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Abstract
Metals, whether in a solid or soluble ion form, are a vital part of any electrochemical
storage system. More so, Li metal is widely considered as the ideal anode because of its low
density and low electrochemical potential (-3.04 V vs. the standard hydrogen electrode – SHE).
However, just like most metals, it does not plate or strip evenly during cycling which can lead to
cycling performance issues, short cycling lifespans, and even safety concerns brought about by
dendrites that can cause internal short-circuiting within cells. This research focused on
investigating the electroplating of metals in both aqueous and non-aqueous systems. The
diffusion process and electrochemical kinetics of metal cations have been quantified and
correlated to the microstructures of electrochemically deposited metals. To simplify the
deposition process and exclude the interference from solid electrolyte interface (SEI), this work
started from depositing Zn and Ag in an aqueous electrolyte in a “clean” system to understand
the fundamental correlations among concentration, concentration gradient, solvation structure
(additive), and the electroplated metal morphologies in the model system. A microelectrode was
further used to quantify the diffusion process and electrochemical reaction rate of Li + in a variety
of non-aqueous electrolytes to develop a tool for fast screening of compatible electrolytes for a
lithium metal anode. Based on the knowledge gathered, a series of novel benzene (PhH) based
electrolytes have been identified and validated in a lithium sulfur battery system. Optimized PhH
based electrolyte recipes were found to appreciably improve the cycling performance of the Li
metal anode and the overall performance of the LiS cells over the conventional ether-based
electrolyte, confirming the effectiveness of the proposed methodology for fast testing of
electrolytes.
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1
1.1

Introduction
Electrochemical metal deposition in energy storage
The hallmark of any great civilization is its ability to acquire, store, and effectively

harness energy to perform useful productive work that benefits and caters to the needs of its
society. As our global society grows and explores new technological frontiers to solve problems
here on earth, and explore other celestial bodies such as the moon, Mars, and beyond, so does
our need to harness the energy around us to power these increasingly complex/intricate energy
demanding technologies. This ever-increasing energy need demands for both centralized and
decentralized sources of power with higher energy densities to store generated power, run
portable electronic devices/systems, and fuel clean electric transportation systems. Batteries
serve as a good means of storing energy because they are not only portable, but some of them are
rechargeable as well, over hundreds or even thousands of charge and discharge cycles, granting
them a long service life.
Most notably, the Li-ion battery, which was first commercialized in 1991 by Sony Corp.,
has been researched to a great extent over the last three decades, seeing a steady growth in its
energy storage capabilities and a subsequent increase in its global rechargeable batteries market
share. And in doing so, steadily supplanting other battery chemistries to become the world’s
most widely used and talked about rechargeable battery technology today. This
commercialization breakthrough was achieved after the 2019 Chemistry co-Nobel Prize
Laureate, Dr. Akira Yoshino, patented the first functional Li-ion battery comprising on a LiCoO 2
(LCO) cathode and graphite anode [1], [2]. His breakthrough was built upon prior research
works/findings by his co-Nobel Laureates [3], Dr. Goodenough who discovered the LCO
cathode material in 1980 [4], and Dr. Stanley Whittingham who pioneered the work around Li1

ion and Li metal batteries, and created an innovative titanium disulfide cathode for Li ion
intercalation in the 1970s; as well as the work by Dr. Rachid Yazami, who first reported the
intercalation of Li ions into graphite in 1983 [5].
A major drawback, however, is that the Li-ion batteries in use today are fast approaching
their practical/usable energy storage capacity limit because of the inherent limitations in
materials being used in these systems. It is therefore paramount that research attention and focus
is given to next-generation energy storage battery systems in order to meet our ever-increasing
global energy needs now and in the long-term future. The obvious approach would be to find and
use materials with higher energy densities to replace the intercalation and conversion type
electrode materials used in Li-ion batteries today. Owing to their low cost due to high
abundance, and higher energy densities, some metals can be used as battery electrodes, mainly as
anodes to replace the conventional graphite anode, to store and release energy [6]. The challenge
with using metal anodes, however, is that they do not plate evenly or uniformly during the
stripping and plating process. Below is a discussion of how various electrochemical systems
function and how the metals used in these systems behave during the electrochemical process.
1.2

