lower potential, their overall energy density would
still be much higher due to their greatly increased capacity versus the transition metal
oxides since the overall energy density of a battery is the product of the capacity and
voltage.
Graphite has begun to reach its technical limits in terms of capacity, so the Group
IVA elements (Si, Ge, Sn, and Pb) have been widely studied as next generation anode
materials due to their ability to store high numbers of lithium ions per atom.1,2
Additionally, graphite suffers from safety issues at higher charge rates (greater than 1C,
where nC corresponds to a charging time of 1/n hours) due to the formation of lithium
dendrites, which pose a shorting (and thus fire/explosion) hazard.7 The Group IVA
elements benefit from improved safety in this respect; their lithiation potentials are higher
6

than that of graphite and so the risk of dendrite formation is mitigated. Lithium metal is
the ultimate chemistry for lithium-ion secondary batteries because of its highest capacity
and lowest electrochemical potential (which translates to highest overall battery voltage)
of any material. However, lithium metal is plagued by the same dendritic growth issue,
which has precluded its safe use for at least 40 years.11–13

Figure 1.4. Capacity and voltage comparisons of various cathode and anode materials.
In the most commonly used particle-based electrodes, the active electrode
materials are first mixed with a conductive carbon (to ensure that the particles maintain
an electrically conductivity network), a polymer binder (which acts as the glue to hold
everything together), and a solvent (to dissolve the binder) to form a slurry which is then
coated onto the current collector foil. Aluminum foil is the preferred material for current
collectors since it is both inexpensive and lightweight, and it is currently used on the
cathode side. However, lithium alloys with aluminum at the lower potentials (below 1.0
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V vs. Li/Li+) where most anodes function. As such, the use of heavier, more expensive
copper foil is necessitated for the current collector on the anode side.9
ELECTROLYTE
The electrolyte in the battery acts as the medium by which charge is transferred,
allowing ions to pass back and forth between the anode and cathode while preventing
electrons from doing the same. The electronically insulating nature of the electrolyte
forces the charge to pass through an external circuit, providing the mechanism for
charging and discharging the battery.14,15

Figure 1.5. Schematic diagram of the relative energies of the electrodes and electrolyte at
open circuit potential.
The relative energies and chemical potentials of the electrodes and electrolyte are
shown schematically in Figure 1.5.6,16 µA and µC represent the chemical potentials of the
anode and cathode, respectively, and their difference represents the open circuit potential
of the battery, given by Voc = (µA – µC)/e. LUMO is the lowest unoccupied molecular
8

orbital of the electrolyte, whereas HOMO is the highest occupied molecular orbit; their
difference, Eg, represents the energy gap between them which is the electrolyte’s stability
window. If µA is higher than the LUMO, electrons will transfer from the anode to the
electrolyte, reducing the electrolyte. On the other hand, if the µC is lower than the
HOMO, electrons will transfer from the electrolyte to the cathode, oxidizing the
electrolyte. The electrolyte will only be stable and unreacted if the eVoc lies entirely
within the electrolyte stability window Eg.
In most commercial lithium-ion batteries, which use an electrolyte comprised of 1
M of LiPF6 salt dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC), the open circuit potential does not lie nicely within the electrolyte
stability window. While the potential of the typical cathodes (3.2 – 4.2 V vs. Li/Li+) lies
below the upper stability limit of the electrolyte (~4.5 V vs. Li/Li+ for EC/DMC) and
prevents electrolyte oxidation, the anodes typically operate at much lower potentials (0.0
– 0.5 V vs. Li/Li+) than the lower stability limit of the electrolyte (~0.8 V vs. Li/Li+ for
EC/DMC).15 Thus, the electrolyte is typically reduced on the surface of the anode during
charging, forming a film of reaction products referred to as the “solid electrolyte
interphase” or SEI.14–17 At some point, this layer becomes thick enough that electrons can
no longer tunnel through it in order to further react, and the reaction terminates, behavior
which is referred to as “self-passivation”. This layer plays a number of important roles in
the stable cycling of lithium-ion batteries, including the prevention of solvent cointercalation into graphite and the prevention of dendrites on lithium metal, and its
importance cannot be understated.
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SEPARATOR
The separator serves the vitally important function of keeping the two electrodes
within a battery electrically disconnected from each other. In the event that an electrical
connection is made, a short circuit occurs, neutralizing the two sides and preventing the
battery from storing any charge. Additionally, the rapid, unimpeded flow of electrons that
travels across a short circuit can cause a thermal runaway within the battery. In a battery
with a flammable electrolyte such as lithium-ion batteries, this rapid heating can lead to
fires or explosions, making the separators an important failsafe and safety
consideration.18
The most common separators are porous polypropylene or polyethylene
membranes. They are made as thin as possible to allow for maximum utilization of the
battery’s limited volume and are typically on the order of 25 µm thick. The pores are
large enough to allow facile transport of lithium ions between the two sides without
allowing the two sides to potentially make electrical contact. A typical average pore
diameter is in the range of 20 – 100 nm.
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Chapter 2:
Dissertation Overview
This dissertation consists of ten chapters. The first chapter provides a general
introduction to lithium-ion batteries and the components that comprise them. The current
chapter provides an overview of subsequent chapters. Chapter 3 provides some
background and motivation on the use of lead as a lithium-ion battery anode material, as
well as a brief overview of the literature involving lead. Chapters 4 through 7 represent
independent studies on lead-base anode materials for lithium-ion batteries, each of which
has been published in a peer reviewed journal. Chapter 8 summarizes the works of the
previous chapters on lead-based materials while also providing some concluding remarks.
Chapter 9 is an independent study on the use of lithium metal as an anode in lithium-ion
batteries, work which is expected to be published in a peer-reviewed journal after the
publican of this dissertation. Finally, Chapter 10 offers some commentary about future
directions for research. Each of the peer reviewed works is summarized below.
In Chapter 4, the intermediates and final phase in the dynamic electrochemical
lithiation of lead at ambient temperature were determined by ex situ XRD. The phases
and their corresponding potentials matched well with coulometric data. The detected
phases were LiPb, Li8Pb3, Li3Pb, and Li7Pb2.
In Chapter 5, the reversible charging of a lead chalcogenide, PbTe, was studied
for use as the anode material in a Li-ion cell and compared to PbO. A similar series of LiPb alloys were formed but with Li2Te present instead of Li2O. In the presence of Li2Te,
rapid Li-Pb alloying and dealloying were observed in the potential range of 0.01 – 0.7 V.
In the potential range of 0.8 – 2.5 V, Li2Te formed and decomposed reversibly.
Electrodes were cycled stably for 100 cycles at a C/5 rate in both potential domains. The
electrodes were also cycled stably at rates up to 10C. The presence of Li2Te reduced the
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overpotential required at higher charge and discharge rates by acting as a superionic
conductor to improve lithium ion diffusion. These results recommend this material for
potential use in low-power applications such as cell phones.
In Chapter 6, the lithiation and delithiation of PbS was studied. Below 1.0 V vs.
Li/Li+, lithiation produced a series of Li-Pb alloys and Li2S. The Li-Pb alloys were
reversibly lithiated and delithiated, but at a 1 C rate their capacity faded through 100
cycles. Above 1.5 V vs. Li/Li+, Li2S was electrooxidized to Li+ and soluble polysulfides,
and the sulfide was irreversibly depleted.
In Chapter 7, the reversibility and rate of lithiation of PbSe was explored. As
expected, PbSe was reversibly lithiated to Li2Se and Li-Pb alloys, but the electrode was
less stable and could not be cycled as rapidly as the PbTe electrode of Chapter 5. When
the electrode was cycled at a slow rate, an electroactive polymer gel film (PGF) derived
of the 1M LiPF6 in 1:1 fluoroethylene carbonate/diethyl carbonate (w/w) electrolyte built
up in the initial 25 cycles. Electroreduction and electrooxidation of this film added to the
capacity by as much as 300 mAh g-1 above its theoretical value. Visual and
electrochemical evidence of the PGF was presented.
In Chapter 9, addition of 10 mM KPF6 to the 1 M LiPF6 in ethylene
carbonate/dimethyl carbonate electrolyte of symmetrical Li | Li cells was found to
eliminate the growth of dendrites at 0.5 mA cm-2 current density and massively reduce,
but not eliminate, the growth of dendrites at 2.5 mA cm-2. The added KPF6 increased the
fraction of Li2CO3 in the solid electrolyte interface (SEI) 8.6-fold to 88%, making it
thinner and more Li+ permeable. It overcame the growth of dendrites resulting of
inadequate nucleation density but not dendrite growth into the depletion layer, which
scales with the layer’s thickness, i.e. the current density.
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SECTION 2:
LEAD-BASED LITHIUM-ION BATTERY ANODE MATERIALS
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Chapter 3:
Introduction and Motivation for Using Lead-based Materials
In the United States in 2014, 90% of lead production was devoted to producing
lead-acid batteries, which were primarily used for conventional automobiles and trucks.1
As the worldwide vehicle fleet is increasingly electrified and all-electric vehicles such as
the Nissan Leaf, Chevrolet Bolt, and Tesla Model S become more widely adopted,2
demand for lead-acid batteries will decline and an excess of lead production will develop.
The Pb used in conventional automobile lead-acid batteries will need to be repurposed.
Lead exhibits several improved characteristics over the current state-of-the-art
material, graphite, and its use in lithium-ion batteries is predicated on previous research
into Group IVA materials such as Si, Ge, and Sn. These materials alloy with lithium at
potentials appreciably above that of the Li/Li+ redox couple, which alleviates the risk of
electroplating and dendrite formation that leads to shorting and fires and makes pure Li
metal unsafe to use. Additionally, lead forms a series of lithium-lead alloys with an
ultimate specific capacity of 452 mAh g-1 compared to only 360 mAh g-1 for graphite. As
a metal, lead also has a much higher electronic conductivity than graphite.
However, because of its heavy weight, lead is only suitable for certain
applications of lithium-ion batteries. For example, in large grid-scale storage of
intermittent energy from sources such as wind and solar, cost is the key property. In a
stationary setup, the weight of the battery does not matter. Lead-based batteries would be
well-suited for this application. Additionally, the higher capacity and density of lead
could be used to make batteries for consumer electronics which have a smaller volume
while holding the same amount of charge. This characteristic would be a boon for cellphone manufacturers who are constantly looking for new ways to shrink the batteries to
make their phones thinner and thinner. Lead-based lithium-ion batteries would not be
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suitable, however, in an application such as electric cars, where the high weight of lead
would reduce the overall range of the vehicle.
Lead has been relatively understudied as a lithium-ion battery anode material
compared to the other Group IVA elements such as Si, Ge, and Sn; at the time of this
writing, there were fewer than 30 publications involving lead in the literature. Below is a
brief summary of this literature.
PbO has been the most commonly studied of the lead compounds. Torabi et al.
synthesized PbO nanoparticles which faded rapidly to 100 mAh g-1 over 40 cycles.3
Martos et al. were able to attain capacities of nearly 500 mA h g-1 for 40 cycles with their
spray-pyrolyzed PbO films.4 A similar in situ spray solution technique was used by
Konstantinov et al. to create nanostructured PbO which suffered rapid capacity loss and
poor performance, decreasing to only 50 mAh g-1 after 50 cycles.5 Ng et al. attempted
another version of a spray-pyrolized PbO nanocomposite; this material also suffered
rapid capacity loss to 100 mAh g-1 after 50 cycles.6 Pan et al. synthesized a PbO@C coreshell nanocomposite which decreased in capacity to 200 mAh g-1 after 50 cycles.7 Wang
et al. synthesized another version of the PbO@C nanocomposite, achieving stable cycling
at 175 mAh g-1 for the entire 100 cycle test.8 Martos et al. also compared the cycling
performance of different mixtures of PbO2, Pb3O4, PbO, and Pb. All of their composites
cycled poorly, decreasing to below 100 mAh g-1 after only 15 cycles.9 Li et al. formed a
composite of PbO with Cu and found stable performance, maintaining a steady capacity
of over 300 mAh g-1 for 100 cycles.10
Other Pb-based chalcogenides were also studied. Sanusi et al. examined PbS and
elucidated its lithiation mechanism but did not attempt to cycle it.11 Xie et al. synthesized
a PbSe/reduced-graphene oxide nanosheet composite, which maintained 300 – 400 mAh
g-1 of capacity after 100 cycles.12 Tu et al. were able to achieve capacities of
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approximately 500 mA h g-1 that faded to 300 mA h g-1 after 100 cycles with their
graphene-sandwiched PbTe nanoparticles.13
Lead has been used in its metallic or metal-alloy form as well. Using Pbsandwiched nanoparticles, Chen et al. were able to achieve capacities of over 200 mA h
g-1 for 200 cycles.14 With a Sn–Pb composite oxide, Yuan et al. could reach capacities of
550 mA h g-1 for 20 cycles.15 By lithiating a lead-aluminum-tin solder, Trifonova et al.
found improved performance over pure Pb or Sn.16 With a hydrothermally synthesized
PbGeO3/graphene composite, Wang et al. achieved capacities of nearly 600 mAh g-1 over
50 cycles.17
Lead has also been combined with various other anions, such as halides, nitrates,
and phosphates, and tested as anode materials. The Pb3(PO4)2 anodes of Liu et al.
decayed to 200 mAh g-1 after only 5 cycles, representing one of the first attempts to cycle
lead as an anode material.18 Wang et al. reached a capacity of 250 mAh g-1 after 50 cycles
with Pb(NO3)2/C.19 A lead-tin composite fluoride was tested by Tovar et al., which was
able to achieve high first-cycle capacity but faded rapidly after that.20 Shu et al.
synthesized PbSbO2Cl, which faded to 300 mAh g-1 after only 20 cycles.21 Their
hydrothermally fabricated PbOHCl suffered similar performance.22 Li et al. also
synthesized a series of PbSbO2Cl materials, which all faded to only 300 – 400 mAh g-1
after 30 cycles.23,24
In the next chapter, the widely-cited reaction scheme available in the literature for
the lithiation of lead was found to be incorrect. An in situ X-ray diffraction (XRD) study
was performed in order to propose a new reaction scheme. In the subsequent three
chapters, a systematic study of a series of lead chalcogenides was undertaken to evaluate
their performance relative to each other using similar synthesis methods and testing
conditions. All of the synthesis methods for the various lead chalcogenides (PbO, PbS,
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PbSe, and PbTe) were chosen to maximize simplicity and minimize cost in the event that
the materials performed well, allowing for relatively facile scale-up. As such, all of the
synthesis methods involve heating and mixing two solutions, one of which is usually
comprised of water and a lead salt, and the other of which is usually comprised of water,
sodium hydroxide, and the chalcogenide itself (S, Se, or Te). The performance of these
materials varied widely but typically followed a trend of improved performance with
higher cost and higher weight of the chalcogenide (i.e. PbO performed worst; PbTe
performed best).
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Chapter 4:
Li-Pb Reaction Scheme*
INTRODUCTION
Wang et al. chemically synthesized a series of Li-Pb alloys and measured the
equilibrium electrochemical potentials of electrodes made thereof, proposing the
intermediates shown in Equation 4.1 through Equation 4.4 with a corresponding fullylithiated phase of Li4.5Pb.1–4 However, Goward et al. reported that the most lithium-rich
phase of lead is actually Li17Pb4 rather than Li4.5Pb.5 Additionally, X-ray diffraction
(XRD) studies of the Li-Pb alloys formed from materials such as Pb(NO3)2/C,6
PbGeO3/graphene,7 and PbSe8 suggested different intermediate phases.

