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plated onto the electrode. These ions tend to deposit unevenly over the surface producing rough
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CHAPTER |

INTRODUCTION

1.1 HISTORY OF BATTERIES

Rechargeable batteries have become a ubiquitous part of modern society. The world of today is
extremely reliant on a myriad of electronic technology which are, in many cases, powered through
battery technology. These devices include laptops, pacemakers, digital cameras, power tools,
handheld game consoles, electric vehicles, and, of course, cellular phones. Due to their importance
as electrochemical energy storage devices, a considerable amount of research effort is currently
being directed towards improving the capabilities of these rechargeable batteries. Before looking
at the current state of battery technology and considering how it may advance in the future, we will

first summarize the history of batteries.

The invention of the electric battery is universally accredited to the ltalian chemist
Alessandro Volta who performed key experiments around the turn of the 19" century. In the year
1799, Volta developed the first-known battery, the “Voltaic Pile”, which consisted of disks of
different metal (for example, zinc and silver) separated by a piece of cloth soaked in salt water.
These stacks generated a small electric potential of between 1-2 V and produced a small electric
current for use in experiments. Additionally, a group, or “battery”, of these piles could be connected
in series to provide a more powerful energy source. This early foray into battery development was
further improved by John Daniell who, in 1836, invented what became known as the “Daniell cell”.
Volta’s original battery design produced a film of hydrogen bubbles on the cathode surface as a
result of electrolysis of the electrolyte. This phenomenon increased the internal resistance of the
battery as the film developed. The Daniell cell consisted of a copper cylinder filled with a copper
(1) sulfate solution containing another vessel with a zinc electrode immersed in sulfuric acid. This
design utilized a second electrolyte which allowed for the deposition of copper to occur in place of
the hydrogen gas evolution. This invention turned out to be popular in the 19" century as a source

of electricity in applications such as telegraphs. However, both technologies lacked one critical
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feature. Once discharged, the cells had no way to be recharged and lost their function as a source
of electrical power. For batteries to become essential in the way they are in the modern world, they
would need to be rechargeable.

The first rechargeable battery was invented in 1859 by the French physicist Gaston Plante.
Planté’s invention involved two sheets of pure lead separated by a linen cloth rolled into a spiral
and placed inside a sulfuric acid solution. This apparatus was the first example of a lead-acid battery
which still finds widespread use today as automobile starters. In a major improvement over
previous battery designs, the lead-acid battery would accept a reverse current allowing for it to be
recharged and subsequently used again. There was now a distinction between batteries with only
one discharge use (primary batteries) and those which could be used repeatedly (secondary
batteries). A commercially viable version of this battery was created in 1881 by Camille Faure who
used a lead lattice grid with lead oxide pasted within that proved easier to mass produce.
Interestingly, one of the early applications of these lead-acids batteries was in electric vehicle
applications in 1894, an area which continues to be massively popularl. The lead-acid battery
proved to be quite attractive and has retained a large portion of the battery market over the

intervening years accounting for between 40-45% of all battery sales in 19992,

The next major milestone in rechargeable battery technology occurred in 1899 with the
creation of a nickel-cadmium battery by Waldemaar Jungner. As the name implies, this battery
featured nickel and cadmium electrodes in a potassium hydroxide solution. The Ni-Cd battery
presented an increased energy density over its main competitor, the lead-acid battery, (40-60 W h
kg compared to lead-acid’s 35-40 W h kg?) while also featuring greater chemical and physical
durability. Like the lead-acid battery, these improvements secured the nickel-cadmium battery a
place in the battery market for many years with an estimated market of $3 billion in 19952, Jungner
also produced several other alternative battery combinations including nickel-iron and silver-
cadmium which proved to be less attractive than his Ni-Cd design due to lower energy densities.
Unfortunately, cadmium is a toxic heavy metal and represents a potential environmental threat*.

This reality necessitated the development of more advanced battery configurations.

This development began to take form when the nickel-hydrogen battery started
development in 1970 at COMSAT laboratories®. The nickel-hydrogen battery acted in a similar
manner to fuel cells by replacing the cadmium electrode in the nickel-cadmium battery with
hydrogen gas. This technology had the dual of advantage of providing an increase in the energy

density (55-75 W h kg™?) over nickel-cadmium batteries while also not utilizing toxic cadmium



metal. Due to its higher energy density and long cycle lifetime, nickel-hydrogen batteries found a
role as energy storage for satellites and space probes in the 1970s°. However, while these batteries
may not have contained cadmium, the need for hydrogen gas presented a potential safety issue
which kept them from ever becoming commercially viable.

While nickel-hydrogen battery development was beginning in 1970, another group of
scientists at Philip Research Laboratories discovered that certain metallic alloys were capable of
adsorbing large amounts of hydrogen at room temperature’. Throughout the 1970s and into the
1980s, more of these “metal hydrides” were discovered and potential applications were evaluated.
This effort eventually culminated in 1987 when Willems and Bucshow built upon technology from
the nickel-hydrogen battery and employed LaosNdo.2Ni>5C024Sio.1, @ metal hydride, as an electrode
material in a nickel-hydride battery®. Their newly created nickel-hydride configuration exhibited
remarkable cycling capability with a retention of 84% of its initial capacity over 4000-charge-
discharge cycles at a charge/discharge rate of 1C (charge/discharge in 1 hour). Their discovery
directly led to the commercialization of nickel-metal hydride (NiMH) batteries in 1989. Over the
following years, NiMH batteries (specific energy density of 60-120 W h kg™?) have been adopted
by many consumer electronics and were the primary means of energy storage in electric vehicles

before Li-ion batteries®.

For many years, lead-acid and nickel-cadmium battery designs dominated the battery
landscape, until the development of the lithium-ion battery in the 1980s. Lithium metal had long
been considered a promising candidate as an electrode material due to its low molecular weight
granting it an extremely high energy density (a pure Li metal anode has a theoretical specific
capacity of 3862 mA h g1)¥°. Early work describing pure Li metal as a potential anode material
date back to the 1960s™. Increased interest into this research area over the ensuing decade was
likely driven by the oil crisis of the 1970s which highlighted the need for fossil-fuel free energy
sources®?. In the mid-1970s, a British-American scientist by the name of Stanley Whittingham
discovered the concept of intercalation electrodes for Li* ion storage®®. His initial finding involved
the material titanium disulphide (TiS,), a layered material with gaps in its crystal structure that
could house lithium ions during charging and discharging while retaining its overall crystal
structure. He used TiS; as an innovative cathode material in a battery paired with metallic lithium.
The resulting configuration had high-power capability due to an electrical potential difference of 2
V between the two electrodes. However, the metallic lithium used as the battery’s anode was very
reactive (for example, like all alkali metals, lithium reacts with moisture and oxygen in the air) and

rendered the battery too unstable for commercial applications. Even with this caveat,



Whittingham’s discovery would pave the way for more innovations that would eventually lead to
the creation of the Li ion battery.

In 1980, John B Goodenough, a professor at the University of Texas at Austin, improved
upon Whittingham’s work when he proved that cobalt oxide was also able to intercalate lithium
ions and was a viable cathode material'*. Cobalt oxide functioned by a similar mechanism to TiS;
with its ability to reversibly house lithium ions in voids in its crystal lattice. Dr. Goodenough had
predicted that metal oxides would provide an even greater potential difference than metal sulphides
due to the presence of oxygen species within the material. His prediction was validated with cobalt
oxide which has a potential of 4 V vs metallic lithium. With this larger potential gap, lithium-ion
battery technology had a promising cathode material capable of high-power outputs but was still
lacking in a suitable anode material. This all changed in 1985 when Akiro Yoshino created the first
commercially viable Li-ion battery using Goodenough’s cobalt oxide cathode and an anode
comprised of petroleum coke, a carbonaceous, layered material with the ability to intercalate Li -
ions'®. His anode exhibited a low potential versus lithium meaning that batteries with it as their
anode in place of metallic lithium would still present high voltages and correspondingly high power
outputs. Additionally, Yoshino’s anode was much safer than pure lithium due to its greatly reduced
reactivity and was highly rechargeabl. This petroleum coke was the precursor to the common
graphite anode found within most modern Li ion batteries. In recognition of their achievements,
the 2019 Nobel Prize in Chemistry was jointly awarded to Stanley Whittingham, John B.

Goodenough, and Akira Yoshino for their work in developing the secondary Li-ion battery.

This newly developed Li ion battery was a major step forward over all previous battery
designs, including the concurrently developed nickel-metal hydride battery. It has the advantage of
having the highest volumetric and gravimetric energy densities of all commercially available
batteries (100-250 W h kg* and 250-680 W h L7, respectively), a low self-discharge rate, and a
lengthy cycle lifetime. With these attributes, Li-ion batteries have seen wide use in the modern
world since their commercialization by Sony in 1991 with applications in electric vehicles and
portable electronics. Of course, over the previous 3 decades, there has been considerable progress
in identifying and developing additional electrodes for Li ion battery applications. Modern cathode
materials include lithium manganese oxide (LMO), lithium iron phosphate (LFP), lithium nickel
manganese cobalt oxide (NMC), and lithium nickel cobalt aluminum oxide (NCA)*®. While on the
anode side, there has been progress in identifying lithium titanate (LTO), hard carbon, and silicon
as suitable electrode materials. A summary of the previously highlighted rechargeable batteries

depicting their energy densities is provided below in Figure 1.1.
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Figure 1.1: A comparison of energy densities for common commercially available batteries

However, there is still much room for improvement in the battery industry even over
cutting-edge Li-ion battery designs. While lithium-ion batteries have the highest energy densities
of all current commercially viable batteries, their energy densities are still far below what they
could be if pure metals were used as an anode material. This innovation would allow for much
lighter battery systems which may be required to bring technologies such as electric vehicles to
widespread acceptance. Unfortunately, the use of a bulk metal as an electrode material is beset with
a variety of issues which will be discussed in greater detail further on. Additionally, lithium is only
the 25" most abundant element in the Earth’s crust and is primarily mined in potentially politically
unstable regions of South America which could indicate a scarcity of lithium metal in the future
and will hamper lithium metal’s attractiveness for grid storage applications where larger quantities
are required!”8, For these reasons, it is imperative to look for innovations that go beyond lithium-

ion batteries which can successfully meet the energy needs of the future.
1.2 BEYOND Li-ION BATTERIES

In this section, | will briefly describe the components, processes, and issues present in typical metal
and metal-ion batteries. Three primary categories of rechargeable batteries will be considered:
metal-ion, metal-sulfur, and metal-air batteries. To assist with these descriptions, simplified

representations of these batteries are provided below in Figure 1.2. These groups of batteries all



share 4 primary components: an anode, a cathode, an electrolyte-permeable separator, and an
electrolyte solution. The fundamental distinction between metal and metal-ion batteries concerns
the nature of the anode material. Metal batteries (for example, metal-air and metal-sulfur batteries)
utilize a bulk mass of a pure metal as their anode, while metal-ion battery anodes are comprised of
host structures which can intercalate or adsorb metal ions. This key difference endows metal
batteries with much higher energy densities and theoretical capacities than metal-ion batteries
because no weight or space is added by an inert compound for accepting ions. To illustrate this
point, a pure lithium metal anode has a theoretical capacity of 3862 mA-h-g’!; however, the most
common lithium-ion battery anode’s (graphite) theoretical capacity is an order of magnitude lower
(372 mA-h-g1)¥, In the following section, I will describe the battery components and their

electrochemical processes.

The electrolyte is composed of a salt containing the charge carrier ion dissolved in a
solvent. The electrolyte allows for the charge carrier ion to travel from the anode to cathode during
discharging or cathode to anode during charging. For metal ion batteries, the electrolyte solution
can be either aqueous or organic; however, organic electrolytes are favored since the voltage
window of aqueous electrolytes are limited by the oxygen evolution reaction on the cathode surface.
For alkali metal batteries, an organic electrolyte must be used due to the reactivity of alkali metals
with water. The highly negative electrochemical potentials of typical battery anodes are greater
than the lowest unoccupied molecular orbital (LUMO) of organic electrolytes which leads to
reaction between the electrode and electrolyte and results in the formation of a layer of organic and
inorganic decomposition products on the anode surface'®?°. This layer is called the solid-electrolyte
interface (SEI) layer and will be discussed in more detail later in the section concerning capacity
fade in battery materials. The chosen electrolyte will play an important role in the cycling
performance of the battery not only because its own ionic conductivity, cation transference number,
and viscosity will play a role in mass transport processes in the cell, but also because it will
determine crucial properties of the SEI layer such as ionic conductivity, elasticity, and chemical
stability?t. Within the electrolyte, the separator plays the important role of keeping the anode and
cathode from coming into physical or electrical contact with each other while still allowing the
passage of ions between the electrodes. If the two electrodes did contact each other, a short circuit
would result that would prevent the battery from functioning as an energy storage device, and could

lead to thermal runaway, ignition of the flammable electrolyte, and possible explosion.

As mentioned earlier, metal-ion batteries are differentiated from other battery types by their

anode material. Their electrode materials need to be capable of reversibly accepting, storing, and



releasing metal ions over many charge and discharge cycles. Conventional anode materials include
carbonaceous materials like graphite and hard carbon as well as metal alloy based anodes such as
Si, Ge and Sn?2. Cathode materials are much more diverse and include groups of materials such as
layered transition metal oxides, tunnel structured spinel oxides?, polyanionic compounds?, and
Prussian blue analogues®. As an example, a typical lithium-ion battery configuration could include
a graphite anode (where Li ions are stored between the graphene sheets), a layered metal oxide
cathode (e.g. LiCoO;, LiMn;Oy4, etc.), and a lithium salt in a carbonate based solvent as electrolyte

(e.g. LiPFg in propylene carbonate).