Electroplating of zinc and silver metal in aqueous electrochemical systems
An aqueous electrochemical system of note is the silver-zinc (Ag/ZnO) battery. This

battery is an interesting one to discuss because it was first demonstrated by physicist Allesandro
Volta (1745-87) in the 1700s, and is what many would consider the first electric battery which
revolutionized the manner in which electricity could be harnessed and studied because it could
be stored and supplied as a steady source of current [7], [8]. In this demonstration of his, Volta
showed that a current can be drawn from a “voltaic pile” of silver and zinc discs separated by
cardboard and soaked in brine. These earlier works led French professor Henri Andre in the
2

1940s to transform the Ag/ZnO battery from a mere scientific interest or curiosity into the
modern-day commercial primary and secondary silver-zinc (Ag/ZnO) battery known and used
today [9]. These batteries are comprised of a ZnO anode and a silver metal cathode in an alkaline
electrolyte, usually potassium hydroxide (KOH). They are used in missiles, torpedoes, space
applications and submarines, where power density (W/kg) is an important operating factor.
The current state of the art Ag/ZnO cells offer among the highest power densities in
commercially available batteries. Offering up to 600 W/kg at continuous discharge or 2500 W/kg
at short discharge durations. In addition to a high density, the Ag/ZnO battery also has other
beneficial qualities, such as a high volumetric energy density of up to 750 Wh/L and a high
gravimetric energy density of 300 Wh/kg [10]. The operation of the Ag/ZnO battery is governed
by the chemical reactions shown in Equation 1.1 and Equation 1.2.
At the anode:
Zn + 2OH ⇌ ZnO + H O + 2e

(Equation 1.1)

At the cathode:
Ag O + H O + 2e

⇌ 2Ag + 2OH

(Equation 1.2)

The advantages of using Ag/ZnO batteries is that they offer the highest specific power
density (W/kg) and volumetric power density (W/L), unrivaled by other battery chemistries or
systems. They have a high specific energy (Wh/kg) and high energy density (Wh/L), bested only
by the Li-ion battery chemistry/system, and a high Coulombic efficiency (CE) of greater than
99% over its operable cycle lifespan.
They are safer than most other battery types because of the inherent non-flammability of
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the materials used, and they can be utilized as either primary or short-term secondary batteries. A
major drawback with secondary Ag/ZnO battery systems when compared to other more popular
systems such as Li-ion however, besides being more expensive and having a slower recharge
rate, is their very short cycle lifespan, typically only 100 cycles or less. Looking at the materials
in the Ag/ZnO battery, the negative electrode is formed by using zinc metal, its Pourbaix
diagram shown in Figure 1.1, in dry charged cells or zinc oxide powder (ZnO) in dry unformed
cells with the addition of mercury as an anti-gassing and/or depolarizing agent. Absence of the
additive would cause the active zinc material to vigorously dissolve into the electrolyte. The
positive electrode on the other hand is comprised of bound highly pure (>99.9%) small-sized Ag
particles [11] which has a sensitivity to pH and applied potential as shown by the Pourbaix
diagram in Figure 1.2, while the most popular electrolyte is potassium hydroxide (KOH).
This electrochemical system is particularly interesting to study from the perspective of
either of the metals because a complex passivating solid electrolyte interface (SEI) does not form
on the surface of either of the electrodes as it does on lithium-based electrodes. The significance
of this layer will be discussed later. Due to it being a simpler and “cleaner” system, this makes it
easier to observe and measure the fundamental causes of uneven plating and stripping at the
metal electrode without the presence of a passivating layer affecting the diffusion of the metal
ions at the electrode vicinity.
The limited lifecycle of Ag/ZnO batteries is closely linked to the migration of Ag + to the
zinc counter electrode, and eventual poisoning of the electrode which significantly diminishes its
cycling lifespan. The stripping and deposition process on both the silver and zinc metals at the
cathode and anode electrodes, respectively, is also rather problematic because it proceeds in an
uneven fashion and leads to volume change and dendritic growth in the electrodes which
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greatly shortens/limits the cycling lifespan of the battery [11].