Equation 4.1: Pb + Li ↔ LiPb

E0 = 0.601 V

Equation 4.2: LiPb + 2 Li ↔ Li3Pb

E0 = 0.449 V

Equation 4.3: Li3Pb + 0.2 Li ↔ Li3.2Pb

E0 = 0.374 V

Equation 4.4: Li3.2Pb + 1.3 Li ↔ Li4.5Pb

E0 = 0.292 V

In this chapter, the various Li-Pb phases were synthesized by dynamic
electrochemical lithiation of pure Pb in 1M LiPF6 in 1:1 fluoroethylene carbonate
(FEC)/diethyl carbonate (DEC, 1:1 w/w) at room temperature. The compositions of the
Li-Pb phases were determined by ex situ XRD measurement and compared to the
coulometric data. Notably, the most lithium-rich compound of the phase diagram,
Li17Pb4, was not reached during dynamic electrochemical lithiation. A similar discovery

*

This work was previously published: Sean M. Wood, Codey H. Pham, Adam Heller, C. Buddie Mullins,
“Stages in the Dynamic Electrochemical Lithiation of Lead”, J. Electrochem. Soc., 163 (2016) A1027 A1029. The author of the dissertation was responsible for development of experiments, ex situ XRD
measurements, and data analysis.
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was made about the lithiation of silicon, which had historically been thought to have a
final lithiation phase of Li22Si5 but was later found to only have an electrochemicallyreachable phase of Li15Si4.9
EXPERIMENTAL INFORMATION
Lead electrodes were prepared by mixing 83% of -100 mesh Pb powder (Alfa
Aesar), 7% of polyacrylonitrile (Sigma Aldrich, 150 kDa) binder, and 10% of Super P Li
conductive carbon (Timcal) with enough dimethylformamide to form a viscous slurry,
which was coated onto copper foil and dried in a vacuum oven at 120 °C for at least 6 h.
The resulting composite film was punched into disks that formed the working electrodes
of CR 2032 coin-type cells. Each electrode had an average Pb mass loading of 2.4 – 2.6
mg cm-2. Prior to assembly into coin cells, each electrode was soaked in a 1 wt% aqueous
solution of disodium ethylenediaminetetraacetic acid (EDTA) for approximately five
minutes to remove any surface oxide. The electrodes were then rinsed with deionized
water and ethanol and immediately transferred into an argon-filled glove box to prevent
re-oxidation. Cells were assembled with Li foil as the counter/reference electrode and
Celgard 2400 polypropylene membrane as the separator. A solution of 1M LiPF6 in
fluoroethylene carbonate (Solvay Fluor)/diethyl carbonate (1:1 w/w) was used as the
electrolyte. Electrochemical measurements were performed on an Arbin BT 2143
multichannel battery testing system.
For the ex situ XRD, electrodes were discharged or charged to a particular
potential vs. Li/Li+ in a series of coin cells. Open circuit potentials were measured after
allowing cells to relax for 48 h. Each coin cell was opened in the glove box, and the
electrode was extracted and rinsed lightly with DEC to remove any residual LiPF6 salt.
The electrode was taped to a glass slide using air- and humidity-impermeable Kapton
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tape, and its XRD spectrum was measured using a Rigaku MiniFlex 600 diffractometer
with a Cu Kα radiation source at 40 kV and 15 mA. To correct for height errors
introduced by securing the electrode to the glass slide, all XRD spectra were shifted using
the Cu (1 1 1) peak as an internal reference, aligning it to a 2θ value of 43.342° (JCPDS
Card #01-070-3039).10
RESULTS & DISCUSSION
Lead electrodes were lithiated and delithiated at a rate of 30 mA g-1 (∼C/15) to
generate the voltage profiles seen in Figure 4.1. During lithiation, two flat voltage
plateaus were seen at 0.55 V and 0.40 V vs Li/Li+, indicative of two-phase transitions.
Below 0.30 V, a sloping voltage profile was seen. During delithiation, two sloping
voltage plateaus were seen between 0.30 V and 0.45 V, and two flat voltage plateaus
were seen at 0.47 V and 0.62 V.

Figure 4.1. Lithiation/delithiation potential profiles for a lead electrode cycled at a
specific current of 30 mA g-1 (∼C/15). The red dots indicate the points of extraction of
electrodes from the cells for ex situ XRD measurements.
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The XRD spectra of the electrodes extracted at each of the red points in Figure 4.1
are shown in Figure 4.2. The points were chosen during delithiation in the voltage
plateaus that were well-defined. The pristine electrode exhibited only the expected pure
lead and copper substrate peaks. When lithiated to 5 mV (which relaxed to a potential of
0.24 V vs. Li/Li+), two lead compounds were present: Li3Pb and Li7Pb2; there was no
Li4.5Pb or Li17Pb4 detected. Therefore, the phase that was richest in lithium was Li7Pb2.
One potential reason for the discrepancy between the presently observed phases and those
of Wang et al. is that their Li-Pb compounds were synthesized chemically followed by
electrochemical measurement of their potentials, all of which was performed at
equilibrium conditions. Conversely, the compounds discussed in the present study were
synthesized in situ under dynamic electrochemical conditions that may be more
characteristic of those found in lithium-ion batteries. We believe that the different
synthesis methods are the root cause of the disparate reaction sequences and observed
phases.
When the electrodes were delithiated to 0.39 V and 0.46 V (which relaxed to
potentials of 0.34 and 0.44 V, respectively), the observed phases were LiPb, Li8Pb3, and
Pb, their ratio varying slightly at the two potentials. The mixed phases and unexpected
early presence of Pb were most likely caused by the different sizes of the Pb particles
used to make the electrodes. Tin particles of different size have been shown to
lithiate/delithiate at different rates, leading to a non-uniform distribution of varying LixSn
phases.11,12 In our Li-Pb system, the smallest particles may also delithiate completely
before the larger particles, leading to the presence of phases that are not at their reversible
potentials.
Upon further delithiation to 0.61 V, all of the Li8Pb3 was absent from the
spectrum, leaving only LiPb and Pb in similar amounts. During the final delithiation to
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1.00 V (which relaxed to a potential of 0.60 V), nearly all of the LiPb disappeared. The
residual LiPb may remain because of either a) incomplete delithiation due to sluggish
kinetics or b) fracturing of the particles caused by the massive volume change during
lithiation/delithiation which leaves portions of particles electrically isolated and
unavailable for further reaction. When lithiated to its final phase of Li7Pb2, the Pb volume
increases by 177%.
Based on these XRD spectra, we propose the series of reactions for the lithiation
of lead shown in Equation 4.5 through Equation 4.8. In Figure 4.3, these reactions were
incorporated into the charge/discharge curves from Figure 4.1, showing good agreement
of our proposed steps with the experimental data both in terms of the potentials of the
observed plateaus and the coulometrically-reached final phase. Using these reactions, the
theoretical capacity of lead as a lithium-ion battery anode material is 453 mAh g-1, and it
has an average lithiation potential of 0.45 V vs. Li/Li+.

Equation 4.5: Pb + Li ↔ LiPb

E0 = 0.60 V

ହ

Equation 4.6: LiPb + ଷ Li ↔ Li8Pb3
ଵ

Equation 4.7: Li8Pb3 + ଷ Li ↔ Li3Pb
ଵ

Equation 4.8: Li3Pb + ଶ Li ↔ Li7Pb2
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E0 = 0.44 V
E0 = 0.34 V
E0 = 0.24 V