The metal-ion battery functions by transferring electrons through an external circuit (where
electrical power may be either extracted or supplied) connecting the two electrodes while metal
ions simultaneously migrate from one electrode through the electrolyte to the opposite electrode.
Electrochemical reactions occur on the surfaces of the two electrodes where one surface is oxidized
(generates electrons) and the other is reduced (accepts electrons). During discharge, electrical
energy may be extracted from the battery and used to power electronic devices as the electrons (and
ions) flow from the anode to the cathode. During charge, the reverse is true. Energy must be
supplied to generate the electrons and ions via electrochemical reactions. The operating potential
of the cell and the magnitude of the implemented current are directly related to the electrical power

generated (or supplied) through the simple expression
P=1xV (1.1)

where P is the power, | is the current, and V is the cell voltage. The energy density of the battery

can likewise be calculated with the expression
energy density = Q xV (1.2)

where Q is the charge storage capacity of the battery and V is the cell potential. Furthermore, a

battery’s specific charge capacity can be calculated using Faraday’s Law as follows

Q _ 4 EF
el (v (1.3)

where n is the number of electrons involved in the reaction, F is Faraday’s constant (96485 C
mol?), and M is the molecular weight of the electrode. As an illustration, consider the Li-ion battery
anode material graphite. During the charge cycle, graphite lithiates to LiCsat full charge. For every
mole of carbon in the anode, there is an equivalent of 1/6 mole of electrons traveling through the

external circuit. Therefore, n = 1/6 and M is the atomic weight of carbon, 12.01 g/mol. After



appropriate unit conversion, Faraday’s law indicates that graphite has a theoretical capacity of

372.2 mA h g*. High energy densities are enticing because they enable lightweight, compact

battery designs. Smaller and lighter batteries would be advantageous in both portable electronic

and in electric vehicle applications.
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Figure 1.2: Depictions of representative A) metal-ion, B) metal-air, and C) metal-sulfur batteries

The other two types of batteries | will describe here, metal-air and metal-sulfur, fall under

the broader classification of metal batteries. Representations of their typical configurations are

provided in Figure 1.2. This category of battery is distinguished from metal ion batteries because

they use a bulk supply of the mobile metal ion as their anode material. In contrast to intercalation

anodes, where the electrode capacity is diminished by the inert host structure which takes up space

and adds weight to the battery, metal batteries directly plate/strip metals onto a current collector.

Due to the absence of a host structure, the potential energy and power densities of metal batteries

far exceed those of metal-ion batteries. Lithium is widely regarded as the preeminent negative

electrode material due to its theoretical capacity of 3862 mA-h -g** and its very low reduction

potential (-3.05 V vs SHE)?. However, other metals such as Na and Zn are also being widely

researched. Sodium metal, while possessing a much lower theoretical storage capacity (1165 mA

h g*) and higher redox potential (-2.71 V vs SHE) than Li, is considerably more abundant than Li

and consequently far less expensive. Zinc metal offers the advantage of reduced reactivity

compared to alkali metals. This quality makes it inherently safer and also enables the use of aqueous

electrolytes which possess higher ionic conductivities than organic electrolytes.

The first metal battery | will describe is the metal-sulfur battery. An illustration of a metal-

sulfur battery is provided above in Figure 1.2C. Metal-sulfur batteries feature a bulk mass of the

pure metal as their anode and a sulfur containing species as the cathode. In current research, the

cathodes of metal-sulfur batteries typically consist of sulfur compounded with either carbon, a



conductive polymer, or a metal/metal oxide?’. Sulfur needs to be compounded with another material
due its insulating nature and large volumetric changes when used on its own?. With a theoretical
capacity of 1675 mA h g, sulfur has the highest capacity of all solid cathodes when paired with
lithium and is a relatively abundant (10" most abundant in the Earth’s crust) and inexpensive
(~$150 per ton in 2018) element?. Unfortunately, metal-sulfur batteries are plagued by issues
relating to the formation of metal polysulfides on the cathode surface during discharge. These metal
polysulfides do not remain on the cathode, but instead “shuttle” to the anode where they
contaminate the metal anode®. This causes unsatisfactory lifetimes and low efficiency as the

cathode active material is continuously consumed.

A representative metal-air battery is provided above in Figure 1.2B. Metal-air batteries
feature the same anode as metal-sulfur batterie (a pure metal plating onto a current collector), but
use a porous scaffold supporting a catalyst for the oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) on the cathode side. The actual active material on the cathode side is
oxygen which flows into the battery. Oxygen is reduced on the cathode side via electrocatalytic
reactions to form metal oxides during discharge and undergoes oxygen evolution reaction during
charge. Since the cathode active material is a gas that flows in and out of the device and not a solid
which remains in and adds weight to the battery, metal-air batteries possess very high theoretical
energy densities (3505 W h kg for a lithium-air configuration) and have great potential to replace
gasoline for electric vehicles:. Unfortunately, the cathodes in metal-air batteries tend to become
passivated by the metal oxide discharge products which accumulate on the surface and block the
incoming oxygen from interfacing with the electrolyte®. This process severely limits the
reversibility of metal-air batteries and causes quick capacity fade and low cycle lifetimes. Further
issues can arise when porous carbon scaffolds are used. During the charge process, the carbon
scaffold and electrolyte can decompose to form metal carbonates which further passivate the

electrode, increase cell polarization, and cause additional capacity fading®.

In addition to the problems specific to metal-air and metal sulfur batteries, all metal
batteries share issues concerning uneven metal deposition onto the anode surface to produce

dendritic morphologies. This feature will be discussed in greater detail in the following section.



1.3 CURRENT CAPACITY RETENTION AND SAFETY ISSUES WITH METAL AND
METAL-ION BATTERIES

As indicated in the preceding section, the processes occurring in metal and metal-ion batteries are
distinct. Consequently, a different set of problems are present in metal and metal-ion batteries. |
will begin this section by discussing the dendritic issues facing metal battery technology and end
with a description of the common causes of capacity fade in metal and metal-ion batteries.

In addition to the specific problems highlighted above for metal-air and metal-sulfur
batteries, all metal batteries share one destructive similarity, dendritic deposition on the anode
surface. During charging, metal ions will deposit non-uniformly on the anode surface. The areas
which experience the greatest amount of deposition will form preferential nucleation sites for
further deposition due to the lower kinetic barrier to grow new deposits over initiate new ones. This
process will cause the deposited metal to form irregular structures called dendrites on the anode
which will grow towards the cathode. This phenomenon has been observed to occur in a wide
variety of metals during electrodeposition including Li**, Na®* K, Zn®, Mg, and many others®.
These dendrites present a variety of potential safety concerns and capacity fade issues. As they
grow, dendrites will inevitably expand through the anode’s SEI layer and contact with the
electrolyte solution. This contact will result in further electrolyte and metal consumption as the
electrolyte will decompose to form an SEI layer over the newly exposed metal surface. With
continued growth, the dendrites will pierce the separator and eventually encounter the cathode
causing a short-circuit. Short-circuits introduce the potential for thermal runaway which can ignite

highly flammable organic electrolytes and potentially result in an explosion.

Another problem arises during the discharge process. Metal on the anode undergoes
electrodissolution as it oxidizes to form cations that migrate to the cathode. If this metal stripping
occurs at the base of a dendrite, it can result in the dendrite breaking off from the anode and floating
into the electrolyte. This “dead” particle is no longer in contact with the anode and will no longer
be able to participate in charge storage. The combination of continuously reacting electrolyte and
formation of “dead” metal leads to low Coulombic efficiencies in metal anode batteries and limits
their reversibility and cycle life*®. The mechanism for dendrite formation and growth is still an area
of intensive research with several models having been proposed to describe the phenomenon. These
models include the phase-field model*, the SEI model*’, the charge-based model*?, the

deposition/dissolution model*, and the film growth model®.

10



The capacity of battery electrodes degrades with cycle number due to mechanical and
chemical deformations in the electrode. Metal and metal-ion batteries share three capacity fade
mechanisms which will be discussed. These are capacity losses due to SEI formation, volumetric
expansion, and dissolution of cathode materials. | will begin by looking at the SEI layer and its
relation to capacity fade.

The existence of an SEI layer was first proposed by Peled in 1979 based on observations
of unusual electrolysis behavior of certain electrolytes?. It describes a mechanism in non-aqueous
batteries where a solid layer forms on the electrode surfaces due to decomposition reactions
between the electrodes and the electrolyte. The operating voltage window of the electrolyte is
determined by its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). If the electrochemical potential of the anode is above the LUMO, then the
electrolyte will be reduced on its surface. Likewise, if the electrochemical potential of the cathode
is below the HOMO, then the electrolyte will oxidize on its surface to form a cathode electrolyte
interface (CEI)*. The redox potentials of the anode materials found in metal-ion batteries and the
metals in metal batteries lie outside of this potential range. This causes decomposition reactions to
occur on the anode surface which leads to formation of an SEI layer over the entire anode surface.
A beneficial SEI layer is electronically insulating which prevents further reaction between the
electrode and electrolyte while also being conductive to metal-ion transfer to allow continual
charging and discharging. SEI formation occurs primarily during the initial cycles but continues to
gradually grow over additional cycles. This process uses up a portion both the electrolyte and metal-
ion species which leads to a noticeable loss of capacity during the first cycle (~10% for graphite
anode in lithium ion batteries) and additional lesser capacity losses in subsequent cycles*’. This
process is exacerbated in metal batteries which tend to form less stable SEI layers than graphite
anodes and the dendrites in metal batteries will grow through the SEI and contact the electrolyte

where they will react further with the electrolyte to form more SEI.

Electrodes also undergo continuous strain generation upon ion intercalation and associated
stress formation upon ion intercalation. During ion insertion and extraction, electrodes will undergo
volumetric expansions and contractions. As more metal ions are stored within the electrode
material, the electrode will experience a positive strain and associated stress as it expands to
accommodate the new material. As the ions are extracted, the reverse is true; the electrode will
undergo a negative strain as it shrinks back to a smaller size. The magnitude of strain depends
heavily on the electrode material, ranging from ~400% for silicon anodes in lithium-ion batteries

to effectively 0% for “no-strain” electrodes (e.g. LTO)**°, These mechanical changes have the
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potential to introduce additional capacity loss in the material owing to either cracks in the SEI or
electrode particle fracturing. If the SEI layer is not elastic enough to accommodate the cyclic
expansions and contractions of the electrode, it will begin to crack or fracture®®. When this happens,
additional electrode surface will be exposed to the electrolyte where new SEI will form and capacity
will be lost. If the stresses caused by the ion diffusion within the particle are great enough, they can
cause actual fracturing of the electrode particle. Similar to the phenomenon with dendrites, this
results in a portion of the electrode losing contact with the bulk electrode. At this point, the fractured
particle will consume electrolyte and charge carrier ions as SEI forms on its new surface, and it
will no longer contribute to charge storage. In the case of metal batteries, the cracks in the SEI
serve as hot spots for metal deposition since there is less resistance to charge transfer at locations
with a thinner SEI layer. This makes these regions particularly susceptible to dendritic growth. An
SEM image of a fractured lithium manganese oxide particle is provided below in Figure 1.3 as an

example.

Figure 1.3: SEM image of fractured LMO particle after first charge cycled in 1 M LiPFs
in (1:1:1) EC:DMC:DEC electrolyte at C/2°*

Dissolution of active material from the cathode is another common means of capacity fade
in batteries. During long term cycling, components of the cathode can dissociate from the cathode
surface due to their solubility in the electrolyte and lose contact with the bulk electrode. The loss
of cathode material reduces the charge storage capacity of the cathode and leads to capacity fade.
This process is especially prevalent in lithium manganese oxide cathodes where manganese tends
to reduce to Mn?* and dissociate®?. The polysulfide “shuttle” effect mentioned in the previous

section is another example of cathode dissolution.
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1.4 COMMON ANALYTICAL TECHNIQUES AND METHODS

A variety of analytical techniques and methods have been employed in order the better understand
the characteristics of the SEI layer, dendrites, and electrochemical performance. This section will
provide a brief overview of some of the most prevalent methods for monitoring and characterizing
battery materials. Specifically, this section will examine scanning and transmission electron
microscopy (SEM and TEM respectively), X-ray diffraction (XRD), electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), galvanostatic cycling, galvanostatic intermittent
titration technique (GITT), and potentiostatic intermittent titration technique (PITT) as they relate
to electrochemical research.

Scanning electron microscopy is used to reveal the morphology of the material of interest. In battery
application, it is often used to characterize particle morphology and any physical changes occurring
during cycling. Common features of interest include dendrite formation and growth, electrode
particle size and morphology, volume expansion, particle cracking/particle fracturing, and SEI
buildup. SEM functions by scanning a beam of electrons over the sample surface. Interactions
between the electron beam and atoms in the sample produce signals which can be used to construct
images. A few characteristic examples from literature of SEM images on dendrite formation are

shown in Figure 1.4.

A)

— Dendrite % Dendrite

tips } tips.

Figure 1.4: SEM images of different Zn dendrite morphologies from A) Zn electrode cycled in
0.1 M ZnO + 4M KOH electrolyte®, B) Zn electrode cycled in 0.1 M Zn + 4 M KOH electrolyte

solution also containing 10 ppm polethylenamine®®s, C) Zn electrode cycled in 3 M ZnSO,**

Transmission electron microscopy fills a similar role as SEM; it allows for visual images of
nanoscale features occurring on the electrodes. Like SEM, TEM functions by sending a focused
beam of electrons at the sample, but unlike SEM, TEM images are produced from interactions

between atoms in the sample and the electron beam as the electron beam is transmitted through the
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sample. With this mechanism, TEM can resolve images to an even higher level than SEM reaching
even to the point of capturing single columns of atoms. However, this increased resolution comes
at the cost of more precise sample preparation as the samples need to be thin enough for the electron
beam to penetrate through. For battery applications, TEM is used in much the same way as SEM
where it can be used to observe small changes occurring on or in the electrodes. For example, TEM
has been used to measure volume expansion in electrode particles®, lithium dendrite formation®®,
and the presence of SEI layers®. Representative TEM images from literature showing a Si particle

expanding and fracturing and Li dendrite growth on a Pt wire are shown below in Figure 1.5.

A)
Cré:k B
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Figure 1.5: A) TEM images showing volumetric expansion and particle cracking of Si particles
upon lithiation®. B) TEM image showing Li dendrites forming on Pt electrode during lithiation

(charging) and presence of “dead lithium” during delithiation (discharging)®®

X-ray diffraction is a powerful tool for obtaining structural information and crystallographic
parameters for samples. In the battery, XRD is commonly used for studying phase transformations
in intercalation electrodes and for measuring changes in lattice parameters during (de)lithiation).
To give a few examples, XRD has been used to measure phase changes in Si electrodes during

lithiation and delithiation wherein an amorphous LiSi phase forms alongside the crystalline LiisSia
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phase causing uneven volume variations and leading to mechanical degradation®®. XRD has also
been used to determine the anode and cathode temperatures in commercial Li-ion cells by
measuring the changes in lattice parameters of the Cu and Al current collectors, respectively®°.
Temperature measurements like these are important for safety considerations due to the possibility
of the thermal runaway during overcharging. As a final example, XRD was used to study the
reaction mechanisms of lithiation in a variety of tin oxide materials®. This study showed than Li
would initially irreversibly react with the oxygen species to form Li,O leading an irreversible

capacity loss in the initial cycles and subsequent electrode failure.