Figure 1.1. The Pourbaix diagram of Zn in an aqueous electrolyte. Reprinted (adapted) with
permission from [12]. Licensed under the Creative Commons Attribution-NonCommercial 3,0
Unported License - Published by The Royal Society of Chemistry.

1.3

Li metal in non-aqueous electrochemical systems
Another metal that has gained significant interest of late as an electrode material is
5

Figure 1.2. The Pourbaix diagram of Ag in an aqueous electrolyte. Reprinted (adapted) with
permission from [13]. Copyright © 2015, American Vacuum Society.
lithium (Li). Li metal has been proposed as the ideal anode electrode material in next generation
lithium metal batteries (LMBs) to replace the graphite anode conventionally used in Li-ion
batteries (LIB). This is due to its superior specific capacity (3860 mAh/g), low density (0.534
g/cm3), and having the lowest electrochemical potential (-3.04 V vs. SHE) of all metals on the
periodic table [14]. In the 1970s, Dr. Stanley Whittingham discovered that Li metal acting as an
anode can be coupled with a titanium disulfide cathode to form a functional LMB prototype,
where ions from the anode and electrolyte intercalate into the titanium disulfide [15]. He
reasoned that because of its lightweight and favorable redox potential, Li metal could serve as a
suitable electrode candidate. However, its reactivity and propensity to unevenly plate and strip
during the electrochemical process leads to low coulombic efficiency (CE), poor cycle life, and
6

safety concerns due to possible internal shorting. This has in turn limited the use of LMBs only
as primary battery sources of energy.
In an effort to bring a functional and commercially viable secondary LMB to market,
researchers have studied a myriad of LMB chemistries. One of these being the Li/NMC system
first reported in 2001 by references [16], [17]. It falls at the center of a triad of other Co, Ni, and
Mn transition metal-based intercalation materials as shown in Figure 1.3.
The appeal of such a system is that the NMC cathode has been demonstrated to have
good structural stability and a high specific capacity due to the Ni 2+/Ni4+ and Mn3+/Mn4+ redox
pairs [18], which can yield a battery with a high capacity when used in conjunction with a Li
metal anode at a charge cut-off voltage of ≤ 4.3 V [14]. It also has the added advantage of using
less cobalt than conventional LiCoO2 intercalation cathode materials, thus reducing cost. Due to
the fact that cobalt is less abundant and more expensive than nickel, the latest research trend has
involved increasing the Ni in Ni-rich NMC cathodes where Ni makes up at least 50% of the ratio
[19] i.e. 532, 622, 811, etc. while decreasing the Co content to improve the cathode capacity and
reduce cost [20], [21].
The electrochemical processes at the electrodes in the Li/NMC cell are characterized by
the chemical reactions shown in Equation 1.3 and Equation 1.4.
At the Li anode:
𝐿𝑖 ↔ 𝐿𝑖 + 𝑒

(Equation 1.3)

At the NMC cathode:
𝐿𝑖𝑁𝑖 𝑀𝑛 𝑀𝑛𝐶𝑜 𝑂 ↔ 𝐿𝑖
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𝑁𝑖 𝑀𝑛 𝐶𝑜 𝑂 + 𝑥𝑒

(Equation 1.4)