Figure 4.2. Ex situ XRD spectra of lead electrodes extracted at the points indicated in
Figure 4.1.
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Figure 4.3. Lithiation/delithiation potential profiles for a lead electrode cycled at a 30
mA g-1 (∼C/15) specific current. The green line shows the proposed (de)lithiation
sequence.
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Chapter 5:
PbO vs. PbTe†
INTRODUCTION
One recent method for improving the stability and rate capabilities of alloy anodes
is to combine them with chalcogenides,1,2 as Abel et al. did in their recent work.3 The
addition of small amounts of Se in Ge allowed for superfast charge/discharge rates while
maintaining high capacities. Li2Se and Li2Te act as superionic conductors in such
systems,4–6 greatly improving the diffusion of Li+ ions throughout the particle. Tu et al.
were able to achieve capacities of 500 mA h g-1 that faded to 300 mA h g-1 after 100
cycles with their graphene-sandwiched PbTe nanoparticles.7 Additionally, the addition
small amounts of Te to Ge also improved its performance over plain Ge.8
This chapter follows a similar approach by combining Pb with Te to form lead
telluride, PbTe, with the intention of improving the capacity, stability, and rate capability
of Pb-based materials. Here, synthetic details and electrochemical characterization results
for PbO and PbTe nanoparticles are presented. PbTe exhibited stable cycling at a C/5 rate
and maintained its stability at rates up to 10C. It was compared with PbO, and it is
believed that the superionic conductivity of Li2Te was responsible for the improved
performance. Because of these characteristics, this material would be particularly wellsuited for use in a low power application such as cellular telephones. For a typical 2,100
mA h cell phone battery, replacing the graphite in the battery with PbTe could increase its
weight by about 6.5 g (less than the weight of three U.S. dimes) and its active material
cost by just over one U.S. dollar. This tradeoff would allow for a slight reduction in the
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volume of the anode and the option for rapid constant-current charging (0 – 100% in 30
minutes) without the risk of electroplating.
EXPERIMENTAL INFORMATION
Synthesis and Characterization
All chemicals were purchased from Sigma-Aldrich, unless otherwise noted, and
used as received. Based on a procedure by Zhu et al.,9 PbTe nanoparticles were prepared
as follows. 10 g of NaOH were dissolved in 100 mL of water with stirring, and the
solution was heated to 100 °C. To the hot solution, 5 mmol of Te powder and 5 g of
NaBH4 were added; the solution turned purple-black with stirring. A second solution of 5
mmol Pb(NO3)2 in 10 mL of water was prepared and added dropwise to the first solution.
The mixture was reacted at 100°C for 30 minutes and allowed to cool to room
temperature. The resultant PbTe particles were collected by centrifugation and washed
three times with distilled water and once with absolute ethanol. They were then dried in a
vacuum oven at 70°C overnight.
To prepare massicot PbO nanoparticles,10 a first solution was created by adding
15.9 g of Pb(NO3)2 to 40 mL of distilled H2O, stirring, and heating to 90 °C. A second
solution was created by adding 30.4 g of NaOH to 40 mL of water (19 M) with stirring.
Both of these solutions must be prepared in quartz glassware. If borosilicate glass is used,
a small amount of SiO2 must be added. If Teflon beakers are used, the litharge form of
PbO will be synthesized. The first solution was quickly poured into the second solution
and allowed to stir for about 30 seconds. Stirring was stopped and the solution sat for
another 60 seconds to allow the particles to settle. The solution was decanted and the
particles were rinsed with ice cold distilled water. The particles were then centrifuged and
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washed three times with distilled water and absolute ethanol. The particles were dried in
a vacuum oven at 70 °C overnight.
X-Ray Diffraction (XRD) measurements were performed on a Spider R-axis
diffractometer with a Cu Ka radiation source at 40 kV and 40 mA. Scanning Electron
Microscopy (SEM) micrographs were obtained using a Hitachi S-5500 electron
microscope.
Electrochemical Measurements
An aqueous slurry of PbTe nanoparticles (60 wt%), 90 kDa carboxymethyl
cellulose (20 wt%) binder, and Super P Li conductive carbon (Timcal, 20 wt%) was
slurry cast onto copper foil and dried in a vacuum oven at 120°C for at least 6 h. This
film was punched into disks that formed the working electrodes of CR 2032 coin-type
cells. Each electrode had a PbTe mass loading of approximately 0.3 – 0.4 mg cm-2. PbO
electrodes were prepared by forming a slurry comprised of as-prepared PbO
nanoparticles (40 wt %), polyacrylonitrile (20 wt %) binder,11 and Super P Li conductive
carbon (Timcal, 40 wt %), using dimethylformamide as the solvent. This formulation was
selected because the particles did not create a functioning slurry with the carboxymethyl
cellulose/water preparation. The use of polyacrylonitrile as a binder does not significantly
affect the cycling results. The slurry was cast onto copper foil and dried in a vacuum
oven at 120 °C for at least 6 h. This film was punched into disks that formed the working
electrodes of CR 2032 coin-type cells. Each electrode had a mass of approximately 0.2
mg cm-2. The cells were assembled in an argon-filled glovebox with Li foil as the counter
and reference electrodes and Celgard 2400 polypropylene membrane as the separator. A
solution of 1 M LiPF6 in fluoroethylene carbonate (Solvay Fluor)/diethyl carbonate (1 : 1
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w/w) was used as the electrolyte. Electrochemical measurements were performed on an
Arbin BT 2043 or BT 2143 multichannel battery testing system.
RESULTS & DISCUSSION
The XRD spectrum of the synthesized black PbTe powder (Figure 5.1a) shows it
to be phase-pure PbTe (Figure 5.1). As seen in the SEM micrograph in Figure 5.1c, the
diameter of the particles was roughly 30 – 40 nm.

Figure 5.1. (a) XRD pattern of the as-synthesized PbTe nanoparticles. (b) PbTe reference
spectrum (JCPDS # 01-072-6645). (c) SEM image of the PbTe nanoparticles.
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The XRD spectrum of the synthesized gold-colored PbO powder (Figure 5.2a)
shows that it was phase-pure massicot PbO (Figure 5.2b). SEM shows that the diameter
of the particles was 50 – 60 nm (Figure 5.2c).

Figure 5.2. (a) XRD pattern of the as-synthesized PbO nanoparticles. (b) PbO reference
spectrum (JCPDS # 01-076-1796). (c) SEM image of the PbO nanoparticles.
The third-cycle cyclic voltammogram of a PbTe electrode is shown in Figure
5.3a. Additional voltammograms, including those of the remaining cycles and of different
voltage ranges, are shown in Figure 5.3b and Figure 5.3c. During the first lithium
insertion half cycle, the PbTe was reduced to a series of Li-Pb and Li-Te alloys, which
were seen in easy to distinguish, well-separated potential domains. The voltammograms
show that the removal of Li from Pb and Te was facile and reversible. However, because
of the much larger electronegativity difference between Li and O, Li2O was much more
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thermodynamically stable and its formation was therefore irreversible.12 The stages of Li
alloying with PbTe are given by Equation 5.1 though Equation 5.6 below. These
reactions occurred sequentially during reduction/Li-insertion and in the opposite order for
oxidation/Li-removal.

Equation 5.1: 3 PbTe + Li ↔ 3 Pb + LiTe3
Equation 5.2: Pb + LiTe3 + 5 Li ↔ Pb + 3 Li2Te
Equation 5.3: Pb + Li + Li2Te ↔ LiPb + Li2Te
ହ

Equation 5.4: LiPb + ଷ Li + Li2Te ↔ Li8Pb3 + Li2Te
ଵ

Equation 5.5: Li8Pb3 + ଷ Li + Li2Te ↔ Li3Pb + Li2Te
ଵ

Equation 5.6: Li3Pb + ଶ Li + Li2Te ↔ Li7Pb2 + Li2Te

The voltammetric waves in the 0.8 – 2.5 V domain represent the formation and
electrolysis of LiTe3 and Li2Te (Equation 5.1 and Equation 5.2), which are the only two
stable crystalline phases of the Li-Te phase diagram,13–15 as well as the recombination of
Pb and Te to form PbTe. The four waves in the 0.01 – 0.7 V domain in Figure 5.3a for
PbTe represent the stages of Li alloying with Pb, which are shown in Equation 5.3
through Equation 5.6.16
When the upper voltage range was limited to 0.7 V, only Li-Pb alloys were
formed/electrolyzed while the Li2Te remained fixed after initial formation and did not
participate in cycling, and the theoretical capacity was 280 mA h g-1. However if the
upper limit was increased to 2.5 V, the Li-Te alloys were formed/electrolyzed in addition
to the Li-Pb alloys, and the theoretical capacity increased to 440 mA h g-1. Gravimetric
and volumetric capacity cycling data for these two voltage ranges are shown in Figure
5.4, where 1C corresponds to 280 mA g-1 for both.
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Figure 5.3. (a) Third cycle of cyclic voltammetry for PbTe nanoparticles in the potential
range 0.01 – 2.5 V at a scan rate of 0.1 mV s-1. Cycling voltammograms of PbTe at a scan
rate of 0.1 mV s-1 in the voltage range (b) 0.01 – 2.5 V and (c) 0.01 – 1.8 V.
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Figure 5.4a shows the PbTe cycled at a rate of C/5. When the potential cutoff was
limited to 0.7 V (average discharge potential of 0.31 V), the capacity was stable at 250
mA h g-1 (2,100 mA h cm-3) through 100 cycles. When the potential cutoff was raised to
2.5 V (average discharge potential of 0.69 V), the capacity was stable at 500 mA h g-1
(4,100 mA h cm-3) through 100 cycles. Figure 5.4b shows the PbTe cycled at higher
rates, with substantial capacity retention up to 5C and the absence of permanent damage
after cycling at 10C. When the upper voltage cut-off was 0.7 V, the capacities were 250,
240, 210, 190, 170, 110, and 30 mA h g-1 at C/10, C/5, C/2, 1C, 2C, 5C, and 10C,
respectively. When the C-rate was again lowered to C/10, the capacity fully recovered to
250 mA h g-1. For a 2.5 V cutoff, the capacities were 530, 500, 490, 460, 430, 370, and
300 mA h g-1 at C/10, C/5, C/2, 1C, 2C, 5C, and 10C, respectively.
Coulombic efficiencies for PbTe in these two voltage ranges are shown in Figure
5.5. The Coulombic efficiency was over 99.5% when the upper voltage cut-off was kept
at 0.7 V, but decreased to only 94 – 97% when the voltage range was expanded to a full
2.5 V.
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Figure 5.4. Discharge capacity vs. cycle index for PbTe in two potential ranges at (a) C/5
and (b) varying C-rates. Volumetric capacity is calculated by multiplying the specific
gravimetric capacity by the density of PbTe.
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Figure 5.5. Coulombic efficiency versus cycle index for PbTe in two voltage ranges at
(a) C/5 and (b) varying C-rates.
Figure 5.6a shows the PbO cycled at a rate of C/10. At both potential cutoffs, the
capacity faded rapidly over the first twenty cycles, ending below 300 mAh g-1 after 100
cycles. Figure 5.6b shows the corresponding PbO rate-test cycling data. The PbO
exhibited rapid capacity fading at all rates except for 1C, which had a capacity of 290 mA
h g-1. After returning to C/10, PbO again experienced rapid capacity fade.
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Figure 5.6. Discharge capacity vs. cycle index for PbO in two potential ranges at (a)
C/10 and (b) varying C-rates. Volumetric capacity is calculated by multiplying the
specific gravimetric capacity by the density of PbO.
Coulombic efficiencies for PbO in these two voltage ranges are shown in Figure
5.7. The Coulombic efficiency was well over 100% when the upper voltage cut-off was
kept at 0.7 V, perhaps due to parasitic side reactions. It decreased to only 92 – 96% when
the voltage range was expanded to a full 1.5 V.
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Figure 5.7. Coulombic efficiency versus cycle index for PbO in two voltage ranges at (a)
C/5 and (b) varying C-rates.
In Figure 5.8, differential capacity profiles for PbTe are shown for each of the Crates of Figure 5.4b in the 0.01 – 2.5 V range. The overpotentials exceeded 300 mV only
at rates higher than 5C, where the anodic Li-Pb alloy peaks were up-shifted. One of the
peaks eventually shifted past 0.7 V, which was consistent with the abrupt drop in capacity
when the Li-Pb alloy was completely delithiated at these C-rates.
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Figure 5.8. Differential capacity profiles for PbTe at varying C-rates over the voltage
range 0.01 – 2.5 V.
Differential capacity profiles for select cycles are shown for both potential
domains in Figure 5.9. As shown in Figure 5.9a, the nature of the Li-Pb alloys changed
upon cycling: the peak pair at 0.28 V/0.52 V decreased as cycling progressed and
completely disappeared by cycle 50. Concurrently, the pair at 0.37 V/0.48 V increased
and then remained stable from cycle 50 to cycle 100. The peak pair at 0.56 V/0.63 V also
increased as cycling progressed. This behavior was also seen below 0.7 V when the
potential limit was extended to 2.5 V, as in Figure 5.9b. Three peak pairs were observed
in the potential region between 0.7 V and 2.5 V, matching those in the voltammetric
waves. The peak pair at 1.67 V/1.88 V, which was attributed to the reformation of PbTe
following the delithiation of the Li-Pb and Li-Te alloys,7 completely vanished after the
5th cycle. The lithiation of a PbTe particle is sequential: at higher potentials, Te is first
lithiated to Li2Te (with a 204% volume change), and then at lower potentials Pb is
lithiated to Li7Pb2 (with a 277% volume change). We believe that the disappearance of
this peak pair was a consequence of the mismatch in both the magnitude and the
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sequence of the expansions in the PbTe particle, which unevenly strained the original
PbTe lattice to the point of irreversible destruction during the initial cycles.