Electrochemical impedance spectroscopy is a technique which gives information about the various
impedances in an electrochemical cell. There are a wide variety of processes occurring in the cell
which influence the overall resistance such as molecular diffusion, SEI layer thickness and
composition, double-layer charging, etc. Fortunately, the time scales for these processes vary
significantly which allows EIS to differentiate between the resistance of these processes. By
providing sinus currents (or voltages) at a range of frequencies and measuring the voltage (or
current) response, EIS takes advantage of these various time constants and can be used to form a
Nyquist plot which plots the imaginary portion of the impedance vs. the real impedance as shown
in Figure 1.6. The data obtained from EIS can be fit to an equivalent circuit and provide quantitative
insight into processes within the cell. a few examples of utilization of EIS from literature include
monitoring the surface resistance of an electrode as the SEI layer thickens®, calculating Li*
chemical diffusion coefficients in lithium iron phosphate electrodes®?, and measuring the change in

interfacial resistance on lithium anode as a result of an ex-situ formed LiF layer®,
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Figure 1.6: Representative Nyquist plot obtained from galvanostatic electrochemical impedance
spectroscopy (GEIS) on a Li||Li symmetric cell with Li reference electrode®!

Cyclic voltammetry is a common cycling technique for characterizing an electrode and/or an
electrolyte. In this technique, the potential of the cell is linearly ramped at a constant rate to a cutoff
voltage and then reversed to the other cutoff voltage. Over this test, the associated current response
is measured and recorded to make quantitative observations of the system. The voltage range
selected depends on the equilibrium potential of the reaction or phase transformation of interest
and extends below and above this potential. A large jump or peak in current response is observed
at the voltage where this reaction occurs, and the shape of the current peak can be used to deduce
information about the kinetics of the system. For example, a more broadened peak is an indication
of slow kinetics or decreased exchange current density while a sharper peak is indicative of faster
kinetics and a more reversible electrochemical reaction®. In practice, CV is often used to test novel
electrodes (e.g. hollow silica spheres embedded in porous carbon®) or to make comparisons
between a bare electrode and a modified electrode, such comparing pre-sodiated hard carbon to
bare hard carbon in sodium-ion batteries®. An illustration of the voltage ramping and induced

current response is provided in Figure 1.7 for reference.
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Figure 1.7: Depiction of the linear voltage ramp and a representative current response for CV®

Galvanostatic cycling is an extremely common technique for controlling the reaction rate and
monitoring the electrochemical potential. This method involves applying a constant current to
charge (or discharge) the cell to a cut-off voltage and then reversing the direction of the current to
discharge (or charge) the cell to the other cutoff voltage and measuring the voltage response. The
applied current is typically indicated as the C-rate which is the time required to perform one charge
or discharge step. For example, a current that charges the battery in 4 hours would be designated
as C/4 and a current which charges the battery in 30 minutes would be 2 C. Since the applied current

is constant over time, charge capacity can be easily calculated as
Q=ix*t (1.4)

where Q is charge capacity, i is the applied current, and t is the duration the current is applied.
Many charge-discharge cycles may be run on a cell, and the capacities of each cycle can be recorded
and compared to provide information on capacity retention. Rate capability of electrodes can also
be determined by applying different C-rates to the electrode allowing for measurements of
variations in capacity due to rate of charge. Additionally, galvanostatic cycling can be used to
measure Coulombic efficiencies, the ratio of charge extracted to charge inserted for a given cycle,

to detect irreversible capacity losses. Galvanostatic cycling is also used in electroplating/stripping
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studies for examining the deposition/dissolution behavior of a metal onto either a metal anode or a

current collector?.

The galvanostatic intermittent titration technique is specific form of galvanostatic experiment. In
this method, a constant current pulse is applied for a short duration of time (e.g. 1 hour) and is
followed by a long rest period (e.g. 10 hour) where the current is removed and the cell is allowed
to relax back to an equilibrium state®. This process is then repeated until the cutoff voltage is
reached. The potential difference between the working electrode and reference electrode is recorded
over these periods and used to characterize properties of the electrode material. This technique is
primarily used to measure the thermodynamic equilibrium potentials at various states of charge
(SOCs) for a specific electrode material. This equilibrium potential is taken to be the open circuit
voltage (OCV) at the end of each rest period. Additionally, this technique may also be used to
calculate chemical diffusion coefficients at various SOCs. The model and theory behind this
analysis will be discussed in further detail in a later section. As an example of these applications,
GITT has been used to obtain equilibrium potentials and chemical diffusion coefficients for Li* and
Na* in the common electrode materials LiFePO,4 and NaFePQOu, respectively?*. Furthermore, GITT
can be used to measure other kinetic and thermodynamic properties including partial conductivity,
thermodynamic enhancement factor, and free energy of formation®. Figure 1.8 below displays a

typical current and voltage response in an electrochemical cell undergoing GITT measurements.
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Figure 1.8: Representation of characteristic applied current and voltage response for GITT®

Potentiostatic intermittent titration technique (PITT) is also commonly used in electrochemical
research to determine the transport and thermodynamic properties of electrode materials. In contrast
to the previously described GITT, this technique involves a series of applied voltage steps where
the potential of the working electrode with respect to a reference electrode is adjusted and held to
a new value and current behavior is recorded over time®. Once the current required to sustain this
potential has reduced to below a small, selected value, another voltage jump is applied, and this
process is repeated until the cutoff voltage is reached. Similar to GITT, PITT can be used to
determine chemical diffusion coefficients of a solute into a host structure. Also, PITT can be used
to create quasi-equilibrium voltage-capacity plots. Figure 1.9 below shows provides a
representation of the voltage steps and current response in a typically conducted PITT experiment.
As an example of its application, PITT has been used to measure chemical diffusion coefficients

and prepare voltage capacity plots for Li* in amorphous Si and graphitic carbon electrodes’ .
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Figure 1.9: Representation of characteristic voltage steps and current response for PITT®
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CHAPTER II

HYPOTHESIS

My master’s studies were divided between two main projects, investigating the role of the solid-
electrolyte interface (SEI) layer on deposition/dissolution behavior on Zn metal anodes and
evaluating the electrochemical performance of diesel engine exhaust soot particles for use an anode

material in Li-ion batteries.

It is well known that metallic anodes form a thick SEI layer in the presence of organic
electrolyte’ 74, The SEI layer formed in organic solvents is composed of two layers, a compact
layer of inorganic compounds formed from the reduction of salt anions close to the metals surface
and an outer, porous organic layer formed from decomposition of the organic solvent’ . The
composition and morphology of this layer has a strong influence on the subsequent plating/stripping
behavior of the underlying metals when used as anodes in rechargeable secondary batteries?7’.
Zinc metal provides an interesting opportunity to further investigate the influence of the porous
organic layer on electrochemical behavior during galvanostatic cycling. Unlike alkali metals, Zn is
stable in water which allows for the use of aqueous electrolytes. In aqueous electrolyte, Zn metal
will not form an outer organic layer, therefor, the SEI layer will be composed of only a thin layer
of inorganic salt reduction products on the surface’. For my project on deposition/dissolution
behavior of Zn metal anodes, | began by galvanostatically cycling 4 symmetric cells systems: Li|Li,
Na||[Na, Zn||Zn in analogous perchlorate organic electrolytes (M(CIO.)x in ethylene
carbonate:dimethyl carbonate where M is Li, Na, or Zn) and a Zn||Zn cell with an analogous
aqueous electrolyte (1 M aqueous Zn(ClQa)x). Symmetric cell behavior for Li||Li cells is well
understood which facilitated interpreting the results from the Zn||Zn cells and allowed for
comparisons between the 4 systems’®8L, Then, to further investigate the role of the organic SEI
layer on Zn metal anode performance, | cycled a Zn symmetric cell in organic electrolyte for 20
cycles to form an organic SEI layer and then removed the electrodes and placed them in an aqueous

electrolyte cell for continued cycling. Lastly, | performed the reverse of this process by cycling Zn
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electrodes in aqueous electrolyte for 20 cycles to form a thin inorganic SEI layer before switching
to an organic electrolyte and resuming cycling. This project further elucidated the effects of an
organic SEI layer on Zn metal anode cycling stability.

My second project involved repurposing soot from the combustion of diesel fuel as a
potential anode material for Li-ion batteries. This study was motivated by the prevalence of filters
and electrostatic precipitators for reducing the nanoscale particulate matter emissions form diesel
engines®8, These devices produce carbonaceous soot which needs to cleaned out after extended
use. The collected carbonaceous soot is a toxic waste material with no commercial applications
making it a prime target for repurposing in clean energy storage devices like Li-ion batteries.
Depending upon their particle size and morphology, carbonaceous particles have been shown to
store charge through either the typical intercalation process exhibited by graphite electrodes or
through pseudocapacitive behavior®®®’, Pseudocapacitance involves the adsorption of ions onto the
electrode surface with an accompanying faradaic charge transfer®. Unlike intercalation, this
process is not diffusion limited and enables pseudocapacitive electrodes to function at much higher
charge/discharge rates than conventional intercalation electrodes. To test whether the annealed soot
particles demonstrated this behavior, a cyclic voltammetry experiment involving a wide range of
scan rates was conducted and used to quantify the contributions to charge storage from capacitive
and diffusion limited mechanisms. Additional electrochemical testing of the material involved a
long-term galvanostatic cycling experiment at a high charge/discharge rate of 4C (charge/discharge
in 15 minutes) to evaluate the soot particles’ capacity retention and a rate capability experiment at
a range of very high charge/discharge rates to evaluate the soot electrode’s rate performance. These
electrochemical experiments were supplemented by an array of characterization techniques
including XRD, XPS, and Raman spectroscopy. This project showed the potential of a toxic waste

material, diesel combustion soot, as a novel electrode material for Li-ion batteries.
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CHAPTER IlI
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3.1 ABSTRACT

The formation of dendrites is the bottleneck to harvest the high theoretical capacities of metal
electrodes such as Li, Na, Mg and Zn in batteries. The critical current density, interfacial
instabilities, and the characteristic of solid-electrolyte interface (SEI) layer play a major role on the
formation mechanisms of dendrites. Unlike Li and Na metals, zinc can be electroplated in organic
and aqueous electrolytes. In this study, we investigated the impact of SEI layer on the electroplating
of zinc metals in organic and aqueous electrolytes by using electrochemical techniques coupled
with electron microscopy. First, we characterized the voltage profile and morphological evolution
of Zn metal electroplating in organic and aqueous electrolytes with Zn(ClQO,), salt dissolved in
either organic or aqueous solvents. The electrochemical response of Zn plating was compared with
the ones for Li and Na metal plating by using analogous perchlorate LiCIO4 or NaClO, salt
dissolved in the same organic solvent. Under the same charge conditions, cycle life of the metal
electrodes was longer in the order of Li > Zn > Na. Cycle life of the Zinc metal electrodes cycled
in aqueous electrolytes last almost two-times longer than the ones in organic electrolyte. The
impact of the SEI layer is further investigated by electroplating Zn first in aqueous for 20 cycles,
and then switching it to organic electrolytes and vice versa. The presence of the SEI layer due to
decomposition of organic electrolyte species caused larger overpotentials during cycling and
reduced cycle life from 220 to 160 cycles. On the other hand, when the Zn is first electroplated in
aqueous electrolytes, cycle life of the Zn symmetric cells in organic electrolyte is almost three-fold
longer than the ones cycled entirely only in organic electrolytes. Overall, our study demonstrated
the impact of surface chemistry and morphology on the formation of Zn dendrites. The
methodology established here can be used to study impact of electrolyte salt and additives on the

formation of dendrites on metal electrodes.
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3.2 INTRODUCTION

The Li-ion battery has been a tremendous success since its commercialization by Sony in 1991
with applications in portable electronics, renewable energy storage, and electric vehicles?®.
However, the practical charge storage capacity of the intercalation electrodes commonly used in
commercial lithium-ion batteries is approaching its theoretical 1imit3®°, This imposes a restriction
on the energy density of lithium-ions batteries and impedes progress towards developing batteries
with higher energy density. One potential solution is to replace the graphite anode with a metal
electrode. Instead of intercalating ions into a host structure, charge storage on metal anodes occurs
through deposition/dissolution of metal ions on the electrode surface. With the elimination of an
inert host structure, metal anodes feature much higher theoretical energy densities than traditional
anodes. For example, the theoretical capacity of a Li metal anode (3860 mA h g*) is almost 10
times higher than graphite (372 mA h g*). Beyond Li batteries, sodium (1165 mA h g*) and zinc
(820 mA h g*) anodes also feature high specific capacities as well. Additionally, the metal anode
provides a source of metal ions to alternative battery geometries such as metal-air and metal-sulfur

batteries which have very high theoretical capacities in comparison with metal-ion batteries.

Unfortunately, utilization of metal anodes in rechargeable metal batteries is limited due to
severe performance loss and safety issues associated with the formation of dendrites. Uneven
electrodeposition of the metal ions over the surface of metal anode leads to formation of
dendrites®*3>9, These dendrites present a potential safety hazard in flammable organic electrolytes
because, over repeated charge/discharge cycles, they can grow through the electrolyte and cause an
internal short-circuit by contacting with the cathode®2. The solid-electrolyte interphase (SEI) plays
a crucial role on the electrodeposition of metal ions. These SEI layers forms due to the highly
negative electrochemical potentials of metallic anodes which are higher than the lowest unoccupied
molecular orbital (LUMO) of the electrolyte’®?°, Even the small surface roughness on the SEI
layers can cause distortion transportation of ions, leading to nonuniform metal ion electroplating®.
The formation of new SEI layers continues unless the electrode is passivated by a desirable SEI
layer that prevents electron transfer between the anode and the electrolyte. However, if the SEI is
not elastic enough, it can break down during lateral expansion of metal volume during
electrodeposition, causing the exposure of fresh metal surface to the electrolyte and therefore
formation of new SEI layers. Also, during the stripping of metal ions from the dendrites, the process
may lead to generation of “dead metal” by physically or electrically disconnected from the bulk

electrode by dissolution of metal from the base of the dendrite® . The combination of
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continuously forming SEI layers and production of “dead” metal lead to low Coulombic

efficiencies in metal anode batteries and limits their reversibility and cycle life®.