Figure 1.3. A ternary phase diagram of mixed Ni, Co, and Mn transition-metal oxides for layered
material development. Reprinted (adapted) with permission from [22]. Licensed under the
Creative Commons Attribution License - Published by MDPI.
where 𝐴 + 𝐵 + 𝐶 = 1 and 0 ≤ 𝑥 ≤ 1. The deposition and stripping of Li metal from the
anode surface is still greatly challenging and is part of the reason why Li/NMC secondary
batteries are yet to be commercialized [23], [24]. Researchers have sought to overcome this
drawback by studying the effects that various carbonate-, ether-, and fluorine-based electrolytes,
at varying concentrations, have on the morphology of the deposited Li [24], [25].
Another lithium metal based electrochemical system that has garnered much interest in
the research community as a potential next generation lithium battery system is lithium sulfur
(Li/S) [26]. In this electrochemical system, the Li is used as the anode electrode while the
8

cathode electrode is comprised of sulfur encapsulated in carbon. Sulfur is the active material
whereas the role of carbon is to improve conductivity in the cathode because S is a poor
conductor. Both the anode and cathode electrodes are classified as conversion materials, with Li
converting back and forth between Li and Li+ during the plating and stripping processes,
respectively, and the sulfur (S8) is converted into a series of polysulfides of different lengths
ranging from S8 to S2- during the electrochemical process.
This battery chemistry has gained widespread attention in the research community
because sulfur is highly abundant and, therefore, less expensive than most cathode materials. It
has a high theoretical capacity (1675 mAh/g), and when paired with a Li metal anode it has a
theoretical energy density of 2500 Wh/kg or 2800 Wh/L by weight and volume, respectively,
which is significantly greater than that of conventional commercialized cathodes such as LCO
mentioned earlier. This is assuming that the S 8 used in the cathode is fully and completely
converted to S2- during discharge [26]–[29]. This is shown in Figure 1.4 below.
A major drawback with this battery type is that the sulfur undergoes a series of step
changes that result in insoluble polysulfides (long chain molecules of S) during the discharge
process that cannot be converted back to S8 during charging. This equates to a loss of active
material in the sulfur cathode, a progressive fade in capacity, and ultimately limits the cycle life
of Li/S batteries to a few hundred cycles at most.
Another issue is the polysulfide shuttling phenomenon, where some of the polysulfides
are readily and repeatedly converted back and forth between long and short chain sulfide
molecules while not actively contributing to the energy transfer process of the electrochemical
cell/battery. These uncontrolled reactions result in wasted energy. In relation to the Li metal
anode, these polysulfides have also been observed to diffuse through the porous separator and
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migrate to the metal anode surface where they cause anode poisoning and detrimental
performance issues in the anode. Better understanding of the fundamental reactions that occur at
the electrode/electrolyte boundary and how they affect the Li morphology evolution can help to
improve the performance of Li in this battery system.

Figure 1.4. The electrochemical process in an Li/S cell. Reprinted (adapted) with permission
from [29]. Copyright © 2013 American Chemical Society.
One of the main challenges with understanding the fundamental causes behind the
uneven plating and stripping process of Li metal and why/how it tends towards a dendritic
morphology is related to the presence of a solid electrolyte interface (SEI). This is a passivation
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layer that inhibits/prevents the Li from continuously reacting with the electrolyte. This SEI layer
is a barrier that limits and/or effects the diffusion of Li+ at the electrode surface, thus making it
hard to understand the fundamental root causes of uneven deposition.
1.4

Electrochemistry principles in electroplating of metals
Below is a list of pertinent definitions and equations of terms that will be used throughout

the entirety of this work. The gravimetric and volumetric capacity of an electrode is calculated
using Equation 1.5 and Equation 1.6:
Gravimetric Capacity:
𝑄 =𝑛𝑥𝐹𝑥𝑀

(Equation 1.5)

𝑄 =𝑛𝑥𝐹𝑥𝑀 𝑥𝜌 = 𝜌𝑥𝑄

(Equation 1.6)

Volumetric Capacity:

where 𝑄 is the gravimetric capacity, 𝑄 is the volumetric capacity, 𝑛 is the number of electrons
being exchanged in the valence band/orbit of the material, 𝐹 is Faraday’s constant which is equal
to 26.8014814 Ah/mol, and lastly, 𝑀 is the molecular weight of the material [16], [22], [30]).
The cell capacity, measured in mAh/g, is the amount of energy stored in the cell by the
electrode materials that can be released during the electrochemical discharge cycle. Whereas the
cell energy, measured in Wh/kg, is the total capacity that can be delivered by the cell at its
operating cell voltage. These are defined as follows:
𝐶𝑒𝑙𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
=