Figure 5.9. Differential capacity profiles for PbTe at C/5 over the potential range (a) 0.01
– 0.7 V and (b) 0.01 – 2.5 V.
The differential capacity profiles for the 10th cycle at C-rates of C/10, C/5, C/2,
and 1C are shown in Figure 5.10a for PbTe and Figure 5.10b for PbO, corresponding to
the cycling data of Figure 5.4b and Figure 5.6b, respectively. Greater upshifting of the
peaks implies lesser stability (i.e. lower free energy of formation of the alloy or
compound). Comparison of peak upshifting for PbTe and PbO showed increasing
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destabilization caused by the stress associated with a higher C-rate, which was much
greater for the PbO-based anode than it was for the PbTe-based anode. The PbO anode
showed upshifting and severely diminished peak heights at a 1C rate; however, the PbTe
anode showed little peak shifting with increasing C-rate and only minor attenuation of
peak height at a 1C rate.
The extent of peak upshifting is summarized in the bar chart of Figure 5.10c,
where the leftmost edge of each bar represents the potential of a cathodic peak and the
rightmost edge represents the potential of its matching anodic peak. The values written
within the bars represent the splitting of the anodic and cathodic wave pairs. The vertical
line that runs through each set of bars is the reversible (thermodynamic) potential for a
given Li-Pb alloying reaction. At all C-rates, the more negative the reversible potentials
were, the greater was the splitting of their anodic and cathodic peaks. Furthermore, as
expected for Li diffusion-limited electrode reaction rates, the splitting increased with the
C-rate. The increases were much more pronounced for PbO than for PbTe, indicating that
Li permeated more rapidly through Li2Te than through Li2O. For example, as the C-rate
increased from C/10 to 1C, the peak splitting for PbTe increased by only about 32 – 34
mV, while for PbO it increased by 83 – 90 mV.
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Figure 5.10. Differential capacity profiles at varying C-rates over the potential range
0.01 – 0.7 V for (a) PbTe and (b) PbO. (c) Bar plot comparing the positions and splittings
of the peaks seen in (a) and (b). The left and right edges of each bar represent the position
of the cathodic peak and anodic peak, respectively. The width of each bar represents the
difference in potential between the two peaks (given by the text in each bar). The vertical
line through each set of bars is the reversible potential for the given peak.
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When electrode reactions of solids are too slow for the rate to be reactant
diffusion-controlled, the peak width at half height of the differential capacity profiles is
smaller for crystalline lattices than it is for non-crystalline materials. When reduced or
oxidized species are identically bound as in crystalline materials, they are equipotential.
In amorphous materials, the same species can be differently bound and are not
equipotential. As seen in Figure 5.10a and Figure 5.10b, at the slowest C/10 rate several
of the PbO peaks are sharp, indicative of crystalline order, while those of PbTe are broad,
indicative of an amorphous structure. Amorphization of particles has been shown to
occur during cycling,17,18 indicated here by the broadening of the peaks at higher rates.
The broadening of the PbO peaks was minor, and the peak width at half maximum was
greater for PbTe relative to PbO, indicating greater amorphousness in the PbTe. When
Li+ diffuses by hopping between defects, its diffusional transport is enhanced by disorder
such as an increased number of grain boundaries; diffusivities are 3 – 16 orders of
magnitude higher along grain boundaries than in the crystalline lattice.19 Evidently, the
Li-Pb alloys formed by PbTe are less crystalline than those formed by PbO.
Figure 5.11a shows Galvanostatic Intermittent Titration Technique (GITT)
measurements with the potential plotted vs. the capacity normalized to the theoretical
value.20 Current was pulsed at C/20 for one hour, followed by a three hour rest. The
positions of the spikes represent the relaxation or equilibrium lithium insertion potentials.
Larger spikes indicate larger Li insertion or stripping overpotentials. In Figure 5.11b, the
overpotentials are plotted as a function of the number of lithium ions inserted. It is seen
that Li insertion and stripping were facile only after Li2Te was formed, supporting the
hypothesis that Li2Te is a superionic conductor, as suggested by computational models.4
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Figure 5.11. Galvanostatic intermittent titration technique (GITT) curve for the PbTe.
The electrode was rested for 3 h after each hour-long charge or discharge cycle at a C/20
rate in a potential range of 0.01 – 2.5 V. (b) Overpotential values for each rest point as a
function of the total number of lithiums inserted into the PbTe compound.
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Chapter 6:
PbS‡
INTRODUCTION
PbS was studied earlier by Sanusi et al.,1 but they only elucidated the lithiation
mechanism and did not attempt to cycle it. Past studies have found that GeS2,3 and SnS4
exhibit improved cycling performance over their base-metal and oxide counterparts. In
this chapter, PbS nanoparticles were synthesized via a facile wet chemical route and
galvanostatically cycled to probe whether PbS confers similar benefits over Pb and PbO.
When cycled in the 0.01 – 1.0 V range, the electrodes did not lose their sulfur; when
cycled in the 0.01 – 3.0 V range, they lost their sulfur through lithium polysulfide
dissolution. Following the dissolution of sulfur, the specific capacities were similar for
100 cycles whether the cutoff was 1.0 V or 3.0 V, decreasing to less than 200 mAh g-1
after 100 cycles.
EXPERIMENTAL INFORMATION
Synthesis and Characterization
All chemicals were purchased from Sigma-Aldrich, unless otherwise noted, and
used as received. Based on a procedure by Zhang et al.,5 PbS nanoparticles were prepared
as follows. 10 mmol of elemental sulfur was added to 100 mL of deionized water with
magnetic stirring. 0.2 mol of NaOH was added in order to dissolve the sulfur. The
solution was heated to ∼80 °C to facilitate dissolution of the sulfur. The solution was
dark yellow, but still transparent. A second solution was created by dissolving 10.2 mmol
of Pb(Ac)2•3H2O in 10 ml of DI water. The first solution was allowed to cool to room
‡
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temperature, and the second solution was added all at once. A black precipitate appeared
immediately. The resultant PbS particles were collected by centrifugation and washed
twice with DI water and once with acetone. They were then dried under vacuum at 70 °C
overnight.
X-Ray Diffraction (XRD) measurements were performed on a Spider R-axis
diffractometer with a Cu Kα radiation source at 40 kV and 40 mA. Scanning Electron
Microscopy (SEM) micrographs were obtained using a Hitachi S-5500 electron
microscope.
Electrochemical Measurements
A slurry of PbS nanoparticles (60 wt%), polyacrylonitrile (20 wt%) binder,6 and
Super P Li conductive carbon (Timcal, 20 wt%) with dimethylformamide as the solvent
was coated onto copper foil and dried in a vacuum oven at 120 °C for at least 6 h. This
film was punched into disks that formed the working electrodes of CR 2032 coin-type
cells. Each electrode had a PbS mass loading of approximately 0.5 mg cm-2. The cells
were assembled in an argon-filled glove box with Li foil as the counter and reference
electrodes and Celgard 2400 polypropylene membrane as the separator. A solution of 1
M LiPF6 in fluoroethylene carbonate (Solvay Fluor)/diethyl carbonate (1:1 w/w) was
used as the electrolyte. Electrochemical measurements were performed on an Arbin BT
2143 multichannel battery testing system.
RESULTS & DISCUSSION
The XRD spectrum of the synthesized black powder is shown in Figure 6.1a, and
it matches with the galena reference spectrum (JCPDS # 01-077-0244), confirming that
the material was phase-pure galena PbS. An SEM micrograph (Figure 6.1b) shows that
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the synthesized particles were roughly 50 – 100 nm in size with a rough texture and
nonspherical shape.

Figure 6.1. (a) XRD pattern of the PbS nanoparticles. (b) SEM image of the PbS
nanoparticles.
The first two cyclic voltammetry cycles for a PbS electrode are shown in Figure
6.2, conducted at a scan rate of 0.1 mV s-1. The pairs of reduction/oxidation peaks at
potentials positive of 1.0 V vs. Li/Li+ correspond to sequential formation of polysulfides
and Li2S according to Equation 6.1 and Equation 6.2.3,4 The reduction/oxidation peaks
negative of 1.0 V correspond to the sequential formation of Li-Pb alloys: LiPb, Li8Pb3,
Li3Pb, and Li7Pb2.7 The overall lithium-lead alloying reaction is given in Equation 6.3.
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ଶ

ଵ

Equation 6.1: PbS +  Li ↔ Pb +  Li2Sn
ଵ

ଶ





Equation 6.2: Pb + Li2Sn + (2 - ) Li ↔ Pb + Li2S
Equation 6.3: Pb + 3.5 Li + Li2S ↔ Li3.5Pb + Li2S

Figure 6.2. First two cycles of cyclic voltammetry for PbS nanoparticles in the potential
range 0.01 – 3.0 V vs. Li/Li+ at a scan rate of 0.1 mV s-1.
The reduction peaks positive of 1.0 V vs. Li/Li+ shift toward a more positive
potential after the first cycle, indicating an activation step in which there is an
overpotential associated with nucleation during the initial lithiation.8,9 These peaks’
magnitudes also shrink going from cycle 1 to cycle 2 due to irreversible dissolution of
lithium polysulfide, a problem common in sulfur and sulfur-based electrodes.10–13 The
reduction peaks negative of 1.0 V vs. Li/Li+ do not shift potentials in going from cycle 1
to cycle 2, but the magnitude of the current density is larger for the first cycle due to the
initial solid electrolyte interphase (SEI) layer formation at potentials lower than about 1.1
V.14
According to the reactions above, there are two different theoretical capacities
depending on the voltage cutoff. Negative of 1.0 V the lead is lithiated/delithiated. With
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3.5 Li ions reversibly reacting as in Equation 6.3, the theoretical specific capacity is 392
mAh g-1. If the upper cutoff is extended to 3.0 V and if the reaction remains reversible
(i.e. sulfur is not irreversibly extracted from the electrode by formation of lithium
polysulfides), then 2 more Li ions react as in Equation 6.1 and Equation 6.2, providing a
total theoretical specific capacity of 616 mAh g-1.
The results for galvanostatic cycling in the potential ranges 0.01 V ↔ 1.0 V and
0.01 V ↔ 3.0 V are shown in Figure 6.3. The electrodes were first cycled at a C/20 rate
for a single conditioning cycle, and then at a 1 C rate for 100 cycles. The electrodes
exceeded their theoretical capacities on the C/20 cycle, reaching 455 mAh g-1 for the 1.0
V cutoff and 689 mAh g-1 for the 3.0 V cutoff. After 10 cycles, cycling to either 1 V or 3
V provided nearly identical capacities for the 11th through 100th cycles. Through the 20th
cycle a capacity of around 400 mAh g-1 was maintained. After the 20th cycle the
capacities faded, dropping to about 140 mAh g-1 at the 100th cycle.

Figure 6.3. Discharge capacity versus cycle index in two potential ranges at a rate of 1 C
following one C/20 conditioning cycle.
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The capacity-voltage profiles in Figure 6.4 reveal why cycling to the different
cutoff potentials provided similar capacities after the 10th cycle. The large plateau in
cycle 2 at 1.4 V is associated with the reversible reaction of lithium with PbS, as in
Equation 6.1 and Equation 6.2. This plateau rapidly decreased throughout the first ten
cycles (shown by the arrow in Figure 6.4) and was nearly absent by the tenth cycle. Its
fading is consistent with the loss of sulfur through lithium polysulfide dissolution.13 After
ten cycles, electrodes cycled only to 1.0 V contain both Pb and Li2S, whereas those
cycled to 3.0 V contain only Pb. The lower potential lead-lithium alloying features
persist, irrespective of the presence or absence of Li2S.