A variety of solutions to the dendrite problem have been proposed including artificial SEI
layers?:7897-%° liquid electrolyte optimization and additives®*1%-193 solid-state electrolytes'®17,
3D current collectors'®° pulsed current charging/discharging protocols®!, and rapid oxidation
and reduction**t. However, better understanding of the mechanism behind the dendrite formation
is required to develop effective strategies to overcome dendrite problem in the metal anodes.
Recently, Dasgupta and his group utilized in operando microscopy to correlate between voltage
trace shape and morphology changes of the electrode during galvanostatic plating/stripping using
symmetric Li cells’®8%112, This explanation was later extended to account for further voltage trace
evolution over extended cycling and is a valuable resource for interpreting symmetric cell data®.
More recently, Mandl et al utilized the similar approach to correlate morphology and voltage
profiles for sodium anodes®. In all of these cases, the nature of the SEI layer formed on the anode

surface played an important role in the performance and resulting overpotentials for the cells tested.

In this study, our objective is to understand the impact of the solid-electrolyte interface on the
electroplating / stripping performance of Zn metal anodes. To achieve it, we first investigate the
voltage profiles for three different metals (Li, Na, Zn) in symmetric cell configuration using same
salt anions and organic electrolytes. Li and Na symmetric cells are used to compare with the Zn
symmetric cell voltage profiles since correlations between voltage trace features and morphology
changes in Li and Na symmetric cells are well understood. Lithium and sodium are both highly
chemically reactive metals and cannot be used with aqueous electrolytes. On the other hand, Zn
metal can be used in both aqueous and organic electrolytes. This is a very beneficial feature, as Zn
metal will not form an SEI layer containing organic species in aqueous electrolytes which allows
for determining the influence of organic species in SEI layers on voltage trace evolution and long-
term cycling performance. To utilize this feature, Zn electrodes were first cycled in an organic
perchlorate electrolyte (1 M Zn(ClO4). in 1:1 EC:DMC) and then transferred to aqueous electrolyte
(1 M aqueous Zn(ClO4),) for comparison to Zn electrodes cycled solely in aqueous electrolyte.
Similar experiment is also performance by cycling it first in aqueous, and then switching it to

organic electrolytes. SEM images were taken to characterize the morphology of the electrodes.

3.3 Experimental Methods

Sample Preparation: Lithium (99.9% metal basis), sodium (99.9%, metal basis) and zinc metals

(99.9% trace metals basis) were purchased from Alfa Aesar and Sigma Aldrich, respectively. The
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lithium and zinc metals were used as received. Na metals were prepared using the methodology
described in our previous publication''®, The sodium cubes were purchased in a mineral oil
solution. They were cleaned with hexane in a glovebox in order to remove mineral oil. The cleaned
sodium cubes were stored in a 1:1 (V:V) solution of ethylene carbonate (EC, anhydrous, 99%,
Sigma Aldrich) : dimethyl carbonate (DMC, anhydrous, >99%, Sigma Aldrich) inside the glove
box. During symmetric cell assembly, the sodium cubes were removed from the storage solution,
dried using a paper towel, and the exterior surface of the cubes comprised of an oxidized layer was
cut off using a stainless- steel scalpel. The newly cut piece was then placed in a plastic bag and

rolled out into a thin film using a rolling pin.

Electrochemical Characterization: The electrochemical performance of Li, Na and Zn metals were
investigated by using symmetric cells. Symmetric cells assembled by using CR2032 coin cells for
organic electrolytes and lab-made Swagelok for aqueous electrolytes. All symmetric cells utilizing
organic electrolytes were assembled in an Ar filled glovebox ((H20 and O, concentrations < 1
ppm). Celgard polyethylene separator was used for Li symmetric cells. Borosilicate glass fiber
separator (Whatman GF/D was used for Na and Zn symmetric cells. Organic electrolyte were
prepared by dissolving 1M LiClO4, NaClO4 or Zn(ClO4), in EC:DMC solvent for Li, Na and Zn
symmetric cells, respectively. Aqueous electrolytes were prepared by dissolving Zn(ClQ4)2 in
ultrapure water. The electrochemical stripping and plating of metals were conducted by applying
galvanostatic cycles at |1] mA cmforl hour. Electrochemical impedance spectroscopy (EIS) was
conducted on the pristine and cycled cells using a Biologic potentiostat equipped with EC-EC-lab®
acquisition software with an amplitude of 50 pA cm™ and a frequency range of 100 kHz to 100

mHz.

Structural and Morphological Characterization: SEM images were acquired from a FEI Quanta
600 field emission gun ESEM with Bruker EDS and HKL EBSD. Coin cells were disassembled
using an MTI disassembly die set inside a glovebox under Ar atmosphere. Samples were transferred
between the glovebox and the SEM chamber using a sealed SEM transfer container to minimize
ambient air exposure. At the SEM, samples were transferred as quickly as possible between SEM
transfer module and SEM vacuum chamber to minimize samples contact with oxygen or moisture

in the air.
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3.4 Results and Discussion
3.4.1 Galvanostatic Cycling Profiles of Li, Na and Zn Metals

Electrochemical performance of the Li, Na and Zn metals were characterized using symmetric
cells during electrochemical charge / discharge galvanostatic cycles. Cycle is defined as one
stripping / plating process of metal ions on the electrode. Between each plating/stripping half-
cycle, the cell was in open circuit condition (no current applied) for 3 minutes. In order to minimize
the role of anionic electrolyte species on the plating/stripping behavior, an analogous perchlorate
salt (LiClO4, NaClOs, or Zn(ClO.),) - containing electrolytes were used in all experiments. Li and
Na symmetric cells were only tested in ethylene carbonate: dimethyl carbonate (EC: DMC) organic
solvent. However, plating / stripping behavior of Zn anode was characterized in EC: DMC organic
solvent and aqueous electrolyte. EC: DMC mixture is chosen as a model organic carbonate solvent
because of its rich literature on Li and Na plating in this solvent®>14, Figure 3.1 demonstrates the
voltage profile of Li vs Li, Na vs Na and Zn vs Zn symmetrical cells during plating / stripping at
+1 mA/cm? current density. The potential hysteresis in the Li vs Li symmetrical cell initially
reduced gradually to 0.114 V around 50 cycles. After that, the potential hysteresis continuously
increased up to 0.2905 V at around 200 cycles before short-circuiting. In the case of Na plating, the
potential hysteresis dramatically increased before reaching the cut-off voltage of 1 V on the 36"
cycle. The potential hysteresis in the Zn vs Zn symmetrical cell in the organic electrolyte started
around 0.3 V in the first and reduced to about 0.17 V after 10 cycles. The hysteresis was almost
constant until around 65" cycle and the cell short-circuited around 90" cycle. On the other hand,
in the aqueous electrolyte, the potential hysteresis reduced from 0.1 V to 0.07 V within first 10
cycles. The hysteresis was almost constant around 0.05 V until the cell was short-circuited around
225M cycle. Overall, when symmetric Li, Na and Zn cells were cycled under same current density
and using analogous perchlorate salt, cycle life of the metal electrodes were longer in the order of
Li > Zn > Na. Cycle life of the Zinc metal electrodes cycled in aqueous electrolytes was almost

two-time longer than the ones in organic electrolyte.
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Figure 3.1: A) Galvanostatic cycling at 1 mA cm2 voltage profile comparisons for Li metal, Na
metal, Zn metal in organic electrolyte, and Zn metal in aqueous electrolyte. B) Voltage hysteresis
comparison for the same symmetric cells.

3.4.2 Voltage Profile Observations

Voltage profiles during plating / stripping of metal electrodes provides information about the
morphological changes on the metal electrode. Previous research efforts have linked evolution of
the voltage profiles in Li and Na symmetric cells during galvanostatic cycling to morphological
changes on the electrode surface’®®. The voltage profiles in Zn symmetrical cells, cycled in both
aqueous and organic electrolytes, were compared with the voltage profiles in Li and Na

symmetrical cells.

First charge: Initially, the symmetric cells consist of pristine metal electrodes. Although both
electrodes are identical before cycling, in order to avoid confusion, the electrode is called as counter
electrode where metal ions were generated at its surface during the first charge. The other electrode
is called as working electrode where generated metal ions are plated on its surface. Li plating on
the working electrode began with maximum cell voltage of 0.214 V and it gradually decayed to
0.082 V at the end of first charge cycle. The shape of the voltage evolution during the first lithium
plating on the pristine Li metal electrode is very similar with the previous Li symmetric cells studies
in the literature'>1%, Dasgupta and his group provided a detailed correlation between the transient
morphological changes on the Li metal electrodes and the voltage profile for each plating/stripping
cycle using in-situ optical microscopy’. According to their studies, the initial maximum is
correlated with overcoming the energy barrier associated with nucleating Li onto the cathode
surface. A decay in the overpotential is then observed as the cathodic process switches from

nucleating new Li deposits to plating Li on the existing deposits, a more kinetically favored process
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requiring lower overpotentials. At the end of the first charge cycle, the counter electrode is pitted
due to removal of Li from the initially pristine surface and working electrode has irregular Li
deposits on its surface. The voltage profile during the first charge cycle in symmetric Zn cell cycled
in organic electrolyte shows very similar behavior with the Li symmetric cell. Initial voltage of the
cellwas 0.184 V and it reduced to 0.109V. The initial voltage in the symmetrical Zn cell in aqueous
electrolyte was lower compared to the zinc cell cycled in organic electrolyte. The voltage of Zn
cell in aqueous electrolyte slowly decreased from 0.064 to 0.035V. In the case of Na, the voltage
initially dropped from 0.048 to 0.043V within initial 10 minutes of the charge cycle, and then it
slowly increased to 0.050V by the end of the charge cycle. The shape of the voltage evolution in

the first discharge is similar in behavior with the subsequent charge and discharge cycles.
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Figure 3.2: 1%t galvanostatic half-cycle voltage profiles at 1 mA cm=. A) Comparison
between Li, Na, Zn in organic electrolyte, and Zn in aqueous electrolyte symmetric cell.
Voltage profiles for B) Li, C) Na, D) organic Zn, and E), agueous Zn

Fifth Charge: During the fifth charge cycle, the metal ions are generated on the previously plated
counter electrode and they are plated on the working electrode. As the sign of the applied constant
current was switched from negative (fourth discharge cycle) to positive (fifth charge cycle), the
voltage of the symmetric cells jumped to 0.071 V, 0.083 V, 0.076 V and 0.035 V for Li, Na, Zn in

organic electrolyte and Zn in aqueous electrolyte cells, respectively.

After the initial increase, the voltage of the Li symmetric cell decreased to local minima,
0.038 V within 28 minutes of applied current. From this minimum, the voltage increases again to

a maximum value of 0.078 V where it plateaus after 58.5 minutes of applied current. Similar to the
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first charge cycle, the initial maximum overpotential is required to overcome the nucleation
potential on the surface of the counter electrode. Then, the potential gradually decreases as the
plating mechanism switches from nucleation to growth of Li deposits’. Unlike the first charge, Li
metals are stripped off from the dendritic depositions on the working electrode during the fifth
charge cycle leading to volumetric shrinkage of the dendrites on counter electrode. Eventually, Li
ions can no longer be generated from the dendritic deposits. Optical microscopy studies showed
some of the dendrites on the counter electrode are either disconnected from the surface of the
electrode or they become electrochemically inactive (observed as black color change in the optical
studies)’®!12, As aresult, Li begins to be stripped off from the bulk surface of the working electrode.
This point is correlated with the localized minima in the voltage profile. From this point, the
location of the stripped Li will begin to transfer from the bulk surface to the newly created pits on
the surface. These pits have different SEI compositions and thicknesses from the bulk surface
making them more favorable for stripping. Therefore, the transition from bulk stripping to pit

stripping is represented through the increase in overpotential.

In the case of Na plating / stripping in Na symmetric cell, the initial voltage peak of 0.0828
V is followed by a sharp drop in the voltage to a value of 0.043 V within the first 10 minutes. A
notable difference in the two alkali metals is that the cell voltage reaches the first voltage plateau
much quicker in the Na symmetric cell than the Li. After the plateau, voltage increased to its second
peak value of 0.094 V after 25 minutes before plateauing at 0.090 V. A similar observation was
recorded by Mandl et al in their symmetric cells alongside in-situ optical microscopy video
footage®. The differences in voltage evolution between Na and Li symmetric cells associated to a
larger amount of “inactive” Na being formed than “inactive” Li under similar conditions thereby
providing less active metal to strip from the electrochemically active dendrites. After the 2" voltage
peak, voltage gradually decreased in the Na symmetrical cell and it was associated with Na ions

being extracted from the pitted areas.

The Zn symmetrical cell cycled in organic electrolyte also displayed an analogous overall
shape in its voltage trace. However, the first voltage peak is much less pronounced (an initial
maximum value of 0.076 V followed by a minimum of 0.072 V after 6 minutes. There is a more
gradual increase in overpotential to a final maximum value of 0.105 V. Also, the maximum
overpotential was not yet reached in Zn cell although it was charged similar amount with Li and
Na cells (1 mAh cm).
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In the case of symmetric Zn cell cycled in aqueous electrolyte, the first voltage peak was
much broader than the voltage peaks in Li, Na and Zn cells cycled in organic electrolyte eventually
reaching a value of 0.036 V after 6.5 minutes before decreasing. After the initial voltage peak, the
evolution of voltage resembles metal electrodes cycled in organic electrolytes. Afterwards, the
voltage dropped to its minimum value ,0.031 V, and slowly increased up to 0.036 V at the end of
the half-cycle. However, it is important to note that potential change from initial peak to plateau is
only 0.005 V, similar to the organic zinc cell with a drop of 0.004 V, whereas potential drop from
the initial peak to plateau in Li and Na symmetrical cells in organic electrolyte is 0.033V and 0.040

V, respectively.
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Later Cycles: Figure 3.4 shows the voltage profiles in Li, Na and Zn symmetrical cells during 1%,
2nd 5t 10M, 20%, 75M, 100" and 150" cycles from Figure 3.1. A distinct evolution in the voltage
trace for each cell can observed over longer cycling. In the Li symmetric cell, the voltage dipping
between the two potential peaks becomes shallower over extended cycling. The minimum half-
cycle voltage increased from 0.038 V in cycle 5 up to 0.052 V in cycle 100. An accompanying
decrease in the first voltage peak from 0.071 V to 0.064 V and the second voltage peak from 0.078
V10 0.072 V is also observed between the 5" and 100th cycle. A decrease in cell polarization during
initial cycling is commonly reported in the literature and is attributed to the formation of higher
surface area lithium deposits and lowered interfacial impedances®. Additionally, the initial peak
broadened over extended cycling. Whereas the peak was reached within the first 10 seconds in the
fifth cycle, it took 3 minutes before the local maximum was reached in cycle 100. Over further
cycling, this voltage minimum disappears and the overall shape switches from peaking behavior to
the arcing shape and increased overpotentials discussed by Chen et al®.. This evolution was
attributed to accumulation of dead Li within the cell which imposes Li-ion mass transport
limitations. The switch from reaction Kkinetics limitations to mass transport-controlled behavior

produced the more pronounced arcing behavior.