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑏𝑒𝑖𝑛𝑔 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑠
𝑀 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑥 3600
𝐶𝑒𝑙𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝑒𝑙𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑥 𝐶𝑒𝑙𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
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(Equation 1.7)

(Equation 1.8)

The Coulombic efficiency of a cell, measured as a percentage, is defined as the charge
efficiency of electron transfer in the cell. This measures the amount of capacity that is returned to
an electrode during a charge cycle immediately after a discharge has occurred. It is also called
the faradic efficiency and is defined by Equation 1.9:

𝐶𝐸 =

𝐶ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑥 100
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

(Equation 1.9)

The capacity retention herein is defined as a measure of a cells ability or inability to
preserve and/or retain stored energy capacity in relation to the initial capacity [31]. It is
calculated using Equation 1.10:

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =

where 𝐶

( )

𝐶
𝐶

( )

(Equation 1.10)

( )

is the discharge capacity at the nth cycle, and 𝐶

( )

is the discharge capacity

during the first discharge cycle.
In this work, the diffusion coefficient (D) defined as a measure of diffusion of metal ions
through the diffuse layer before they are deposited/adsorbed on the electrode surface and measured
in cm2/s was determined. To determine D, the chronoamperometry technique was applied using a
microelectrode to measure the resultant transient current 𝑖 (𝑡) as shown in Equation 1.11 and then
solving for D.

𝑖 (𝑡) = 𝑛𝐹𝐶 𝛼

𝜋𝐷
+ 4𝑛𝐹𝐷𝐶 𝛼
𝑡

(Equation 1.11)

where 𝑛 represents the number of electrons transferred between the metal ion and the electrode
during the metal deposition reaction, 𝐹 is the Faraday constant, and 𝐶 is the bulk electrolyte
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concentration, respectively, while 𝛼 is the radius of microelectrode tip.
The exchange current density is a measure of the rate of oxidation and reduction reactions
occurring at the electrode surface. It represents the bidirectional current flow required to
maintain both reactant and product species in equilibrium at the reaction site, i.e., the electrode
surface. A high and low rate of reaction at the electrode are represented by high and low values
of exchange current density, respectively. In this work, this parameter was measured by applying
a cyclic voltammetry technique on a copper microelectrode tool and is represented by the ButlerVolmer equation shown in Equation 1.12:
𝑗 = 𝑗 (𝑒 (

– )

–𝑒

)

(Equation 1.12)

where j0 is the exchanged current density, ns is the overpotential, and  is the transfer coefficient.
1.5

Gap
Researchers have done well in identifying that Li metal is the ideal anode for next-

generation high-capacity battery systems. However, Li metal based secondary batteries have yet
to be commercialized because of the challenges plaguing the practical usability of Li in different
electrochemical systems. Significant effort has been devoted to try to find solutions to these
problems, but it is clear from the research that there is still a gap that needs to be filled to bring
the Li metal anode to market. Specifically, there exists a fair bit of misunderstanding and/or
confusion about how factors such as the mass transport of the ions through the bulk electrolyte,
the solvation structure/cage around the Li ion, and the diffusion of these ions at the vicinity of
the electrode surface affect the plating performance and morphological evolution of the Li metal
electrode. This research aimed to shed more light on these factors, as well as suggest a
microelectrode tool and accompanying methods to fast-screen novel electrolyte recipes that have
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the potential to suppress dendrite growth on Li metal and improve cycling performance of the LiS secondary battery system.
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2