Figure 6.4. The first five even-numbered capacity-voltage profiles for an electrode
cycled in the potential range 0.01 – 3.0 V at a rate of 1 C.
Figure 6.5a shows that the 0.4 – 0.5 V reduction peak shifts toward lower
potentials during cycling, and Figure 6.5b tracks this peak as a function of cycle index.
The peak’s potentials became more positive for both systems for the first few cycles,
which is indicative of an activation step after which this lithium insertion reaction
becomes more facile. The peak then begins to shift toward more negative potentials for
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both systems. Upon cycling only to 1.0 V the peak-potential downshift is much slower
than upon cycling to 3.0 V. One possible reason the peak may shift negative during
cycling is that the particles undergo massive expansion and contraction during cycling
(277% in going from Pb to Li3.5Pb),7 experiencing significant strain and fracture. This
destruction sometimes electrically isolates particle fragments, making them unavailable
to participate in the lithiation reactions. When this occurs, the remaining electrically
connected particles experience a higher current density (i.e., the same current is now
being applied to a smaller mass). Higher current densities cause higher overpotentials and
a negative shift of the reduction peak. Upon cycling to 3.0 V in our system, the 0.4 – 0.5
V reduction peak shifts negative more quickly and earlier in cycling, indicating a higher
current density and thus a larger loss of active material via this mechanism. This behavior
should correlate to a more rapid capacity fade. However, because there is little difference
in capacity fade upon cycling between the systems cycled to 1.0 V and 3.0 V, this
explanation can be ruled out.
Instead, we attribute the downshift to the formation of envelopes of Li2S around
the Li-Pb alloy particles that are resistive to Li-ion transport.15,16 These are in sharp
contrast to the Li-ion conducting Li2Te envelopes that form around the Li-Pb alloy
particles in PbTe electrodes.17 Li2Te has been computationally predicted to be Li-ion
conducting,18 whereas Li2S is Li-ion insulating. In the Li2S-free system, dissolved
polysulfide species may contaminate the electrolyte or damage the lithium counter
electrode,13 leading to the more rapid negative shift of the 0.4 – 0.5 V reduction peak and
reduced cycling performance.
An alternate explanation for the downshift is that the Li2S helps to retard particle
sintering, a problem which is common in low melting point materials such as tin19 and
lead. These materials are particularly susceptible to sintering during cycling, and the Li2S
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may serve as a physical barrier to prevent particle agglomeration. The lack of Li2S to help
prevent sintering in the system cycled to 3.0 V could explain its more rapid peak
downshift.

Figure 6.5. (a) Differential capacity profiles for the reduction reaction showing the shift
of the 0.4 – 0.5 V reduction peak upon cycling. (b) Position of the first reduction peak’s
potential as a function of cycle index.
Figure 6.6 shows the accelerated loss of capacity as the C-rate is increased after a
single C/20 conditioning cycle (not shown). The electrodes were sequentially cycled ten
times each at rates of C/10, C/5, C/2, 1 C, 2 C, 1 C, and C/5. Capacity loss was observed
for both the 1.0 V cutoff and the 3.0 V cutoff. For cycling to 1.0 V, the capacities were
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469, 453, 395, 294, and 190 mAh g-1 after 10 cycles at C/10, C/5, C/2, 1 C, and 2 C,
respectively. For cycling to 3.0 V, the capacities were 461, 427, 343, 248, and 159 mAh
g-1. Upon returning to the slower C/5 rate, the electrode cycled to 1.0 V recovered more
of its initial capacity than that cycled to 3.0 V.

Figure 6.6. Discharge capacity versus cycle index in two potential ranges at varying Crates.
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Chapter 7:
PbSe§
INTRODUCTION
Addition of Se has been shown to greatly improve the performance of both Ge1,2
and Sn3,4 materials, allowing for superfast charge/discharge rates while maintaining high
capacities by acting as a superionic conductor once reduced to Li2Se. In this chapter, Se
was added to Pb to form PbSe and see whether or not similar benefits were conferred.
Although the PbSe electrode did not cycle either stably or rapidly, its capacity in
the first 25 cycles greatly exceeded the theoretical coulometric capacity of PbSe. The
excess capacity was added by an electrolyte-derived polymer gel film (PGF) that was
electroreduced and electrooxidized during cycling. Such a film, contributing up to 150
mAh g-1, was first reported for a CoO electrode by Laruelle et al. who attributed its
formation to the catalysis of solvent polymerization.5 Li et al. found that on an Fe2O3
electrode, the solvent-derived PGF contributed 100 mAh g-1,6 and on MnO it contributed
480 mAh g-1.7 When Xu et al. prevented a C/Sn composite from forming the solventderived PGF, its capacity dropped by 620 mAh g-1.8 Seng et al. showed that the capacity
of NiO can increase by as much as 680 mAh g-1 with a PGF.9 In this chapter, an
electroactive PGF also formed on the PbSe electrode, adding as much as 300 mAh g-1 to
its nominal capacity.

§ This work was previously published: Sean M. Wood, Codey H. Pham, Adam Heller, C. Buddie Mullins,
“Formation of an Electroactive Polymer Gel Film upon Lithiation and Delithiation of PbSe”, J.
Electrochem. Soc., 163 (2016) A1666-A1671. The author of the dissertation was responsible for
development of experiments, electrochemical measurements, ex situ XRD measurements and XRD
calculations, ex situ SEM measurements, and data analysis.
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EXPERIMENTAL INFORMATION
Synthesis and Characterization
All chemicals were purchased from Sigma-Aldrich, unless otherwise noted, and
used as received. Following a procedure by Zhang et al.,10 PbSe nanoparticles were
prepared by adding 5 mmol of elemental selenium to 100 mL of stirred deionized (DI)
water. To this solution 1.12 mol of NaOH was added followed by heating to ~80 °C to
dissolve the Se. The solution was deep burgundy colored, nearly black. A second solution
was prepared by dissolving 5.2 mmol of Pb(Ac)2·3H2O in 10 mL of DI water. After the
Se solution cooled to room temperature, the Pb solution was added all at once. The
resultant black PbSe particles were collected by centrifugation and washed twice with DI
water and once with acetone then dried under vacuum at 70 °C overnight.
Scanning Electron Microscopy (SEM) micrographs were obtained using a Hitachi
S-5500 electron microscope. Powder X-Ray Diffraction (XRD) spectra were obtained
with a Spider R-axis diffractometer with a Cu Kα radiation source at 40 kV and 40 mA.
Ex situ measurements were performed by extracting electrodes after cycling and rinsing
lightly in diethyl carbonate (DEC). Ex situ XRD measurements were performed on a
Rigaku MiniFlex 600 diffractometer with a Cu Kα radiation source at 40 kV and 15 mA.
The lattice constants in Table 7.1 were calculated using Bragg’s Law,
λ = 2 d sin(θ),
where λ is the wavelength of the incident X-ray source (1.5406 Å for Cu Kα radiation), d
is the interlayer atomic spacing, and θ is the scattering angle. Using the peak positions
from the XRD spectra, d was solved for. Knowing d, the lattice constant, a, could be
calculated using the d-spacing equation for a cubic crystal,
a² = d² (h² + k² + l²),
where h, k, and l are the Miller indices for the peaks found in the XRD spectra.
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Electrochemical Measurements
An

aqueous

slurry

of

PbSe

nanoparticles

(60

wt

%),

sodium

carboxymethylcellulose (90 kDa, 20 wt %) binder, and Super P Li conductive carbon
(Timcal, 20 wt %) was coated onto copper foil and dried in a vacuum oven at 120 °C for
at least 6 h. The coated foil was punched into disks that formed the working electrodes of
CR 2032 coin-type cells. Each electrode had an average PbSe mass loading of about 1.1
mg cm-2. The cells were assembled in an argon-filled glovebox with Li foil counter and
reference electrodes and Celgard 2400 polypropylene membrane separators. A solution of
1M LiPF6 in fluoroethylene carbonate (FEC, Solvay Fluor)/DEC (1:1 w/w) was used as
the electrolyte. The use of FEC as a co-solvent rather than as an additive was previously
found to greatly enhance cycling performance.11–13 Cyclic voltammetry and galvanostatic
cycling were performed on an Arbin BT 2143 multichannel battery testing system.
Electrochemical impedance spectra were collected with a CH Instruments 608D
electrochemical analyzer/workstation in the frequency range 100 kHz to 10 mHz with a
perturbing voltage amplitude of 5 mV.
RESULTS & DISCUSSION
The XRD spectrum of the synthesized black powder is shown in Figure 7.1a, and
its match with the clausthalite reference spectrum (JCPDS # 01-077-0245) confirmed that
the material was phase-pure clausthalite PbSe. The sharpness of the XRD peaks indicated
the crystallites were not particularly small, consistent with the SEM micrograph of Figure
6.1b showing non-spherical 50 – 100 nm diameter particles with a rough texture.
Cyclic voltammograms (CVs) in the 0.01 – 3.0 V and 0.01 – 2.45 V vs. Li/Li+
potential ranges (Figure 7.2a and Figure 7.2b, respectively) show persistent, reversible
redox wave pairs at 0.44/0.67 V and 0.20/0.58 V vs. Li/Li+. Above 1.0 V vs. Li/Li+, there
were wave pairs at 1.3/1.8 V and 1.9/2.3 V. In the first cycle, the reduction wave at 1.9 V
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was shifted to 1.65 V, indicative of an activation step that is characteristic of
chalcogenide materials.14–18 The activation step is a result of stress relaxation within the
particles caused by their expansion-induced deformation during the first cycle. Once the
initial stresses within the particles are dissipated, subsequent lithiation becomes more
facile, which pushes the reduction peak to the higher potential seen in the second
cycle.19,20

Figure 7.1. (a) XRD pattern of the PbSe nanoparticles. (b) SEM micrograph of the PbSe
nanoparticles.
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Figure 7.2. The two initial voltammetric cycles of the PbSe electrode. Scan rate 0.1 mV
s-1. (a) 0.01 – 3.0 V vs. Li/Li+ and (b) 0.01 – 2.45 V vs. Li/Li+.
According to Xie et al., the redox couple at 1.9/2.3 V seen in Figure 7.2
corresponds to the breakdown and re-formation of PbSe,16 possibly involving the
reversible insertion of one Li atom in the PbSe lattice (Equation 7.1) analogous to a
similar insertion in the PbS lattice.21–23 The redox wave at 1.3/1.8 V corresponded
accordingly to the reduction of Li(PbSe) to Pb and Li2Se (Equation 7.2). These reaction
steps were confirmed by comparison of the ex situ XRD spectra of electrodes lithiated to
1.4 V and 1.0 V (Figure 7.3b and Figure 7.3c, respectively) with that of a pristine
electrode (Figure 7.3a). The spectrum of the pristine electrode showed only peaks of
69

PbSe and Cu; upon lithiation to 1.4 V, the PbSe peaks had shifted to the lower 2θ values
shown in Table 7.1. Although uniform shifting of the 2θ values could derive from an
artifact introduced by the height of the sample in the holder, such errors were avoided by
aligning the Cu (1 1 1) internal reference peak to 2θ = 43.342° (JCPDS Card #01-0703039).24 The non-uniform shifting of the PbSe peaks to lower values indicates therefore a
true lattice expansion upon insertion of Li atoms in the PbSe lattice without altering the
phase, i.e. the crystalline structure. Lattice constants for each of the peak positions in
Table 7.1 were calculated and are also shown in Table 7.1. The pristine electrode had a
calculated lattice constant of 6.12 Å, which agreed well with the reported value.25 Upon
lithiation to 1.4 V the lattice constant was calculated as 6.13 Å, and at 1.0 V it increased
to 6.14 Å, indicating that the lattice expansion did in fact take place.
Upon lithiation to 1.0 V (Figure 7.3c), the expanded PbSe lattice remained, but Pb
and Li2Se peaks appeared (as in Equation 7.2). Magnified portions of Figure 7.3a and
Figure 7.3c are provided in Figure 7.3d and Figure 7.3e. Li2Se formation was confirmed
by the 25.6° to 26.0° shoulder. Below 1.0 V, the 0.45/0.65 V and 0.20/0.55 V waves
corresponded to the formation of the known Li-Pb alloys with Li3.5Pb being the end
member of the series (as in Equation 7.3).26 An XRD spectrum of an electrode fully
lithiated to 0.01 V (Figure 7.3d) showed the presence of Li2Se, reaffirming its presence
from Figure 7.3c. The PbSe peaks entirely disappeared, replaced by Pb and Li8Pb3. The
fully-lithiated reaction product, Li7Pb2, was not seen perhaps due to the small size of the
particles making it invisible to X-rays or due to incomplete lithiation at the relatively fast
1C charge rate.