Cycle 1 Cycle 2 Cycle 5 Cycle 10 Cycle 20 Cycle 75 Cycle 100 Cycle 150

0.2

S

50.1— @ J\ (/

§ bc ~ 1 g T N
£00
3 | — ~ I~ ~ I~
s e Q

=L S R N - U
>

| — Limetal in organic electrolyte
—— Na metal in organic electrolyte
02— Zn metal in organic electrolyte

—— Zn metal in Aqueous electrolyte

P I (T T BRI B I I I P | I I I I
0 1 2 3 4 9 10 19 20 40 41 156 157208 209 313 314
Time (hr)

Figure 3.4: Galvanostatic cycling profiles from specific cycles for Li, Na, organic Zn,
and aqueous Zn symmetric cells at 1 mA cmshowing the evolution of the voltage traces
over extended cycling
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The voltage profile of the Na symmetric cell rapidly changed over cycling. The 2" voltage
peak occurred progressively earlier with extended cycling and the voltage dip between the two
peaks shrunk. The 2" peak occurred at the 25-minute mark in the fifth cycle, but only after 13.5
minutes in cycle 20. Furthermore, the magnitude of the 2" voltage peak increased dramatically
over cycling. In cycle 5, the maximum potential was 0.094 V; however, this value increased to
0.251 V in cycle 20. The organic zinc cell’s voltage profile remains relatively constant over
prolonged cycling. The most prominent difference lies in the magnitude of the first voltage peak.
The initial voltage peak has a value of 0.076 V in the fifth cycle which decreases to 0.054 V in
cycle 75. In the case of the aqueous zinc cell, the initially broad first peak progressively narrows
after many cycles. With the narrowing of this peak, the voltage profile of the aqueous zinc cell
begins to resemble the lithium cell more closely, with a narrow initial peak followed by a dip in

voltage, a second maximum, and lastly a voltage plateau.

Early cycles After Short-circuited

Pristine
B ()

Aqueous Electrolyte

Organic Electrolyte

Figure 3.5: SEM images of (A) pristine Zn electrode, (B, C) Zn electrodes after 20 cycles in agueous
electrolyte, (D, E) Zn electrodes after short circuit in aqueous electrolyte, (F) Zn electrode cycled in organic
electrolytes for 2 cycles, (G) Zn electrode cycled in organic electrolytes for 20 cycles, (H, ) Zn electrode after
short circuited in organic electrolyte. Arrows demonstrated the representative morphologies such as pits (B and
F) and dendrites (C, G, and 1) in selected images.

Morphological Evolution of Zn electrode: Morphology evolutions on Zinc metal anode was
investigated by using scanning electron microscopy after cycling Zinc in either aqueous or organic
electrolytes. Figure 3.5A shows the morphology of the pristine Zinc metal electrode. The needle-
shaped dendrites were observed on the surface of the Zinc electrode when cycled in the aqueous
electrolytes. On the other hand, mossy-type dendrite shapes were detected when cycled in organic

electrolytes. In both electrolytes, the generation of pits was observed on the surface of the electrode
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due to stripping of Zn from the metal surface. We also compared the final morphology of the Zinc
electrodes after symmetric cells were short-circuited in organic or aqueous electrolytes. In the case
of aqueous electrolytes, the dendritic deposits and pits further progress, and a large amount of
dendritic deposits were captured on the electrode surface (Fig. 5 D and E). However, surface of the
Zinc electrode was clearly covered by thick layer of solid-electrolyte interface when the electrode
was cycled in the organic electrolytes (Fig 5H and 1). Due to the volumetric expansion and
contraction of the electrode during Zn plating/strippping, the SEI layer has fractured and large
cracks are observed. Looking into these cracks reveals Zn dendrites growing up into the SEI layer.
The presence of this pronounced SEI layer is the one of the most obvious difference between the
electrodes cycled in the two electrolytes. This is to be expected as organic species in the electrolytes
decomposes at lower potential and forms solid-electrolyte interface (SEI) later on the anode

surface.

Open Circuit Potentials: Between each plating/stripping half-cycle, a 3-minute open circuit rest
period is employed to allow the concentration of ions across the cell to approach equilibrium. This
allows each half-cycle to start out with near equilibrium conditions for the surface reaction at each
electrode. Metal ions are generated at one electrode and consumed at the other in the
deposition/dissolution electron transfer reactions. The generation and consumption of metal ions at
each electrode moves the concentration of ions away from equilibrium and introduces a
concentration gradient across the cell. The severity of the concentration gradient depends on the
effective diffusion coefficient of metal ions in the cell with greater mass-transport limitations
inducing larger concentration gradients. As the interfacial concentration of metal ions at the surface
of both electrodes changes, a larger overpotential is needed to drive the plating/stripping processes
according to the equation®’

U= Uy = U° + 7710 (22 (3.1)
where U is the cell potential, Ud is the potential of the standard hydrogen electrode, U is the
standard potential of the cell, R is the gas constant, T is the temperature, n is the number of electrons
involved in the electron transfer reaction, F is Faraday’s constant, Coy iS the concentration of the
oxidized species, and Crq is the concentration of the reduced species. When the half-cycle is
completed and the symmetric cell becomes under the open-circuit condition, the concentration of
ions across the cell is once again allowed to equilibrate, and the cell potential decreases as a result.
The potential between the beginning and end of the open-circuit period is, therefore, directly related

to the mass transport of ions from the surface of the electrode. A larger potential drop is indicative
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of accumulation of greater ions on the electrode surface, causing larger concentration gradient in

the cell.
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Figure 3.6: Open-circuit potential drops for selected cycles for A) Li, B) Na, C) Organic Zn, and
D) aqueous Zn symmetric cells. Representation of metal ion diffusion pathways during E) early
cycling and F) later cycling

Figure 3.6 shows the potential relaxations during open circuit conditions after selected
cycles for the Li, Na, organic Zn, and aqueous Zn symmetric cells. In each case, there is an increase
in the potential drop during the open circuit period with increased cycle number. The increased
potential drops can be attributed to mass transport limitations. These limitations arise due to the
buildup of “dead” metal on the surface of electrode as well as the formation of solid-electrolyte
interface (SEI) layers. The accumulation of the dead metal and the formation of SEI layers material
create a tortuous path for ions to reach the out the electrolyte (Figure 3.6 E,F). Therefore, increasing
the diffusion length lowers the effective diffusion coefficient in the electrolyte according to the

equation
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where D is the effective diffusion coefficient, D is the intrinsic diffusion coefficient, € is the
volume fraction of conductive phase of the electrolyte, and t is the tortuosity factor®. For each
metal, the open circuit potential drop follows an exponential decay over the rest period. The shape
of this decay arises from the movement of ions within the cell towards equilibrium conditions

according to Fick’s first law

J = —Degpot (33)
where J is the mass flux of the metal ions, Des is the effective diffusion coefficient, ¢ is the
concentration of the metal ion, and x is the position in the direction perpendicular to the electrode
surface. In cycle 1, the Li, Na, organic Zn, and aqueous Zn cells have a difference in potential of -
2.76, -3.60, -14.3, and 0.15 mV, respectively, between the beginning and end of the open circuit
relaxation period. The magnitude of these potential relaxations during open circuit progressively
increased for each symmetric cell until cell failure for the all the organic cases. For the aqueous Zn
cell, the drop in potential reaches a maximum of -2.70 V near cycle 150 before diminishing slightly
over the remaining cycles. By the end of cycling, the total potential drops reached values of -28.3,
-25.1, -24.5, and -2.33 mV for Li, Na, organic Zn, and aqueous zinc, respectively. The large

potentials drops are only observed when the metal electrodes were cycled in the organic electrolyte.

This observation further verifies the correlation between accumulation of surface deposits on the

metal electrode with transport limitations near electrode surface.
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Figure 3.7: Galvanostatic cycling at 1 mA cm2 voltage profile comparisons for A) aqueous Zn
and aqueous Zn with organic SEI and B) organic zinc and organic zinc w/ inorganic SEI layer.
Voltage hysteresis comparison for C) aqueous Zn and aqueous Zn with organic SEIl and D) organic
zinc and organic zinc w/ inorganic SEI layer.

3.4.3 Impact of Solid — Electrolyte Interface on Plating of Zn

The composition, thickness, and elasticity of the SEI layer on lithium and sodium electrode
surfaces has a strong effect on the overpotentials during deposition/dissolution, long-term cycling
stability, and plating/stripping Coulombic efficiencies?*''5!8, Unlike Li and Na metal, Zn is
compatible with organic and aqueous electrolytes which provides an opportunity to highlight the
effects of organic SEI layers on deposition/dissolution behavior. In order to elucidate the SEI effect
on metal plating, the symmetric cells were pre-cycled in organic or aqueous electrolytes for 20
cycles. Then, in some cases, the electrolyte solution was replaced from organic to aqueous
electrolytes or vice versa. In the other cases, the cells were cycled in the same electrolyte as they
were cycled in the first 20 cycles. To avoid confusion, we described the cells as follows; in the
case, Zn metal electrodes were cycled for 20 cycles in organic electrolyte to form a thick SEI layer.
Then, the electrodes were removed, placed into an aqueous Zn cell, and galvanostatically
plated/stripped at constant 1 mA/cm?. These cells are called as “aqueous Zinc w/organic SEI”. If
symmetrical cells are only cycled in aqueous electrolyte from the beginning, they are called as
“aqueous Zinc”. If zinc electrodes were first cycled for 20 cycles in 1 M aqueous Zn(ClO4), before
being removed and replaced into a cell with 1 M Zn(CIlO4), in EC:DMC electrolyte, the cell is
called as “organic Zinc w/inorganic SEI”. The symmetrical cell, which is only cycled in organic

electrolyte, is called as “organic Zinc Cell”.
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The electrochemical performance of the aqueous Zinc w/organic SEI and aqueous Zinc
were compared in Figure 3.7A. The presence of the organic SEI layer contributed to higher
overpotentials during the first 100 cycles in the aqueous Zinc w/organic SEI cell. Also, there is a
maximum polarization in aqueous Zinc w/organic SEI cell at cycle 45 is about 0.054 V, whereas
maximum polarization in aqueous Zinc cell is 0.033 V at the same cycle. The overpotentials
gradually decrease until the polarization in aqueous Zinc w/organic SEI cell becomes similar with
aqueous Zinc cell at around cycle 120. However, agueous Zinc w/organic SEI cell has a shortened
cycle life and short circuits at around 160 cycles. For comparison, aqueous Zinc cell made it to

about 220 cycles before shorting.

Solid electrolyte interface has a complex morphology and chemistry. It undergoes serious
changes by increasing charging / discharging time. Also, it proposed to have two distinct layers,
where more inorganic compounds form near electrode interface and the SEI is composed of more
organic species on the electrolyte interface?’. In the case of aqueous electrolyte, the formation of
SEI layer on the surface of the electrode is much thinner and it only composes of inorganic species
due to decomposition of salt!'®. To differentiate the impact of thin layer of inorganic SEI versus
thick organic SEI, we also perform another set of experiments where symmetrical Zinc cell is
initially cycled in aqueous electrolyte for 20 cycles, and then switched to organic electrolyte. The
electrochemical performance of organic Zinc w/inorganic SEI cell is compared with organic Zinc
Cell in Figure 3.7 C and D. An initial pre-cycling in aqueous electrolyte produced an improvement
in the performance of the organic Zinc w/inorganic SEI cell. The maximum overpotential in organic
Zinc w/inorganic SEI cell (0.067 V) was lower than the one for organic Zinc Cell (0.088 V) at cycle
45. Organic Zinc w/inorganic SEI cell short-circuited around cycle 230. However, cycle life of
organic Zinc Cell as much less and it short-circuited around cycle 85. To understand the better
performance of Zn cell when it pre-cycled in aqueous electrolytes, we compare the potential

profiles during Li plating and stripping.
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Figure 3.8: 21% charge cycle for a aqueous Zinc, organic Zinc, aqueous Zinc w/organic SEl, and
organic Zinc w/inorganic SEI. Note that it is the first charge cycle for agueous Zinc w/organic SEI,

and organic Zinc w/inorganic SEI after changing the electrolyte.

First charge after changing the electrolyte: The voltage profiles during 21% cycle in aqueous Zinc
w/organic SEI and organic Zinc w/inorganic SEI are shown in Figure 3.8. These symmetric cells
were previously cycled 20 times in organic or aqueous electrolytes. 21% cycle is the first cycle after
changing the electrolytes (from organic to aqueous or vice versa). Evolution of voltage profile is
significant different between organic Zn cell and organic Zinc w/inorganic SEI cell. The behavior
of voltage profile in organic Zinc w/inorganic SEI resembles with the behavior of organic Zn cell
during the first charge cycle (Figure 3.2). Similar behavior is also observed in aqueous Zinc

w/organic SEI cell where the potential did not reach its minimum value during charging yet.
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Figure 3.9: 25% charge cycle for an aqueous Zinc, organic zinc, aqueous Zinc w/organic SEI, and
organic Zinc w/inorganic SEI. Note that it is the fifth charge cycle for agueous Zinc w/organic SEl,

and organic Zinc w/inorganic SEI after changing the electrolyte.

Fifth Charge after changing the electrolyte: Figure 3.9 provides a comparison of the different Zn
cells during the first half of the 25" cycle, which is the fifth cycle for Zn cells where the electrolytes
were changed from organic to aqueous or vice versa. Organic Zinc w/inorganic SEI cell presents a
broadened initial peak shape and reduced overpotentials throughout the half-cycle in comparison
with organic Zinc cell. The broadened peak is accompanied by a shallower dip in voltage between
the two peaks and a more severe increase in voltage towards the second peak. Neither cell reaches
a final plateau stage at the end of the half-cycle but are still increasing in overpotential when the
half-cycle ends. Aqueous Zinc w/organic SEI electrodes displays a narrower peak at the beginning
of the half-cycle than the aqueous Zinc cell. Other than this minor distinction, both cells produce
comparable voltage trace shapes with an initial peak followed by a shallow dip in voltage before a
final voltage increase. An aqueous zinc w/organic SEI cell displays higher overpotentials

throughout the entire half-cycle in comparison with aqueous zinc cell.
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Later Cycles: Figure 3.10 shows the voltage profiles in the different Zn symmetrical cells during
18t 2nd 5t 10, 20, 75%, 100" and 150™ cycles from Figure 3.7. As compared to the organic Zn
cell, the organic Zn w/ inorganic SEI cell retains its voltage profile over more extended cycling. In
the case of the organic Zn cell, the voltage dip between the two maximums has largely disappeared
by cycle 75; however, the organic Zn w/ inorganic SEI cell’s voltage profile retains a small voltage
dip even up to cycle 150. Furthermore, the dramatic voltage increases at the end of the later half-
cycles of the organic zinc cell are not present in the organic Zn w/ inorganic SEI case which instead

begins to level out over long-term cycling.