2.1

Understanding the relationship between Ag microstructures and electrochemical plating
conditions in an aqueous system
Ag metal deposition
Lithium metal is highly reactive and readily reacts with the electrolyte/solution it comes

in contact with. In an electrochemical system, this reactivity is associated to its low
electrochemical potential (-3.04 V vs. SHE). When this happens, an unevenly distributed
passivation layer known as the solid electrolyte interface (SEI) forms on the surface which
prevents any further reaction (oxidation) of the metal surface with the electrolyte solution. This
passivation layer not only increases the resistivity of the Li metal electrode, but it also unevenly
impedes the diffusion and adsorption of Li cations onto the surface of the Li metal electrode.
This, in turn, can lead to an unsmooth/uneven deposition surface and the growth of dendrites.
To investigate and understand the fundamental processes related to the deposition of
electrochemically useful metals like Li, a much simpler electrochemical system needs to be
studied. Unlike lithium metal which is highly reactive when it comes into contact with both
organic and inorganic solutions/electrolytes, silver metal does not spontaneously undergo
oxidation reactions with the electrolyte solution. In comparison to Li metal, silver metal:
-

undergoes a very simple, straightforward, and reversible electrochemical redox
reaction shown in Equation 2.1:

-

has a higher stability in both aqueous and non-aqueous solutions, largely remaining
electrochemically unaffected due to a higher electrochemical potential (0.8 V vs.
SHE) relative to the decomposition potential of the electrolyte solution;

-

has a much cleaner surface because no SEI (passivation) develops to prevent further
reaction between the metal and the solution it comes into contact with; and,
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-

has a high conductivity which allows for quicker electron transport and faster charge
exchange between the electron and Ag cation at the metal surface.
𝐴𝑔

+ 𝑒 ↔ 𝐴𝑔

(Equation 2.1)

These differences make Ag an ideal candidate to study the fundamental processes that
affect the electrodeposition of metals. This will in turn allow researchers to better understand the
factors that can be altered, either on the metal surface itself or in the composition of the
electrolyte solution, to allow for a smoother electrodeposition of the metal.
Of the differences mentioned above, the absence of SEI is particularly beneficial because
not only does it reduce the impedance of the electrochemical system, but it also allows for a
more evenly distributed electric field on the freshly deposited metal surface and a subsequently
lower polarization. Both these factors can be useful in suppressing a metal’s tendency/propensity
to form an unevenly deposited surface. For the reasons stated above, Ag was selected as the ideal
metal to study the underlying processes affecting metal deposition. This chapter also looks at
how various factors related to the deposition process and the electrolyte composition may have
an impact on the morphology of electrodeposited metals.
2.2

Experimental setup
Silver metal was deposited from dissolved silver salt solutions and electrodeposited onto

a graphite electrode to observe morphology. The experimental factors that were considered were:
1. Deposition current density.
2. The electrolyte concentration.
3. The type of anion in the silver salt.
4. Additives added to the silver salt electrolyte.
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The electrochemical cell setup for the Ag metal deposition experiments is shown in
Figure 2.1 below. The factors listed above were confined to the following ranges/intervals:
1. Deposition current density: 0.1 mA/cm2, 1 mA/cm2, and 10 mA/cm2
2. Electrolyte concentration: 0.01 M, 0.1 M, and 1 M
3. Silver salt anion type: Nitrate (NO3-), Perchlorate (ClO4-), Methanesulfonate (CH3O3S-),
Bis(trifluoromethane)sulfonimide (TFSI) (C2F6NO4S2-)
4. Additives added to the silver salt electrolyte: Dioxolane (DOL), Fluoroethylene carbonate
(FEC), Ethylene carbonate (EC)

Figure 2.1. The electrochemical cell setup for the Ag deposition experiments.
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Ag foil sourced from Sigma-Aldrich (St. Louis, Missouri) was used for the silver
electrode. Graphite paper, also sourced from Sigma-Aldrich, was used for the graphite electrode.
The following salts were sourced from VWR International (Radnor, PA): 99% pure silver nitrate
(AgNO3), 97% pure silver perchlorate (AgClO4), and silver methanesulfonate (99% pure),
whereas the silver bis(trifluoromethane)sulfonimide (98%) was sourced from Sigma-Aldrich.
Deposition was performed using a Landt battery testing station. An Autodesk designed and 3D
printed electrode holder was used in the electrochemical cell. This holder, shown in Figure 2.2,
served two purposes. Firstly, it ensured that the distance between the electrodes was always kept
consistent between different experimental runs. Secondly, it ensured that the exposed plating
surface on the graphite electrode was always kept at 1 cm 2.