70

Equation 7.1: PbSe + Li+ + e- ↔ Li(PbSe)
Equation 7.2: Li(PbSe) + Li+ + e- ↔ Pb + Li2Se
Equation 7.3: Pb + 3.5 Li+ + 3.5 e- + Li2Se ↔ Li3.5Pb + Li2Se

Figure 7.3. XRD spectra of (a) a pristine PbSe electrode, (b) a PbSe electrode lithiated to
1.4 V vs. Li/Li+, (c) a PbSe electrode lithiated to 1.0 V vs. Li/Li+, and (d) a PbSe
electrode lithiated to 0.01 V vs. Li/Li+, with zoomed-in portions of the (1 1 1) peak
region from (a) and (c) shown in (e) and (f), respectively.
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Table 7.1. 2θ peak positions and calculated lattice constants for selected PbSe peaks from
the XRD spectra of Figure 7.3.
Peak:
Pristine Electrode
Lithiated to 1.0 V
Lithiated to 1.4 V

(1 1 1)
2θ
a (Å)
25.18°
6.121
25.14°
6.131
25.10°
6.140

(2 0 0)
2θ
a (Å)
29.16°
6.120
29.11°
6.130
29.06°
6.141

(2 2 0)
2θ
a (Å)
41.71°
6.120
41.63°
6.131
41.57°
6.140

The presence and size of the reduction waves near 1.3 V and below 0.2 V directly
depended on the oxidation wave above 2.5 V. In the second cycle, a wave below 0.2 V
was absent and a wave at 1.3 V was smaller when the greater than 2.5 V oxidation wave
was excluded by restricting the cutoff potential to 2.45 V. These waves are attributed to
solvent electroreduction resulting in the formation of a polymer gel film (PGF) to be
discussed below. The major reduction wave at 1.3 V (Figure 7.2a) is a superposition of
the PGF formation wave and the Li(PbSe) lithiation wave (per Equation 7.2).
Upon galvanostatic cycling in the potential range 0.01 – 3.0 V vs. Li/Li+ for one
C/20 rate cycle (not shown) followed by 100 cycles at a 1C rate (Figure 7.4a), the
capacity increased in the first 25 cycles from 592 mAh g-1 to 695 mAh g-1 then decreased
for the following 75 cycles, ending at 550 mAh g-1 on the 100th cycle. When cycled once
at C/20 (not shown) then sequentially for ten cycles each at C/10, C/5, C/2, 1C, 2C, 1C,
and C/5 (Figure 7.4b), the capacity increased through the first ten C/10 cycles, was stable
at C/5, and faded at all faster rates. The respective tenth cycle capacities were 813, 767,
597, 429, and 255 mAh g-1. Upon returning to 1C and C/5 rates, the initial capacities
were not recovered.
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Figure 7.4. Discharge capacity versus cycle index in the potential range 0.01 – 3.0 V vs.
Li/Li+ (a) at a rate of 1C following one C/20 conditioning cycle (not shown) and (b) at
varying C-rates following one C/20 conditioning cycle (not shown).
The theoretical capacity for the full lithiation of PbSe by 5.5 Li atoms (as in
Equation 7.1 through Equation 7.3) is 515 mAh g-1. Throughout the 100 cycles the
capacity was, however, higher (dashed line in Figure 7.4a) because of capacity gain in the
first 25 cycles. Potential-capacity profiles of cycles 2 and 24 are shown in Figure 7.5a
and of cycles 24 and 100 in Figure 7.5d. Subtraction of the capacities at particular
potentials provided the difference profiles shown in Figure 7.5b and Figure 7.5e; their
derivatives are shown in Figure 7.5c and Figure 7.5f, respectively. Full voltage-capacity
profiles and differential capacity profiles are available in Figure 7.6 for the interested
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reader. In Figure 7.5c and Figure 7.5f, areas of capacity gain are positive and areas of
capacity fade are negative. The capacity gain of the first 25 cycles was a combination of
reduction in the potential ranges 0.01 – 0.2 V and 1.3 – 1.6 V and oxidation in the range
2.3 – 3.0 V. Electroactive PGFs have been known to reversibly form from kinetically
activated electrolyte degradation at low potentials during reduction then disappear upon
reoxidation at higher potentials above 2.5 V vs. Li/Li+.5–9,18,27–29 These PGFs have been
known to form from both the standard EC/DMC electrolyte and also FEC-containing
electrolytes, such as the one used in this work. The negative regions around the 0.5 – 0.7
V range (during oxidation) and the 1.1 – 1.3 V range (during reduction) were introduced
by amorphization and do not indicate an actual decrease in capacity.
In cycles 26 – 100 (Figure 7.5f), the PGF formation/removal still added to the
capacity but now the intrinsic capacity of PbSe lithiation/delithiation faded. Major
capacity fade was seen in the 0.2 – 2.2 V region caused by the severe volume changes
experienced during lithiation and delithiation, which resulted in particles that were
fractured, electrically isolated, and unavailable for cycling. The beginnings of this
destruction can be found in the XRD spectra of Figure 7.7 which compares a pristine
electrode (Figure 7.7a) and an electrode after 20 cycles (Figure 7.7b). The pristine
electrode showed only peaks for PbSe and Cu, whereas the cycled electrode also showed
peaks for Li8Pb3 and Pb. These new peaks were from the remnants of fractured,
electrically-isolated particles, no longer available for lithiation or delithiation.
Additionally, the cycled electrode showed smaller, broader PbSe peaks, with the full
width at half maximum for the (2 0 0) peak increasing from 0.38° to 1.11° after twenty
cycles, signaling particle amorphization.
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Figure 7.5. Potential vs. capacity profiles for the (a) 2nd and 24th cycles and (d) 24th and
100th cycles. The differences of the capacities between the (b) 2nd and 24th cycles and (e)
24th and 100th cycles. Potential dependence of the derivative of the capacity-difference
between the (c) 24th and 2nd cycles and (f) 100th and 24th cycles.
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Figure 7.6. (a, c, e) Capacity-voltage profiles and (b, d, f) differential capacity profiles
for PbSe electrodes in the 0.01 – 3.0 V vs. Li/Li+ potential range for (a, b) cycle 1, (c, d)
cycles 2 – 24, and (e, f) cycles 30 – 100.
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Figure 7.7. XRD spectra of (a) a pristine PbSe electrode and (b) a PbSe electrode after
cycling (one C/20 cycle and twenty 1C cycles) and fully delithiated to 3.0 V.
During the C-rate test in Figure 7.4b, the capacity increased through the first ten
C/10 cycles and ended 300 mAh g-1 above the theoretical capacity; the excess capacity at
1C was much less. Thus, the formation of the capacity-adding PGF is slow, most likely
because of a rate-determining chemical step which is avoided at higher rates. The
capacity at 1C in Figure 7.4b was much lower than it was after an equivalent number of
cycles in Figure 7.4a. The increased severity of the PGF formation at slower rates earlier
in cycling harmed the cycling performance compared to cycling at a consistently faster
C-rate.
Figure 7.8a shows the equivalent circuit to which a model of electrochemical
impedance spectra (EIS) was fit. Nyquist plots of EIS data for a single cell that had been
cycled 20 times and then lithiated to either 0.1 V or 0.01 V are shown in Figure 7.8b,
while the data for a similar cell delithiated to either 2.5 V or 3.0 V are shown in Figure
7.8c. In the equivalent circuit, Re, RSEI, and Rct are the resistances due to the electrolyte,
the solid electrolyte interphase (SEI) layer, and charge-transfer, respectively. CPESEI and
CPEct are the capacitances that relate to the SEI and charge-transfer, respectively. Zw is
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the Warburg impedance factor which relates to mass transfer of lithium through the
electrode material.6,9 Values for the resistances that were used to fit the model to the data
are given in Table 7.2. Upon lithiation from 0.1 V to 0.01 V, a region in which the PGF is
formed by electroreduction, RSEI increased from 4.0 Ω to 10.5 Ω and Rct increased from
80.6 Ω to 125.4 Ω. The increases were consistent with the formation of an electroactive
PGF that became more resistive and impeded charge transfer. Upon delithiation from 2.5
V to 3.0 V, the region in which the PGF is removed by electrooxidation, RSEI decreased
from 6.3 Ω to 1.2 Ω and Rct decreased from 39.3 Ω to 24.3 Ω. These decreases indicated
the removal of more-resistive PGF from the surface of the electrode.

Figure 7.8. (a) Equivalent circuit to which a model for the electrochemical impedance
spectroscopy data was fit. Nyquist plots derived from EIS spectra of electrodes after
cycling (one C/20 cycle and twenty 1C cycles) followed by (b) lithiation to either 0.1 V
or 0.01 V or (c) delithiation to either 2.5 V or 3.0 V.
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Table 7.2. Values for the resistances fit to the equivalent circuit model in Figure 7.8.
Lithiated to 0.1 V
Lithiated to 0.01 V
Delithiated to 2.5 V
Delithiated to 3.0 V

Re (Ω
Ω)
8.9
10.6
10.8
5.5

RSEI (Ω
Ω)
4.0
10.5
6.3
1.2

Rct (Ω
Ω)
80.6
125.4
39.3
24.3

The PGF can be seen in the SEM of Figure 7.9. The pristine electrode in Figure
7.9a had many large voids between the PbSe and Super P Li particles. After 20 complete
cycles followed by delithiation up to 2.5 V (Figure 7.9b), a thick film encased the
particles, leaving almost no voids. Upon further oxidation to 3.0 V (Figure 7.9c), the PGF
was stripped. The PbSe and Super P Li particles were then encased only in a thin SEI
layer, making the particles more distinguishable.
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Figure 7.9. SEM micrographs of (a) a pristine PbSe electrode, (b) a PbSe electrode after
cycling (one C/20 cycle and twenty 1C cycles) and subsequent delithiation to 2.5 V, and
(c) after cycling (one C/20 cycle and twenty 1C cycles) and subsequent delithiation to 3.0
V.
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Chapter 8:
Summary & Conclusions about Lead-Based Anode Materials
In Chapter 5, the intermediates and end phase in the dynamic electrochemical
lithiation of lead in 1 M LiPF6 in 1:1 FEC/DEC (w/w) at room temperature were redetermined using ex situ XRD measurements. They were found to be LiPb, Li8Pb3, Li3Pb,
and Li7Pb2. From these phases and their relaxation potentials, a new set of reaction stages
was proposed which agreed well with the electrochemical data. The resulting theoretical
capacity of lead as a lithium-ion battery material is 453 mAh g-1.
In Chapter 6, PbO and PbTe were synthesized by relatively simple wet chemical
routes and electrochemically characterized in lithium-ion half cells. For both materials
Li-Pb alloys were formed and electrolyzed in the 0.01 – 0.7 V vs. Li/Li+ potential
domain. In the 0.8 – 2.5 V vs. Li/Li+ potential domain, lithium tellurides were reversibly
formed and electrolyzed for PbTe while no reactions occurred for PbO. The lithium
tellurides accelerated the formation and electrolysis of the Li-Pb alloys, providing for
rapid, stable cycling of the electrodes at a 5C rate at half their C/5 capacity. The lithium
oxide, on the other hand, did not provide any improvement or stability, and the capacity
of PbO faded rapidly.
In Chapter 7, the lithiation/delithiation of electrodes made with slurry-cast galena
PbS particles was studied. When cycled in the 0.01 – 1.0 V range, the electrodes did not
lose their sulfur; when cycled in the 0.01 – 3.0 V range, they lost their sulfur through
lithium polysulfide dissolution. Following the dissolution of sulfur, the specific capacities
were similar for 100 cycles whether the cutoff was 1.0 V or 3.0 V. The overpotentials
were smaller when sulfur was retained, possibly due to contamination of the electrolyte
and/or lithium counter electrode with dissolved polysulfides or from the Li2S preventing
electrochemical sintering of the Pb particles. At higher rates, the presence of sulfur
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provided for higher capacities of Li alloying and de-alloying with Pb. The PbS electrode
was clearly inferior to the earlier-studied PbTe electrode, as its capacity faded
substantially and rapidly through 100 cycles.
In Chapter 8, the study of PbSe showed that formation of an electroactive polymer
gel film (PGF) during cycling added to the overall capacity, raising it by up to 300 mAh
g-1 above its theoretical value of 515 mAh g-1. This PGF was oxidatively stripped when
the electrode was cycled up to 3.0 V. The study also showed that in the initial reaction a
Li atom was inserted into the PbSe lattice without changing the phase, i.e. crystal
structure, in order to form Li(PbSe).
Most of the chalcogenides studied did not show the requisite performance
necessary for commercial lithium-ion batteries, thus precluding their use. PbTe showed
some promising characteristics, with its ability to charge and discharge rapidly without
losing too much of its capacity. The expense of this material, however, would negate
these potential benefits, and it would not be feasible at a large scale. Additional study of
Pb-based materials is warranted; with appropriate tuning, lead could still potentially meet
the requirements of large grid-scale battery applications. Because of its high density, lead
also has a large volumetric capacity compared to other materials, potentially
recommending its use in other applications where battery volume is an important
consideration.
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SECTION 3:
LITHIUM METAL AS AN ANODE MATERIAL
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Chapter 9:
Potassium Additive to Reduce Dendrites on Lithium Metal**
INTRODUCTION
Lithium-ion batteries were developed after the failed introduction of batteries with
metallic lithium anodes, which were plagued by over-pressurization and fires caused by
the growth of lithium dendrites. The smaller, lighter and more reducing metallic lithium
anodes were replaced by the heavier, bulkier and less reducing lithium-intercalating
graphite anodes of Samar Basu.1,2 When Wertheim, Van Attekum, and Basu showed that
the lithium in graphite is ionized,3 batteries with graphite anodes became known as
“lithium-ion batteries”. Although all manufactured rechargeable lithium batteries are
presently lithium-ion batteries,4,5 exploration of batteries with dendrite-free metallic
lithium anodes continues.6
Dendrites form when lithium is unevenly electrodeposited on the lithium foil
surface because of (a) inadequate nucleation or (b) a thick Li+-depleted electrolyte layer
proximal to the electrode when the current density is high. The dendrites traverse the
concentration-polarized depletion layer such that a highly porous network of thin lithium
fibers develops, extending through the layer.7 When the current density is low and the
depletion layer is thin, dendrites grow because of inadequate nucleation. The metallic
lithium surface is passivated by an electronically and ionically insulating solid electrolyte
interphase (SEI) layer; lithium nucleates only in its defects. The surface density of Linucleating defects depends on the thickness and Li+ permeability of the SEI: the thinner