For the two aqueous Zn systems, extended cycling results in their voltage profiles
becoming more alike. As described previously, the voltage trace of the aqueous Zn cell does not
change substantially over long-term cycling. However, the voltage profile of the aqueous Zn with
organic SEI does change noticeably over cycling and results in the growing similarity between the
two. The presence of the organic SEI layer contributes to increased overpotentials during the initial
cycling. These overpotentials reduce gradually until the voltage profile of the aqueous zinc with
organic SEI and aqueous zinc cell begin to overlap by cycle 150. The aqueous zinc with organic
SEI cell still displays slightly large overpotentials during the voltage dip portion of the half-cycles,

but the two voltage profiles demonstrate similar profiles.
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Figure 3.10: Galvanostatic cycling profiles from specific cycles for agueous Zn, organic
Zn, aqueous Zn w/organic SEI, and organic Zn w/inorganic SEI symmetric cells at 1 mA

cm2showing the evolution of the voltage traces over extended cycling

Open Circuit Potentials: Figure 3.11 shows the open circuit voltage drops for the organic Zn w/
inorganic SEI and aqueous Zn w/ organic SEI symmetric cells after specific cycles. The initial
potential drops for the aqueous Zn w/ organic SEI and organic Zn w/ inorganic SEI are 0.11 and
17.1 mV, respectively. Unlike the behavior in Figure 3.6, the magnitude of open circuit potential
relaxations in Figure 3.11 do not steadily increase with cycle number. Instead, they reach a
maximum in the initial cycles, before experiencing a decrease followed by an additional rise
towards the end of cycling. In the aqueous Zn w/ organic SEI cell, this initial potential drop
gradually rises to 4.1 mV by cycle 75, followed by a decrease to 1.58 mV by cycle 125, and finally
an increase for the remainder of cycling up to 2.25 mV by cycle 180. The potential drop behavior
during open circuit on the aqueous Zn w/ organic SEI cell suggest the deformation of organic SEI
layer between cycle number 75 and 125. The increase in the potential drop between 125 and 180 is

very similar to increase in potential drop in agueous zinc cell within similar cycles. For the organic
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Znw/ inorganic SEI, the potential drop of 17.6 mV in the 21% cycle is the highest until around cycle
75 and is followed by a decrease in potential drop to 15.0 mV in cycle 30 and then an increase for
the rest of cycling up to 53.3 mV at cycle 231.

| First 20 cycles in Aqeuous |- ——Only Organic Electrolytel— First 20 cycles in Organic | ——
A) Rest is in Organic electrolytes‘ B) y g L C) Rest is in Ageuous electrolytes D) Only Aqueous Electrolyte
0 0 0 0
1
-5 -5 5 — S— 5
- - - 0 = 5
> > > 21 >
E E E | E |
o Q Q — o
o o o > o =
[a} o [a] E-1 o 2
10 S -10 S-102a 30 S-10-3% 25
€ € € o € o-1
2 2 2 o 25 2 a
o 2 ° | =2l w0 & | 3 oo
= = = r c = r s
|2 : 2 N
5] 5 5 o 5] < 75
515 30 | §-15 51533 100) g-15-3
o3 50 | & Q = Q 52+
(¢} o o o (¢} e 00l
g &
21 r 2 50 r
75 O-4 - 75
150)
-20 1001 .20 -20 |- 20 -
5 | | | -3 | | |
125 0 50 100 150 200 0 50 100 150 200
Open Circuit Time (sec) r Open Circuit Time (sec)
25 150]  pg ! ! ! 25 \ \ \ 25 \ \ \
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Open Circuit Time (sec) Open Circuit Time (sec) Open Circuit Time (sec) Open Circuit Time (sec)

Figure 3.11: Open-circuit potential drops for selected cycles for A) organic Zn w/ inorganic
SEl, B) organic Zn, C) aqueous Zn w/ inorganic SEI, and D) aqueous Zn symmetric cells

3.5 CONCLUSIONS

In this study, we compared the cycling performance of Li, Na, and Zn symmetric cells using the
same anionic salt (CIOy) in the electrolyte solution. Zn metal enabled us to investigate the influence
of organic SEI layers on electrochemical performance by allowing us to use both carbonate and
aqueous electrolytes. These symmetric cells were evaluated by cycling at 1 mA/cm? up to an areal
capacity of 1 mA h cm2 with open circuit periods of 3 minutes in between each half-cycle. This
revealed that the cycling lifetime of the different systems followed the order aqueous
Zn>Li>organic Zn>Na. Additionally, a different failure mechanism was noted in the Na cell
compared to the other systems. Whereas the aqueous Zn, organic Zn, and Li symmetric cells failed
by short-circuit over prolonged cycling, the Na symmetric cell failed due to a rapid rise in cell
overpotential. This is likely due to drying up of the electrolyte owing to Na’s high reactivity with
the electrolyte and the significant buildup of “dead” Na in the cell imposing mass transport
limitations. Observations of the voltage traces revealed that organic Zn cells cycled in organic
electrolyte exhibit similar voltage features as Li cells which can be correlated with

deposition/dissolution processes occurring on the surface. Extended cycling revealed a switch from
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“peaking” to arcing voltage shapes for Li, Na, and Zn metals cycled in organic electrolyte. This
observation agrees well with previous reports for Li and can be attributed to the buildup of a
tortuous “dead” metal and SEI layer above the electrode surface which impedes metal ion diffusion
and causes the cell’s potential to switch from kinetically controlled to mass transport limited. The
aqueous Zn cells showed much less pronounced changes in their voltage profile which is likely due
to the absence of a porous organic SEI layer which would contribute to imposing mass transport
limitations. Plots of the cell potential relaxations during the open circuit period after each half-cycle
show an increase in potential drop for each of the 4 systems studied. The increase in potential
relaxation can also be attributed to the buildup of a “dead” metal and SEI layer on the surface which
increases the concentration gradient in the cell whenever a current is applied and slows relaxation
of this potential gradient during the open circuit period. Notably, while the organic cells reached
large potential relaxations of ~ 20 mV before failure, the aqueous Zn cell only reached a value of

~2.5 mV which supports the notion that the aqueous Zn cell is less mass transport limited.

Further investigation of the role of an organic SEI layer on electrochemical performance
in Zn cells was conducted by creating either an inorganic or organic SEI layer on the surface of Zn
electrodes by cycling for 20 cycles in aqueous or organic electrolyte, respectively. The electrolyte
in the cell was then switched and electrochemical performance was evaluated. This procedure
revealed that the addition of an organic SEI layer to aqueous Zn cells increases cell polarization
and reduced cycle life from ~225 cycles to ~160 cycles. Cell polarization in these cells gradually
decreased and became more like the voltage traces of aqueous Zn cells after extended cycling
possibly indicating the breakdown of the organic SEI layer over time. A similar trend was noted in
the potential relaxation drops during OC period for the aqueous Zn cells with organic SEI which
had an increase in potential drop up to cycle 75 reaching a value of ~4 mV, but then experienced a
decrease in potential drop for the remainder of cycling down to ~ 2 mV which agrees well with the
potential drop in the aqueous Zn cell. The addition of an inorganic SEI layer to Zn electrodes cycled
in organic electrolyte greatly increased cell lifetime from about 90 cycles to about 230 cycles and

also reduced cell overpotentials.

These results demonstrate that similar correlations between voltage profiles and surface processes
for Li and Na cells can be extended to describe Zn cells cycling in organic or aqueous electrolyte.
This study also highlights the effects of the organic SEI layer formed during cycling in organic
electrolyte on cell performance and shows that the organic SEI layer increases cell potentials and

reduces cycle life in Zn cells.
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4.1 ABSTRACT

According to the Environmental Protection Agency’s National Emissions Inventory Report,
hundreds of thousands of tons of particulate matter (PMs) are released by diesel combustion per
year'?0121 - The toxic PM,s air pollution causes serious public health problems and is responsible
for millions of worldwide deaths each year??. In this study, we investigate the electrochemical
energy storage capability of annealed soot PM originating from diesel exhaust. Soot composite
electrodes were utilized as anode electrodes and cycled against Li counter electrodes. X-ray
diffraction and Raman spectroscopy showed the graphitized carbon structure of the annealed soot
particles. The cycle life and rate-capability of the electrodes were investigated via galvanostatic
cycling tests. The electrodes exhibited excellent rate performance with discharge capacities of 235,
195, 150, 120, and 80 mAh/g when cycled at rates of 1C, 2C, 5C, 10C, and 20C, respectively. The
electrode demonstrated an initial discharge capacity of 154 mAh/g at 4C rate with a capacity
retention of almost 77% after 500 cycles. Raman analysis confirms the retention of structural
ordering in the soot carbon after 500 cycles. Kinetics analysis, obtained through cyclic voltammetry
at different scan rates, indicates pseudocapacitive charging behavior in the soot composite
electrode. Our study provides a viable pathway towards a sustainable energy-environment by

converting an abundant toxic pollutant into a valuable electrode material for Li-ion batteries.
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4.2 INTRODUCTION

The steady increase in the consumption of fossil fuels in modern society has caused several serious
environmental and human health issues. The burning of fossil fuels not only produces carbon
dioxide emissions, which are contributing to global warming and poisoning the world’s oceans, but
also releases toxic air-borne pollutants into the atmosphere!?3124, For example, combustion of fossil
fuels in diesel engines generates nanoscale particulate matter (PM) with an aerodynamic diameter
lower than 2.5 um (i. e. PM25s). According to Global Burden of Disease report, almost 3.2 million
worldwide deaths per year are attributed to health diseases associated with PM.s air pollution,
making it the 6™ highest risk factor for premature mortality*??. The long-reaching adverse effects
of this PM includes complications in infant development during prenatal period?®, mental
illnesses!?, respiratory health'?” and cardiovascular health'?¢-1%, In particular, combustion-derived
carbonaceous particles have been suggested in recent years to be up to 5 times more toxic than
inorganic particulate compositions®*1%, According to the Environmental Protection Agency’s
(EPA) 2017 National Emissions Inventory Report, approximately 123,000 tons of PM2s were
released by diesel combustion in the year 2017*2°2, The combustion of diesel fuels in California
alone produces more than 25,000 tons of toxic nanoscale particulate matter (PM) as a waste product
every year'®*. This has captured the attention of global organizations such as the World Health
Organization (WHO), which gives an average annual guideline of 10 pg/m® of PM_s in their air
quality guidelines®®. Furthermore, this attention has prompted decision makers such as the
Environmental Protection Agency (EPA)™¢, Federal-Provincial Advisory Committee™’, and the
European Union®® to impose standards on the emissions of nanoscale particulate matter. For
example, the Euro 6 update limited the emission of particulate matter to 0.01 g/kWh for heavy duty
engines and 0.005 g/km for light-duty vehicles operating in Europe, and further, more stringent air
guality standards are expected in the future. Effective implementation of these policies is key to

control and mitigate PMz5 air pollution®®,

These requirements have necessitated the need for an improvement in the technology
restricting diesel engine particulate emissions. Diesel particulate filters (DPFs) and electrostatic
precipitators (ESPs) are common methods of reducing combustion engine emissions8283140,
However, these DPFs become clogged over extended use and must be cleaned out. If not
maintained properly, these filters can exert a large back pressure on the engine ultimately reducing
engine efficiency. The carbonaceous waste soot collected from these filters is of limited use and
mostly ends up as industrial toxic waste. Potential commercial application of the waste material is

needed to transform it into useful chemicals for sustainability. Previously, we demonstrated the
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application of diesel engine exhaust soot as a conductive additive for two different Li-ion battery
cathode materials, lithium manganese oxide (LMO) and lithium iron phosphate (LFP)*L. In the
study presented here, we examine the electrochemical storage capability of carbonaceous
particulate matter as an anode material for Li-ion batteries.

Li-ion batteries are pervasive in modern society with applications in cell phones, laptops,
and power tools. The discovery of graphite anodes in the early 1990s lead to the commercialization
of rechargeable lithium-ion batteries in 1991 because graphite allows reversible Li-ion insertion
(i.e. intercalation) and removal from its structure. In recent years, a number of publications have
come forth with various carbonaceous electrodes as alternatives to the graphite electrode from a
variety of sources including prawn shells!#2, corn stalk cores*®, rice husks!#, garlic peels'®®, sweet

potatoes'*®, wheat flour**’, and soot from marine gas 0il® among others.

In this study, we investigate the electrochemical performance of soot particles derived from the
combustion of diesel fuel. The morphological and chemical structure of the soot particles were
characterized using SEM, XPS and XRD analysis. The composite anode electrodes were fabricated
by mixing the soot particles with conductive carbon and binder. The electrochemical behavior of
the soot composite electrodes was characterized via cyclic voltammetry and impedance
spectroscopy. The cycle life and rate-capability of the electrode was investigated via galvanostatic
cycling tests. The electrode demonstrated 150 mAh/g capacity at 4C rate and capacity retention
was almost 77% after 500 cycles. Excellent rate-capability of the soot electrode suggested
pseudocapacitive charge behavior of the electrode, which was further investigated by conducting

cyclic voltammetry over a wide range of scan rates and Raman spectroscopy studies.

4.3 MATERIALS AND METHODS

Recycled Particulate Matter: The details of the preparation of the soot particles were explained in
detail in our previous publication'*!. Briefly, soot particles were collected from diesel engine
exhaust using electrostatic precipitation. The collected particles were then annealed at 250 °C in air
for 4 hours.

Electrode Fabrication: Annealed diesel soot particles were used as the active material in composite
electrodes for electrochemical characterizations. The composite electrodes were fabricated by
mixing the annealed soot particles with carboxymethyl cellulose sodium salt binder (CMC,
Aldrich) and Super P® conductive carbon additive (Alfa Aesar) in an 8:1:1 mass ratio, respectively.
First, the CMC binder was dissolved in ultrapure water and mixed for 10 min in a Thinky

centrifugal mixer at 2000 rpm mixing speed. Next, the annealed soot particles and Super P®
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conductive carbon were added to the binder mixture. The resulting slurry was mixed in a Thinky
centrifugal mixer at 2000 rpm for 30 minutes. The slurry was then casted onto Cu foil (9 pum thick,
>99.99%, MTI) using a doctor blade and allowed to dry under ambient room conditions.
Electrochemical Cycling: CR2032 coin cells were assembled using the composite electrode as a
working electrode, Li foil (99.9% metal basis, Alfa Aesar) as a counter electrode, and Celgard
polyethylene film as a separator. Electrolyte was prepared by dissolving 1 M LiClO4 in 1:1 (v:v)
ethylene carbonate (EC, anhydrous, 99%, Sigma Aldrich):dimethyl carbonate (DMC, anhydrous,
>99%, Sigma Aldrich). Coin cell assembly and electrolyte preparation were both performed in a
glovebox under an inert argon atmosphere with moisture and oxygen levels kept below 1.5 ppm.
Galvanostatic cycling and cyclic voltammetry tests were conducted between 2.0 to 0.01 V vs Li*°
on an Arbin potentiostat/galvanostat (MSTAT21044). Lithiation refers to insertion of Li* ions into
the composite electrode during the discharge cycle, and delithiation refers to the extraction of Li*
ions from the composite electrode during the charge cycle.

During galvanostatic cycling, a constant current, I, is applied until the cell potential reaches

the set minimum (0.01 V) or maximum (2.0 V) value. The C-rates in galvanostatic cycling were

Mgy

calculated using Faraday’s law: C — rate = ¢ , Where the theoretical capacity of graphite, Q is

372 mAh/g and mg, denotes a mass of annealed soot particles in the composite electrode'*. In all
galvanostatic tests, coin cell batteries were first cycled 3 times to allow formation of solid-
electrolyte interface (SEI) layers. The capacity retention and rate capability of the soot composite
electrode was then investigated by conducting galvanostatic cycle experiments at various rates. The
experiments were performed at least twice and the average values based on repeated experiments
are presented in the paper.

During cyclic voltammetry, the cell potential was increased and decreased at a constant
rate (LV/s) between 0.01 and 2.0 V vs Li*®. Cyclic voltammetry experiments were performed at
different rates (between 25 and 2500 uV/s) to investigate the charging mechanism of Li ions into
annealed soot particles. Electrochemical impedance spectroscopy (EIS) was conducted on the
pristine and cycled cells using a Biologic potentiostat equipped with EC-EC-lab® acquisition
software.

Structural and Morphological Characterization: X-ray diffraction (XRD) patterns were captured
using a Bruker D8 Advance XRD with Lynxeye Detector. A Witec alpha300 Raman microscope
was used to identify carbon related bands using a 532nm laser and a 50x objective lens with a power
of 2.5-3.5 mW and integration time of 2.5s. X-ray photoelectron spectroscopy (XPS) measurements

were taken with a Kratos Axis Ultra DLD spectrometer.
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4.4 RESULTS AND DISCUSSION

4.4.1 Material Characterization: The structure and chemical composition of the diesel soot
particles were characterized by using powder X-ray diffraction (XRD), Raman spectroscopy, and
X-ray photoelectron spectroscopy (XPS) measurements. The crystal structure of the annealed soot
particles was investigated using XRD, as shown in Figure 4.1A. It is a well-known phenomenon
that the high number of structural defects in the layered structure of graphite produce strong
distortions of the diffraction peaks®*°, This distortion cannot be avoided as it is an intrinsic
feature of graphitized carbon. Despite this distortion, two diffraction peaks were observed near
24.7° and 43.8°, corresponding to the (002) diffraction peak for parallel graphene sheets and the
(100) peak from the covalently bonded structure of carbon atoms within each graphene sheet,
respectively®®L, These results suggest the presence of graphitized carbon in the structure of annealed
soot particles. High-resolution XPS C1s spectra are shown in Figure 4.1B. The C1s spectrum is
found to be a combination of three peaks at 285, 286 and 289 eV, which correspond to sp?> C-C,
C-OH, and O=C-O bonds, respectively®145152153  The areal percentage of these peaks were
calculated, and the percentage of sp? C-C, C-OH and O=C-O peaks were found to be 43.0, 27.8
and 29.2%, respectively.
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Figure 4.1: Characterization of Material Chemistry: A) XRD analysis of annealed soot powders,
B) XPS spectrum of annealed soot powder, C) Raman spectrum of pristine soot composite

electrode
The Raman spectra of the pristine soot composite electrode is shown in Figure 4.1C. The

presence of two peaks, a D-band at ~1350 cm™ and a G-band at ~1580cm™, is a distinctive feature
of graphitized carbon. The first peak, at ~1340 cm™ is caused by the A4 vibration associated with
defects in the aromatic rings and can be attributed to amorphization of the carbon structure®*. The
second peak at ~15807 is caused by the E,q vibration of the sp? hybridized carbon atoms. The ratio
of the intensity of these two peaks (Ip/lg) is commonly used to evaluate the degree of disorder

present in graphitized carbon*®%. For the pristine soot composite electrodes, the Ip/lg ratio was
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measured to be 0.94. The average particle size of the soot particles were measured to be around
20-30 nm*4,
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Figure 4.2: Electrochemical behavior of soot composite anode. A) Cyclic voltammetry at 200
uV/s for 5 cycles, B) Electrochemical impedance spectra of the composite electrode before and
after 5 cycles cyclic voltammetry at 200 uV/s, C) Potential — capacity profiles during the first 3
galvanostatic cycles at C/2 rate.

4.4.2. Electrochemical Behavior of Soot Composite Electrode: The electrochemical properties of
the soot composite electrodes were evaluated using a variety of electrochemical experiments, as
shown in Figure 4.2. First, cyclic voltammetry (CV) was performed to investigate reversible and
irreversible electrochemical reactions during the initial cycles®™’. During CV, the potential changes
linearly with time at a constant rate between the two cutoff voltages. Figure 4.2A shows the current
evolution during the first five cycles of CV between 0.01 — 2.0 V vs Li/Li%" at a scan rate of 200
uV s, During the first cathodic scan (i.e. potential sweep from higher potential to lower potential),
a broader current peak was detected at 1.26 and 0.76 V. These peaks disappeared in the subsequent
cycle, indicating that they are due to the formation of the solid-electrolyte interface (SEI) on the
electrode from electrolyte decomposition®®®. Irreversible reduction current peaks were detected for
various carbonaceous electrodes during the first cycle due to the electrolyte decomposition®:1%°,
For carbonaceous electrodes, the cathodic peak between 0.01-0.2V is associated with reversible Li
ion intercalation, and the anodic peak at around 0.25 V results from Li ion extraction from the host
structure?®, A similar electrochemical behavior is observed for the soot composite anode in Fig.
2A. A reversible and sharp cathodic peak was observed around 0.01 V in the first five cycles,
associated with the lithiation of the soot composite electrode. During the anodic scan (i.e. increasing
from lower potential to higher potential), a broad and reversible current peak was detected around

0.25 V in the first five cycles, indicating delithiation of the electrode. Interestingly, the current
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profile of the electrode beyond the first cathodic cycle demonstrates a quasi-rectangular shape
without pronounced redox peaks, indicating that the electrode material may possess a considerable
pseudocapacitive contribution to charge storage®. We will discuss the capacitive behavior of the
electrode by performing cyclic voltammetry at different scan rates in a later section of this

manuscript.

Electrochemical impedance spectroscopy (EIS) is a common method for quantifying the
relationship between current and voltage in an electrochemical cell through an equivalent circuit
that represents physical processes occurring in the cell. EIS was applied to the composite electrode
before and after cyclic voltammetry measurements, as shown in Figure 4.2B. The purpose of the
EIS measurement is to investigate changes in the cell resistance. The surface resistance is associated
with the electron transfer reaction occurring on the electrode’s surface and it has a direct
relationship with the radius of the real impedance portion of the semicircle. The radius of the semi-
circle increased from 50.9 ©Q/cm? before cycling to 150.7 ©/cm? after five cycles. This increase
indicates a higher resistance to the electron transfer reaction occurring on the electrode and can be
a attributed to an increased resistance to Li* diffusion through the surface film caused by the
formation and growth of the SEI layer*®,

The charge/discharge capacity of the electrode was analyzed by performing galvanostatic
measurements at C/2 rate for the first 3 cycles, as shown in Figure 4.2C. C-rates are calculated
based on the theoretical capacity of graphite (372 mAh/g). The composite electrodes display a large
first cycle lithiation capacity of 625.3 mA h g* which quickly reduced to 285 and 257 mA h g
during 2" and 3 lithiation cycles, respectively. During the first discharge cycle, the slope of the
potential vs capacity curve changes dramatically at around 1.25 V. This observation further
supports the contribution of SEI growth on the large discharge capacity in the first cycle. The large
discharge capacity drop between the first and second cycle is attributed to the formation of an SEI
layer on the electrode surface®. It also agrees well with the increase in the resistance in Figure
4.2B. The delithiation capacities during the first three cycles were 268, 247, and 237 mAhg?,
respectively. Beyond the first discharge cycle, the potential-capacity curves show an almost linear
relationship. This is in contrast to traditional graphite anodes which display a series of plateaus
during galvanostatic cycling, caused associated by the phase transformations between different

stages of graphite during (de)lithiation*®, A quasi-linear relationship between potential and
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capacity in the soot composite electrode suggests capacitive behavior of the electrode, which will
be discussed later.
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Figure 4.3: A) Rate performance of the electrode cycled at different C-rates, B) Potential — Capacity
curves for charge and discharge cycles at different C-rates.

4.4.3 Rate Capability: The rate-capability of the soot composite electrodes was tested by
performing galvanostatic cycling at different rates. Figure 4.3A shows the charge/discharge
capacities and Coulombic efficiencies at 1 C, 2 C, 5 C, 10 C, and 20 C rates. The electrode was
cycled for five consecutive cycles at each scan rate. The electrodes display excellent rate
performance with charge capacities of 233, 194, 150, 118, and 82 mA h g* during the first cycle at
C-rates of 1C, 2C, 5C, 10C, and 20C, respectively. Additionally, when the C-rate was restored to
its initial value of 1C, a capacity of 229 mAh/g was retained which demonstrates the high
reversibility of the charge storage. The potential-capacity plots for different scan rates are shown
in the Figure 4.3B. The potential curves retains their shape with respect to capacity at various rates,
and the potential profiles lack any distinct voltage plateaus, further indicating the capacitive charge
storage mechanisms in addition to Li ion intercalation49162,

55



=

=]

(=]
!

B) b G

Coulumbic Efficiency 2

Pristine

After
1* lithiation

(4]
o
Arbitrary Unit (a.u.)

Discharge Capacity (mAh/g) Capacity Retention (%)
@
o

P I
1500

0 \ \ \ \ |
2000

0 100 200 300 400 500 1000
Cycle Number Raman Shift (cm™)

Figure 4.4: A) Columbic efficiency, capacity retention, and discharge capacity of the

soot composite electrode cycled 4C for 500 cycles. B) Raman spectra of the electrode

taken before cycling, after 1 lithiation and after 500 cycles.
4.4.4. Cycle Life of the Soot Composite Electrode: The cycle life of the soot composite electrodes
was tested by performing long-term galvanostatic cycling. Figure 4.4A shows the average
charge/discharge capacities, capacity retention, and Coulombic efficiency for soot electrodes
cycled at 4C rate for 500 cycles. Before the cycle life testing, the electrode were charged/discharged
three times for SEI formation and stabilization. The initial charge and discharge capacities of the
electrode were 168 and 154 mAh/g, respectively, but decreased steadily throughout the initial 10-
15 cycles. The charge and discharge capacities became reversible at 148 and 152 mAh/g after 15

cycles, respectively. The capacity retention was calculated by taking the ratio of the capacity at the

current cycle over the first cycle: Capacity retention = % %X 100%. The discharge capacity

1

retention was about 90% by cycle 10 and decreased to 80% when the electrode was cycled 300
times, indicating highly reversible Li-ion storage ability of the soot composite anode. The

coulombic efficiency was calculated as the ratio between charge extracted (delithiation, Qcharge) t0

charge inserted (lithiation, Quiscrarge) fOr each cycle: CE = Qcharge 100%. The Coulombic

discharge
efficiency rose steadily over cycling from its initial value and reaches 99.99% by cycle 500.
Complimentary Raman analysis was conducted to better understand the high-capacity retention in
the soot composite electrode. Figure 4.4B shows the Raman spectra of the pristine electrode,

electrode after 1% lithiation and electrode after 500 cycles. The ratio of Ip/ls decreased after the first
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lithiation, demonstrating an increase in ordering of the soot carbon with Li intercalation. The Ip/lc
ratio does not change significantly between after 1 lithiation and after 500 cycles, indicating that

structural ordering is retained in the soot carbon?®,
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Figure 4.5: Li* charge storage mechanisms in soot composite electrode. A) CV curves of the
electrode at various scan rates from 25 — 2500 uV/s. B) Relationship between current peak and
scan rate.

3.4.5 Charging Kinetics of Li" in Soot Composite Anode: Cyclic voltammetry experiments were
conducted at various scan rates to investigate the Kinetics of lithium-ion storage in the soot
composite electrode. Previous research efforts have utilized cyclic voltammetry to interrogate
whether the charge storage mechanism in a material is based on intercalation or capacitive
behavior¢3165, By conducting CV at different scan rates, the difference in reaction kinetics between
intercalation (which is diffusion-limited) and capacitive mechanisms can be exploited to ascertain
their contributions to charge storage. The current response of the soot composite electrode cycled
at arange of scan rates from 25 — 2500 uV/s is shown in Figure 4.4A. We can quantify the diffusion-
controlled and surface capacitive-controlled contributions through the application of the following

power law relationship between current and scan rate:
i=av? (4.1)

where i is peak current, v is the scan rate, and a and b are fitting parameters®%2, If the b-value is
equal to 0.5, it indicates diffusion-controlled process charge storage behavior. On the other hand,
if the b-value is equal to 1.0, then it suggests surface-capacitive controlled charge behavior in the

electrode. Plots of log([i]) vs log(Jv|) were generated from the CV data, and the slopes of lines fitted
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to the data were taken as the b-values for the peak currents in the cathodic and anodic sweeps
(Figure 4.4B).