**

This work has been submitted for publication at the time of the writing of this dissertation: Sean M.
Wood, Codey H. Pham, Rodrigo Rodriguez, Sindhu S. Nathan, Andrei D. Dolocan, Hugo Celio, J. Pedro
de Souza, Kyle C. Klavetter, Adam Heller, C. Buddie Mullins, “K+ reduces lithium dendrite growth by
forming a thin, Li2CO3-rich solid electrolyte interphase”, J. Am. Chem. Soc., submitted. The author of the
dissertation was responsible for development of experiments, electrochemical measurements,
characterization of XPS and TOF-SIMS data, and data analysis.
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and more Li+-permeable it is, the greater the surface density of Li-nuclei. Because the
permeability is the product of the concentration and diffusivity of Li+ in the SEI, it
increases when the diffusivity is unchanged but the Li+ concentration is increased. When
the SEI is thin enough and its Li+ permeability high enough, then in the absence of
concentration polarization no dendrites grow.8
Approaches to address nucleation insufficiency through thinning of the SEI
include replacement of the carbonate-based electrolytes by more expensive ionic
liquids,9–12 partial fluorination of the carbonates,13 and blending with halogen-containing
salts.14 Alternatively, Cs+ and Rb+ salts added to the carbonate-based electrolytes to
electrostatically shield protuberant lithium tips, form a nanocolumnar solid electrolyte
interphase (SEI), and enrich the interphase in LiF.15–17 In some of these approaches, the
SEI-modifying additive reacted with lithium, and dendritic growth resumed once the
additive was eventually exhausted.
Here it is shown that adding 10 mM KPF6 to the widely used 1 M LiPF6 ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 v/v) electrolyte favorably alters the SEI.
The KPF6 depletes the SEI of the organic polymer formed upon reduction of EC-solvated
Li+, (CH2OCO2Li)2, (lithium ethylene dicarbonate, abbr. LiEDC) and enriches the
fraction of Li2CO3 8.6-fold, raising it to 88%. The Li2CO3-enriched SEI is thin enough
and sufficiently Li+-permeable for the electrodeposition of dense, smooth, dendrite-free
metallic lithium at a low current density of 0.5 mA cm-2. At the intermediate current
density of 2.5 mA cm-2 dendrites persist, but the surface density of dendrites is vastly
reduced.
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EXPERIMENTAL INFORMATION
Except in the experiments involving an optical cell for photographing the
dendrites, symmetrical Li | Li CR2032 coin cells with Li foil (Alfa Aesar) disk electrodes
were used. Electrolytes were prepared by mixing a 1:1 (v/v) ratio of ethylene carbonate
(EC, BASF) and dimethyl carbonate (DMC, Sigma-Aldrich) and dissolving 1 M of LiPF6
(BASF) therein. In half the experiments, 10 mM KPF6 (Sigma-Aldrich) was also
dissolved (10 mM was found to be the optimal concentration out of the 1 mM, 10 mM,
and 100 mM concentrations tried). The cells had Celgard 2400 polypropylene membranes
as separators. They were assembled in an argon-atmosphere glovebox (MBRAUN) with
less than 0.1 ppm of O2 and less than 0.1 ppm of H2O. An Arbin BT 2143 multichannel
battery testing system was used for galvanostatic cycling.
Electrochemical impedance spectra (EIS) were measured with a CH Instruments
604D electrochemical analyzer between 10 mHz and 100 kHz with an amplitude of 5
mV. The spectra were analyzed with ZView software using the fitting parameters of the
model shown in Figure 9.5b.
X-ray photoelectron spectra (XPS) were obtained with a Kratos Axis Ultra X-ray
photoelectron spectrometer, having a monochromatic Al-Kα X-ray source (hν = 1486.5
eV). The XPS samples were prepared by submerging pristine Li foil disks in the
respective electrolyte solutions for 48 hours and briefly dipping in DMC to remove any
residual LiPF6. Samples were transferred from the Argon-filled glovebox to the XPS
ultra-high vacuum (UHV) chamber using the pressure-to-vacuum transfer of
environmentally sensitive samples (PV-TESS) interface designed by the Texas Materials
Institute of The University of Texas at Austin.18 CasaXPS analysis software was used to
evaluate the spectra and provide corrected peak locations. Binding energies were
calibrated using the adventitious carbon peak in the C 1s spectra aligned to 284.8 eV.
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Time of flight – secondary ion mass spectrometric (TOF-SIMS) depth profiles
were obtained using the TOF.SIMS 5 by ION-TOF GmbH, 2010. The electrolyteexposed Li metal samples were transferred to the TOF-SIMS under an Ar atmosphere
using the same transfer vessel as above. Non-interlaced mode was used with the
sputtering and analysis beams alternating on the sampled area. A Bi+ analysis beam (0.4
pA, 30 keV) was rastered over a 100 µm x 100 µm area, segmented into 256 pixels x 256
pixels in high current mode. In negative mode, a sputtering beam of Cs+ ions (78 nA, 2
keV) impinged upon a 300 µm x 300 µm area. Cs was chosen so as to decrease the work
function of the material and to increase the counts of negative species. In positive mode,
an O2 sputtering beam (307 nA, 1 keV) was used to increase the work function of the
sample and accentuate the potassium signal so as to detect potassium traces in the
surface.
Dendritic growth was observed and photographed in situ in a home-built optical
cell, its schematic shown in Figure 9.1a. The body of the cell was made of high-density
polyethylene; the cell had ports for electrolyte injection, stainless steel leads for electric
connection, and a cutout for a polypropylene insert. It was hermetically sealed by an Oring and a quartz glass lid fitted to a stainless steel cover. O-rings were used to seal the
Swagelok electrolyte ports. The photographs were taken through the glass lid.
The cell’s insert, shown in Figure 9.1b, was printed by Solid Prototype in white,
poly-P-endur. It contained 5 mm x 5 mm x 1mm slots for the Li metal strips, with 1 mm
x 2 mm inner face edges exposed for Li deposition and stripping. The insert also
contained pathways for evolved gas to escape to side-spaces. Ports were included to
connect the insert to the electrolyte and for the electrical leads. The Li foils and the
potentiostat were connected by a stainless steel foil, springs (Century Spring Corp, Model
70047s), disks, and screws attached to an external wire. 5 mm x 5 mm Li electrodes were
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punched from lithium foil with a stainless steel punch. The electrodes were soaked in
electrolyte for at least 48 hours prior to cell assembly.

(a)

Stainless Steel Cover

Glass Lid
O28 O-ring

Assembled body + insert
Swagelok electrolyte port

Figure 9.1. Continued on next page.
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Figure 9.1. (a, previous page) Schematic of the homemade electrochemical cell used to
perform optical microscopy. (b, above) Schematic of the 3D printed plastic insert used to
hold the lithium metal in the homemade electrochemical cell of (a).
Photographs were taken with a camera-equipped Keyence VHX-5000 digital
microscope. A VH-250R lens was used to capture images of the lithium foil edge at 500x
magnification before and after the electrodepositions of Li either at a current density of
0.5 mA cm-2 for 18 hours or at 2.5 mA cm-2 for 3 hours and 36 minutes, both providing 9
mAh cm-2. The current was applied using a CHI 604D electrochemical analyzer.
RESULTS & DISCUSSION
Photographs of metallic lithium/electrolyte interfaces taken after 18 h of lithium
deposition at a current density of 0.5 mA cm-2 show a vast change when 10 mM KPF6
was added to the 1M LiPF6 EC/DMC electrolyte (Figure 9.2). In the absence of KPF6, the
electrodeposited lithium was porous and had numerous protrusions, indicated by red
arrows. In its presence, the electrodeposited lithium was smooth, dense, and free of
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protrusions. When the same total amount of charge was passed but at a 5-fold higher
current density for a 5-fold shorter period (i.e. 2.5 mA cm-2 for 3.6 hours), the change
when 10 mM KPF6 was added to the electrolyte was similarly vast (Figure 9.3); some
fibrous dendrites persisted (indicated by red arrows) but their number was at least 100
times smaller. Gas bubbles (not shown) were observed proximal to the lithium surface at
this current density both in the presence and absence of KPF6.

Figure 9.2. Photographs of the lithium foil (left side of each image)/electrolyte (right side
of each image) interface before (a, c) and after (b, d) 18 h of lithium deposition at a
current density of 0.5 mA cm-2 in 1M LiPF6 in 1:1 EC/DMC (v/v) electrolyte without (a,
b) and with (c, d) 10 mM KPF6 added. Red arrows point to lithium protrusions. The view
is normal to the plane of the lithium foil.
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Figure 9.3. Photographs of the lithium foil (left side of each image)/electrolyte (right side
of each image) interface before (a, c) and after (b, d) 3 h 36 min of lithium deposition at a
current density of 2.5 mA cm-2 in 1M LiPF6 in 1:1 EC/DMC (v/v) electrolyte without (a,
b) and with (c, d) 10 mM KPF6 added. Red arrows indicate the much sparser needle-like
dendrites grown in the presence of KPF6. The view is normal to the plane of the lithium
foil.
Figure 9.4 shows that the adding of 10 mM KPF6 also drastically lowered the
resistance of the SEI formed on lithium foil electrodes when aged for 2 days at open
circuit. When a current density of 1 mA cm-2 was applied across lithium foil electrode
pairs aged in 1M LiPF6 in 1:1 EC/DMC without KPF6, the voltage increased promptly to
4 V as the feedback loop of the Arbin system attempted to adjust for the high resistance.
It then oscillated as the feedback loop periodically re-adjusted the voltage for the
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decreasing resistance, dropping after 2 min to 0.5 V. In contrast, with the 10 mM KPF6
added the resistance remained low and the voltage never exceeded 0.5 V, which was
consistent with a more Li+ conductive SEI.