Based on these power-law fits, the b-values for the anodic and cathodic peaks were 0.84
and 0.68, respectively. These values suggest a combination of diffusion-controlled and surface-
capacitive controlled mechanisms for the lithium-ion storage in the soot composite electrode.
Further separation of the diffusion-controlled and pseudocapacitive mechanisms of charge storage
was accomplished using the method of Dunn et al*®, At each potential in the CV curve, there is a
current contribution from both the intercalation and surface-controlled electron transfer reactions.
The insertion process is diffusion limited and will vary with the square root of the scan rate
according to the equation

1

)E 713)((bt)v1/2 (4.2)

anF

1
i = nFAC*D? (—
RT

where n is the number of electrons involved in the electron transfer reaction, F is the Faraday
constant, A is the surface area of the electrode, C” is the surface concentration of the electrode
material, D is the chemical diffusion coefficient, a is the charge transfer coefficient, R is the ideal
gas constant, T is the temperature, and y(bt) is a function representing the normalized current for a
totally irreversible system. In contrast, the surface-controlled mechanism will be directly

proportional to the scan rate according to the following equation:
i = CpAv (4.3)

where Cp is the capacitance. At a fixed potential, the contribution of the diffusion-limited and

capacitive processes on the current can be defined as:
i(V) = kv + k0> (4.4)

where ki and k, represent the capacitive and interaction contributions, respectively®. Therefore, if
values of ki and k. are found over the range of potentials in the CV, then the individual contribution

of each process can be identified. To assist with this, Eqn. 4.4 was re-arranged into the form:

T = kgv®S + ky (4.5)

205

which allows for calculating ki and k, values from linear fits of i(V)/v°% vs v° plots, where ki is
the slope and k; is the y-intercept in Figure Al at various potentials. The k; and k; values produced

from the graphs in Figure 4.5A are provided in Table Al alongside the R? value of the line fit to
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the data points. These values are used to calculate the current produced from the capacitive

processes according to the following equation:

icap v = kv

(4.6)

The contribution of capacitive behavior to the current are plotted on top of the experimentally

recorded current profiles when the electrode is cycled at 25 and 2500 uV/s in Figures 4.6A and

4.6B. Contributions of the capacitive charge storage are also presented for the other scan rates in

Figure A2 in the Appendix. Figure 4.6C illustrates the overall contribution of capacitive and

diffusion-controlled processes on the discharge capacity of the electrode at various scan rates. The

relative contribution is calculated by numerically approximating the area under the curve of the

overall current response and the capacitive current response using the trapezoidal rule at each scan

rate and dividing the area of the capacitive current response by the overall current response, as

follows: relative contribution =

Acapacitive

overall

* 100%. At the slowest scan rate of 25 uV/s, the

capacitive contribution is about 45.8% of the total charge storage, indicating that insertion is the

primary contributor to the charge storage at this rate. However, with increasing the scan rate, the

capacitive contribution significantly increases to account for 87.1% of the total charge storage when

cycled at 2500 uV/s. The intercalation of Li ions into the electrode structure is a diffusion-

controlled process unlike the pseudocapacitive mechanism which involves the adsorption of ions

onto the electrode surface alongside an accompanying faradaic charge transfer. As a result, the

surface-capacitive charge storage mechanism has much faster kinetics than the diffusion-controlled

intercalation of Li ions into the annealed soot particles®11, For this reason, the capacitive charge

storage mechanism provides a larger contribution to charge storage at faster scan rates.
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4.5 CONCLUSION

In summary, we report the ability of annealed diesel soot particulate matter to store Li* ions as
an anode electrode in Li-ion batteries. The structure and chemical composition of the annealed soot
particles were characterized by X-ray diffraction, Raman spectroscopy, and X-ray photoelectron
spectroscopy. The electrochemical behavior of the soot composite electrode was investigated by
performing cyclic voltammetry, impedance spectroscopy, and galvanostatic cycling. The soot
composite electrode demonstrated highly reversible discharge capacities when cycled at fast rates
up to 20C. The electrode also demonstrated a remarkable capacity retention (77% after 500 cycles)
with an initial discharge capacity of 154 mAh/g when cycled at 4C rate. Raman analysis on the
cycled electrode shed light into structural retention of the soot electrode after 500 cycles. Cyclic
voltammetry analysis at different scan rates demonstrated the pseudo-capacitive behavior of the

soot electrode, which provided remarkable rate ability for fast charging.

The remarkable electrochemical performance of soot composite electrodes suggests new
directions to ensure the provision of energy and protecting the environment at the same time.
Although there has been a promising progress on electric vehicles, many other transportation
vehicles such as Naval ships, large trucks, trains, and airplanes still heavily depend on fossil fuels
with different variety of chemical impurities. Utilization of waste products from the combustion
of fuels from these transportation vehicles into valuable products for electrochemical storage
devices can reduce the release of toxic materials into earth’s atmosphere and can promote the

development of new electrode materials for energy storage devices.
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CHAPTER V

CONCLUSIONS

5.1 SUMMARY

In summary, | completed two distinct projects over the course of my master’s studies, investigating
the role of an SEI layer on Zn deposition/dissolution alongside comparisons to Li and Na symmetric
cells using an analogous electrolyte and evaluating the electrochemical performance of annealed

soot from diesel engine exhaust as a potential anode material for Li-ion batteries.

In my project on deposition/dissolution behavior, I initially compared 4 systems: Li, Na,
Zn symmetric cells using perchlorate salts in organic solvents as electrolyte and a Zn symmetric
cell with an aqueous perchlorate electrolyte. | discovered that, in the presence of the same ionic
species and organic solvent, Li has the highest galvanostatic cycling stability (~200 cycles before
short circuit), followed by Zn (~90 cycles), and Na has the lowest (~35 cycles). Also, the failure
mechanism was different between the Na cell and the other two, with the Na cell failing due to a
rapid rise in overpotential and the Li and Zn cells failing due to short circuit. This difference could
be due to the increased reactivity of Na metal with the organic electrolyte and production of larger
amounts of “dead” Na during cycling imposing greater mass transport limitations at earlier cycles
and drying up the electrolyte which would result in increasing overpotentials®!8. In contrast, the
Li and Zn cells failed due to growth of metal dendrites off their surfaces creating a short circuit.
Qualitative similarities were present in the voltage traces of Li and organic Zn cells which allowed
for extension of correlations between voltage trace features and cell processes produced from
earlier studies on Li metal to organic Zn symmetric cells. The aqueous Zn cell performed the best
of the 4 systems with a cycle lifetime of ~220 cycles before short-circuiting. The behavior of the
cell potentials during the open-circuit period between each half-cycle was also studied. The
magnitude and shape of the potential decay during this period depends upon mass transport within
the cell. The organic symmetric cells all experienced larger potential drops during the open-circuit

period than the aqueous cell suggesting more severe concentration gradients during cycling which
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can be attributed to the presence of an organic SEI layer on their surface and reduced ionic
conductivity of the organic solvent impeding ion transport. Furthermore, the magnitude of the
potential drop increased with increasing cycle number suggesting that the buildup and
accumulation of a layer of “dead” metal on the electrode surface was further impeding ion diffusion.
Further investigations were done to determine the role of the organic SEI layer on electrochemical
performance by cycling Zn electrodes in organic electrolyte and then transferring them to aqueous
electrolyte. These aqueous Zn with organic SEI cells showed reduced performance compared to
the aqueous Zn cells with a reduced cycle life of ~160 cycles compared to ~220 cycles and
increased overpotentials during cycling. Notably, the overpotentials for the aqueous Zn with
organic SEI gradually decreased over cycling to resemble more closely those of the agueous Zn
cell possibly suggesting the degradation of the organic SEI layer due to repeated
expansion/contraction of the anode surface. A reverse experiment was also conducted where an
inorganic SEI layer was formed on the surface of Zn electrodes by cycling in aqueous electrolyte
and then transferring the electrodes to organic electrolyte. The organic Zn with inorganic SEI cells
vastly outperformed the organic Zn cells with an almost three-fold increase in cycle life before
short circuit (~230 cycles up from ~90 cycles) and reduced overpotentials during cycling. A
possible explanation for this is that the inorganic SEI layer formed on the surface suppresses
electron transport between the electrolyte and the underlying metal anode preventing growth of an
organic SEI layer and improving cycling performance. In conclusion, it was discovered that an
organic SEI layer is detrimental to Zn anode plating/stripping stability and that the presence of an
inorganic SEI layer protects the Zn metal surface and greatly increases cell lifetime in organic

electrolytes.

For my second project, | tested the potential for recycling waste soot from diesel engine
exhaust as Li-ion battery anode material. This was accomplished by performing both cyclic
voltammetry and galvanostatic cycling experiments. | tested the capacity retention of the material
by performing a long-term galvanostatic experiment with a high C-rate of 4C (15-minute
charge/discharge) for 500 cycles. The initial discharge capacity of the composite soot electrodes
after SEI formation and stabilization was 154 mAh/g which decreased to 129.6 mAh/g by cycle
500 for a capacity retention of 84%. Raman spectroscopy conducted on the composite electrodes
before cycling, after first lithiation, and after 500 cycles revealed an increase in structural ordering
in the soot electrodes upon first lithiation which was retained after 500 cycles. The rate capability
of the composite soot electrodes was evaluated by running 5 cycles at sequential C-rates of 1 C, 2
C, 5C, 10 C, and 20 C resulting inaverage discharge capacities of 228.7, 199.7, 160.4, 123.2, and
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82.6 mAh/g, respectively. These are very high C-rates (20 C is charge/discharge in 3 minutes) that
extend to the limits of the kinetics capabilities of intercalation electrodes®®’. Cyclic voltammetry
experiment at 200 uV/s for 5 cycles and galvanostatic cycling experiment at C/2 for 3 cycles were
performed to study the behavior and reversibility of the electrochemical reactions. Interestingly,
the cyclic voltammogram exhibited a quasi-rectangular shape with less pronounced redox peaks
and the galvanostatic charge-discharge plots had linear profiles instead of the series of plateaus
seen in graphite electrodes'®®. These two features, along with the excellent rate performance and
capacity retention at high rates, suggest that the carbonaceous particles are storing charge via a
pseudocapacitive mechanism in addition to intercalation of Li ions into the structure!®!, This
capacitive behavior was further investigated by performing an additional CV experiment with scan
rates ranging from 25 — 2500 uV/s. Ion intercalation is a diffusion limited process unlike
pseudocapacitive charge storage, so varying the scan rate allows for differentiation of these two
processes from their different kinetics!®. This kinetics analysis confirmed a combination of
diffusion and capacitive mechanisms for charge storage with an increase in the capacitive
contribution to charge storage from 45.8% at 25 pV/s to 87.1% at 2500 puV/s. In summary, through
a combination of galvanostatic cycling and cyclic voltammetry experiments, the electrochemical
performance of diesel combustion soot was evaluated for Li-ion batteries. It was discovered that
the composite soot electrodes displayed pseudocapacitive charge storage behavior in addition to
intercalation behavior providing them with superior rate capability and showed that they have

potential for use in applications requiring very quick charge/discharge times.
5.2 FUTURE WORK

There is potential to further explore the subjects of both projects. For the metal anode study, it
would be useful to fabricate a custom electrochemical cell which allows for in-situ optical
microscopy imaging of the electrode surface during plating/stripping like the setups used in
literature for correlating voltage trace features to cell processes’%112, This would confirm
assumptions about the Zn metal plating/stripping behavior and, to my knowledge, be the first time
that correlations like those derived for Li and Na symmetric cells could be confirmed for Zn cells.
Additionally, there are a diverse variety of artificial SEI layers that have been proposed for metal
anodes. Further inquiries could involve studying the influence of these artificial layers on Zn metal
anode electrochemical behavior. The testing and cell conditions for these SEI layers often vary
considerably between different groups, so performing them with the same cell setup and
standardized electrochemical testing procedures would aid in comparison between different

artificial SEI layers.
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In my second project, | demonstrated the application of annealed soot electrodes for Li-ion
batteries. This study could be extended to look at the potential for soot composite electrodes in Na-
ion and K-ion batteries. The larger atonic radii of Na and K cause greater distortions in the crystal
lattice of electrodes during insertion which contributes to increased chemo-mechanical degradation
in these materials'®®. The pseudocapacitive charge storage mechanism exhibited by the annealed
soot electrodes would result in minimal changes in electrode structure which would be beneficial
when utilizing larger cations. Additionally, the graphite anode used in commercial Li-ion batteries
does not appreciably intercalate Na ions making identification of a Na-ion battery anode a critical

issuel®®,
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Figure Al: Relationships between i(V)/v*5 vs v°5 for calculating constants ki and k; at potentials between
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Table Al: K-Values extracted from Figure Al

K-Values

Cathodic Anodic

Potential [V] k1 k2 R"2 Potential [V] k1 k2 R"2

0.01 -0.5239 0.5254 |0.9894 [0.01

0.1 -0.5541 0.3112 10.9887 (0.1 -0.4115 (0.2891 [0.9835
0.2 -0.5291 +0.1951 0.9949 (0.2 -0.019 0.3007 [0.019
0.3 -0.4867 [0.1363 [0.9957 (0.3 0.2893 [0.2008 [0.7782
0.4 -0.4652 0.0965 0.9963 0.4 0.4752 [0.1097 1|0.9246
0.5 -0.4524 +0.0687 0.9969 (0.5 0.5537 [0.0545 |0.9592
0.6 -0.4456 0.0465 [0.997 (0.6 0.5731 [0.0209 1{0.9807
0.7 -0.4333 0.0359 [0.9973 (0.7 0.5568 [0.0048 1|0.9883
0.8 -0.4053 0.0367 [0.9959 (0.8 0.5223 [0.0055 1{0.9879
0.9 -0.3767 0.0322 10.9959 (0.9 0.4888 [0.0127 1|0.9867
1 -0.3135 0.0361 [0.9922 |1 0.4718 [0.016 |0.9893
1.1 -0.2572 0.0299 [0.9882 (1.1 0.4382 [0.0193 [0.981
1.2 -0.2007 0.022 0.9895 (1.2 0.3961 [0.0182 |0.9738
1.3 -0.1598 0.0126 [0.9968 (1.3 0.3315 [0.0264 |0.9588
1.4 -0.1092 0.0133 [0.96 1.4 0.2492 0.0419 1|0.9469
1.5 -0.044  +0.0223 0.9171 (L5 0.1662 [0.0588 |0.954
1.6 -0.0269 [0.0082 10.9837 (1.6 0.1134 [0.0639 1|0.9646
1.7 -0.0211 0.0006 10.9878 (1.7 0.0921 [0.0594 10.961
1.8 -0.0125 0.0032 10.9424 1.8 0.0852 [0.0561 1|0.9608
1.9 -0.0026 0.0124 10.1978 (1.9 0.0845 [0.0574 1|0.9567
2 2 0.0934 [0.0567 1(0.9473
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Figure A2: Capacitive charge storage contributions at A) 50, B) 75, C) 100, D) 150, E) 250, F) 500,
G) 750, H) 1000, 1)1250, J) 1500, K) 2000 pV s
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