Figure 9.4. Time dependence of the initial voltage of symmetrical Li | Li cells at an
applied current density of 1 mA cm-2 after 48 h aging at open circuit in 1 M LiPF6 in
EC/DMC (1:1 v/v) electrolyte without and with KPF6 added.
A less resistive SEI was corroborated by the drastic change in the Nyquist plots
upon adding 10 mM KPF6 (Figure 9.5a). The plots comprise parts attributed to Ohmic
resistance, provided by the x-intercept in the high-frequency region, and to the surface
resistance, represented by the depressed semicircle in the low frequency region.19 The
Ohmic resistance is the inverse of the ionic conductivity of the electrolyte, while the
surface resistance results from the electronic and/or ionic insulation, mostly of the SEI.
The low-frequency semicircle can be modeled with the equivalent circuit in Figure 9.5b.
The summed surface resistances (R2 + R3 + R4) were 2,192 Ω in the absence of KPF6 and
408 Ω in the presence of KPF6. Aptly, addition of K2CO3 was reported earlier to reduce
the resistance of a lithium-intercalating graphite electrode.20

96

Figure 9.5. (a) Nyquist plots derived from EIS spectra of Li | Li symmetric cells after
aging for 48 h in 1M LiPF6 in EC/DMC electrolyte without and with 10 mM KPF6. (b)
The equivalent circuit applied to fit the impedance spectra.
X-ray photoelectron spectra (XPS) of the SEI (Figure 9.6) showed that in the
absence of 10 mM KPF6 the SEI was thick and mostly organic, i.e. polymeric LiEDC,
while in its presence it was thin and mostly Li2CO3. In the Li 1s spectra, the KPF6
increased both the metallic Li band21 and the Li+ band, indicating a thin, dense SEI. In the
O 1s spectra, where the LiEDC and Li2CO3 peaks were readily distinguishable,22–24 the
Li2CO3/LiEDC ratio was 0.85 in the absence of KPF6 which increased 8-fold to 7.3 in its
presence. The F 1s peak increased in the presence of KPF6 and when paired with the
larger metallic Li band of the Li 1s spectrum, it was consistent with that of a thinner
denser LiF layer. The C 1s spectra (the adventitious carbon peak of which was used to
align the other spectra) and the P 2p spectra are also shown in Figure 9.6.
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Figure 9.6. F 1s, O 1s, Li 1s, C 1s, and P 2p XPS spectra of the surface of Li foil after
aging in 1M LiPF6 in 1:1 EC/DMC (v/v) for 48 h with and without the 10 mM KPF6.
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Time of flight-secondary ion mass spectra (TOF-SIMS) of the SEI are shown in
Figure 9.7. Based on instrumental settings and calibrations performed elsewhere, one
second of sputtering time corresponds to roughly 1 nm of depth.25 The C2HO- fragment
originates from the middle carbons of lithium ethylene dicarbonate, whereas the CO3fragment originates from carbonate. As seen in Figure 9.7a, the ratio of the C2HO-/CO3fragments was lowered and persisted only through a shorter sputtering time, i.e. a lesser
depth, when 10 mM of KPF6 was added, supporting the thinning of the SEI and its CO32enrichment. The LiF2- fragment in Figure 9.7b serves as a proxy for LiF in the SEI; its
counts dropped off more rapidly when KPF6 was added, consistent with a thin layer of
LiF. Without KPF6, the LiF layer was thicker and persisted at a greater depth.

Figure 9.7. TOF-SIMS spectra of the surface of Li foil submerged in 1M LiPF6 in 1:1
EC/DMC (v/v) electrolyte for 48 h with and without the 10 mM KPF6 showing (a) the
ratio of the counts of the CH2O- fragment to the CO3- fragment and (b) the counts of the
LiF2- fragment.
Figure 9.8 compares the voltage excursions in symmetrical Li | Li cells without
and with KPF6 cycling at 0.5 mA cm-2, the direction of the current reversed every hour.
Addition of 10 mM KPF6 reduced the baseline voltage 2 - 5 fold to ~50 mV through the
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18 days of cycling, as expected for electrodes with a more Li+-conducting SEI layer. In
the absence of KPF6, the voltage averaged 200 - 250 mV on the first day of cycling and
100 - 150 mV on the 18th day. The halving of the voltage is attributed to current density
reduction as a result of surface roughening, i.e. dendritic protrusions.19 The large, sudden
voltage drops detected after cycling for more than 14 days in the absence of KPF6
(marked with arrows in Figure 9.9) are attributed to shorting by dendrites.

Figure 9.8. Voltage of Li | Li symmetric cells with and without KPF6 added to the 1M
LiPF6 in 1:1 EC/DMC (v/v) electrolyte at an applied current density of 0.5 mA cm-2
reversed every 1 hour.
Additionally, 20 – 30 daily voltage excursions as large as 0.7 – 1.5 V were
observed in the absence of KPF6, but not a single excursion was seen during the 18 days
of cycling when 10 mM KPF6 was added. Such large voltage excursions were earlier
observed by Howlett et al. in symmetrical Li | Li cells with a 1 M LiPF6 in propylene
carbonate electrolyte and by Song et al. in Li | Li cells with a 1 M LiPF6 in EC/ethyl
methyl carbonate electrolyte.13 Howlett et al. associated the voltage excursions with
dendritic growth resulting in formation of dead lithium. This electrically disconnected
lithium reduced the conductance of the cells, lowering the active surface area of the
electrodes (by physically preventing lithium ions from reaching the surface), in turn
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increasing the current density and further promoting dendritic deposition.9 The dead
lithium deposit also reduced the volume of the electrolyte near the surface, increasing the
Li+ concentration gradient and promoting dendritic deposition.9 The symmetrical cell of
Song et al. exploded after 10 cycles, its explosion attributed to dendrite formation.13

Figure 9.9. Zoomed-in voltage versus time plots for Li | Li symmetric cells cycled at 0.5
mA cm-2 reversed every 1 h in a 1M LiPF6 in 1:1 EC/DMC electrolyte without K+
additive. Arrows show dendritic shorting events.
In Figure 9.10, the current density was increased to 2.5 mA cm-2. Large voltage
excursions of the type seen in Figure 9.8 were not observed. However, after 2 days of
cycling the voltage increased rapidly towards the end of each cycle. This behavior may
be more indicative of continuous SEI buildup rather than dendrite formation.19,26
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Figure 9.10. Voltage of Li | Li symmetric cell with KPF6 added to the 1M LiPF6 in 1:1
EC/DMC (v/v) electrolyte at an applied current density of 2.5 mA cm-2 reversed every 12
min.
The benefits of KPF6 are attributed to the difference in solvations of Li+ and K+.
Experimental27,28 and theoretical29–31 studies have shown that Li+ is solvated almost
exclusively by EC in EC/DMC; it is the EC that is preferentially electroreduced31–33 to
form an SEI comprised of both Li2CO3 (Equation 9.1) and LiEDC (Equation 9.2).20,34–37
The ratio Li2CO3/LiEDC is determined by the relative rates of the two reactions.

Equation 9.1. EC + 2 Li+ + 2 e- → Li2CO3↓+ H2C=CH2↑
Equation 9.2. 2 EC + 2 Li+ + 2 e- → (CH2OCO2Li)2↓+ H2C=CH2↑

When the concentration of EC in the EC/DMC solution is high, Equation 9.2 is
sterically favored because the Li+ is increasingly solvated by EC.38,39 When the EC
concentration is low, Equation 9.1 dominates. Being a small cation, Li+ is solvated on
average by 4 EC molecules,40 whereas the large K+ cation is solvated by only a single EC
molecule.41 Hence during the electroreduction of K+ as in (Equation 9.3), only a single
solvent molecule is reduced, and carbonate and ethylene are produced.
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Equation 9.3. EC + 2 K+ + 2 e- → K2CO3↓+ H2C=CH2↑

Equation 9.2, in which four solvent molecules are released, is expected to have a
large Marcus reorganization energy and to be slow. With only a single solvent molecule
released, Equation 9.3 is expected to have a lesser Marcus reorganization energy and be
so much faster that it would be the dominant reaction,42 even though the K+ concentration
is only 10 mM, two orders of magnitude lower than the Li+ concentration. Because the
only solution-phase product of the reaction is CO32- and because the concentration of Li+
is 100 times greater than the concentration of K+, only the solubility product of the less
soluble Li2CO3 is exceeded and only Li2CO3 precipitates to form the SEI, explaining the
absence of any K+ salt. While no potassium was detected in the SEI by energy dispersive
X-ray (EDX) spectroscopy or XPS (Figure 9.11a and Figure 9.11b), the highly sensitive
TOF-SIMS did detect a trace, but it also detected traces of sodium, aluminum, and
calcium, none of which was intentionally added. As seen in Figure 9.11c, the ratio of
sodium to potassium ions did not change upon sputtering whether or not KPF6 was
added, confirming that the potassium was an adventitious surface impurity rather than an
SEI constituent originating from the KPF6 salt.
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Figure 9.11. (a) EDX spectrum and (b) XPS spectrum showing no K+ present on the
surface of Li foil submerged in 1M LiPF6 in 1:1 EC/DMC (v/v) electrolyte with 10 mM
KPF6. (c) TOF-SIMS spectra showing the ratio of K+ to Na+ fragment counts from the
surface of Li foil submerged in 1M LiPF6 in 1:1 EC/DMC (v/v) electrolyte without and
with 10 mM KPF6.
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CONCLUSIONS
These results agree with the finding of Aurbach et al. who reported that Li2CO3 is
one of the best passivating agents of Li electrodes and that surface films comprised of
Li2CO3 are thin, compact, and have low interfacial impedance.43 The Li2CO3-rich SEI
formed on the non-intercalating lithium foil electrodes of Li | Li cells with a 1 M LiPF6 in
EC/DMC electrolyte with 10 mM KPF6 added was sufficiently thin and Li+-permeable to
provide ample nucleation for the electrodeposition of a smooth, dense, dendrite-free
lithium film at a 0.5 mA cm-2 current density where the depletion layer is thin. Although
it reduces the surface density of dendrites at least 100-fold while at a 2.5 mA cm-2 current
density, it is unlikely to eliminate dendrites at the typical 10 mA cm-2 current density
where the depletion layer is thick.
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Chapter 10:
Future Research Directions
Based on the studies presented in this dissertation, there are three potential areas
for future study. In the first area, as an extension of Chapter 4, the diffusion coefficients
of lithium within various LixPb compounds would be studied. These values are known for
other Si- and Ge-based compounds; studying the diffusion of lithium within lead would
help to compare lead with the other Group IVA materials. Since lead is such a large atom,
the diffusion coefficient may actually be higher, allowing it to charge and discharge more
rapidly than materials such as silicon. This work would be carried out by synthesizing
pure forms of the LixPb compounds using a melt synthesis technique developed within
our lab. In this technique, the two elements lead and lithium would be sealed in a quartz
ampule under vacuum and heated in a tube furnace above the melting point of the alloy
so as to completely liquefy it and then allowing it to cool to room temperature. The
compounds would be extracted from the ampules, ground into a powder, and
characterized by XRD. The powder would be made into electrodes (using the
conventional slurry casting technique described in Chapter 1) and EIS measurements
taken. From the XRD measurements, grain sizes can be calculated which will then be
used as the diffusion length in calculating the diffusion coefficient from the EIS data.
The second area of study would be to fully characterize the polymer gel film
formed in Chapter 7. Our lab has the capability to grow nanostructured films of metals
such as copper or nickel with high surface area for growing as much of the PGF as
possible. Additionally, oxygen can be selectively leaked in to partially oxidize the
nanostructured metal films. There is some debate in the literature about whether the PGFs
grow as a result of nanocrystalline metallic domains within the metal particles or as a
result of some sort of catalytic reaction of the Li2O that forms upon reaction of the metal
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oxide with lithium. Controlling the amount of oxide introduced on the metal would allow
determination of the origin of these films. Once their origin is determined, they will be
fully characterized using XPS and Fourier Transform Infrared (FTIR) spectroscopy to
determine their chemical compositions. Performing these experiments on the
nanostructured metallic electrodes obviates the need for the polymer binders typically
used in typically slurry-cast films which may obfuscate and convolute the results of XPS
and FTIR. Full characterization of this film may provide clues as to how to prevent its
formation or to potentially utilize it in a controlled fashion to gain extra capacity in
lithium-ion batteries.
The third area of study would be to extend the results of Chapter 9 based on the
theory of Marcus reorganization presented therein by using bigger ions. The idea would
be that bigger ions would be solvated by even fewer solvent molecules and further enrich
the SEI in beneficial Li2CO3 while more fully suppressing the formation of LiEDC.
Examples

of

other

potential

larger

ions

include

tetramethylammonium,

tetraethylammonium, and tetrabutylammonium. These ions have the benefit of not plating
on the surface of the lithium as the Group 1 elements (Na+, K+, Rb+, Cs+) potentially do.
Similar characterization techniques would be performed as in Chapter 9, with potential
for additional support of the original theory by collaborating with another group to do
computational studies such as Density Functional Theory.
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Glossary
•

DMC: dimethyl carbonate

•

EC: ethylene carbonate

•

EDX: energy dispersive X-ray spectroscopy

•

EIS: electrochemical impedance spectroscopy

•

FEC: fluoroethylene carbonate

•

GITT: galvanostatic intermittent titration technique

•

KPF6: potassium hexafluorophosphate

•

LiPF6: lithium hexafluorophosphate

•

mA cm-2: milliamps per square centimeter

•

mAh g-1: milliamp-hours per gram

•

SEM: scanning electron microscopy

•

TOF-SIMS: time of flight – secondary ion mass spectrometry

•

V: volts

•

XPS: X-ray photoelectron spectroscopy

•

XRD: X-ray diffraction
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