Figure 2.2. The electrochemical cell electrode holder.
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2.2.1

Experimental factor selection criteria
Ag was selected as the focus metal of this study based on the following reasons.

1. When Ag deposits, it does not result in the build-up of an SEI passivation layer during
the deposition process like one would expect with Li metal. This makes it a convenient
metal to study the fundamental processes affecting the nucleation and growth of the metal
without the impeding presence of an SEI layer.
2. Ag is highly conductive. This is ideal because it would intrinsically limit or at the very
least minimize the effects of polarization during the plating process caused by the metal,
allowing for a more evenly distributed charge across all Ag nucleation sites. Therefore,
the observed difference in polarization can be assumed to be extrinsically caused by the
factors being adjusted in the electrolyte, and not due to the Ag metal itself.
The test current density was selected at three different orders of magnitude, namely 0.1, 1
and 10 mA/cm2. These intervals were chosen to highlight the effect of current density in low
power density applications such as Ag button cells [32], [33], to higher power density delivery
applications such as flexible electronics [34].
The selection of Ag salts to study was straightforward. Most Ag salts are notoriously
known to not be soluble in aqueous solvents. The four salts that were chosen in this study had:
1. high solubility in the distilled H2O solvent, and,
2. some of the anions in these salts, namely TFSI and NO3-, are also found in Li salts used
to formulate/prepare electrolytes for LIB and LMB systems. Seeing how these anions
affect the deposition of Ag could provide some insight into how they affect the deposition
of other metals like Li as well.
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The chosen carbonate and ether solvents were chosen as additives due to their popularity
in electrolyte for LIB systems. For the same reasons as the salt anions, observing how these
solvent additives affect the morphology of deposited Ag metal could lend insights into how they
affect the deposition of Li metal at a fundamental level. Next is a summary of the results related
to how the factors listed above affected the deposition of Ag metal on the graphite electrode.
2.3

Impact of current density
The impact of current density on the deposited Ag metal was evaluated at three different

intervals differing by an order of magnitude. Namely, 0.1 mA/cm 2, 1 mA/cm2, and 10 mA/cm2.
Studies conducted for other metals show that current density has a strong impact on the
morphology of a deposited metal [35]–[39]. A similar outcome, shown in Figure 2.3 and Figure
2.4 was observed during the deposition using the Ag-Methanesulfonate aqueous electrolyte.

Figure 2.3. Effects of applied current density on the morphology of deposited Ag at 0.1 M Agmethanesulfonate electrolyte concentration. A capacity of 0.1 mAh/cm 2 was used.
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Figure 2.4. Effects of applied current density on the morphology of deposited Ag at 0.01 M Agmethanesulfonate electrolyte concentration. A capacity of 0.1 mAh/cm 2 was used.
At an electrolyte concentration of 0.1 M, Ag was deposited onto the graphite electrode at
the three different current density intervals specified above. The change in current density was
directly proportional to the nucleation density and inversely proportional to the particle size of
the deposited Ag crystal. At an electrolyte concentration of 0.01 M the same effect was observed,
however, the deposition could not be carried out at the 10 mA/cm 2 current density because the
overpotential exceeded the potential limit of the Landt battery tester. Therefore, a current density
of 5 mA/cm2 was set as the maximum. As the current density increased so did the polarization on
the graphite electrode surface. This increase in polarization was the main driver behind the
seeding of more nucleation sites on the surface. At the lower concentration (0.01 M), the
polarization led to the formation of densely packed Ag dendritic crystals.
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Comparing image panels of the same lettering in both Figure 2.3 and Figure 2.4 clearly
also shows that at a lower concentration the effect of current density became more pronounced
which indicates that the concentration of the electrolyte, and by extension the concentration of
Ag cations, also played a role in the morphology of the deposited metal. These observations were
indiscriminate of the type of Ag salt used to prepare the electrolyte.
2.4

Effect of electrolyte concentration
The effect of electrolyte concentration on the morphology of deposited Ag was

investigated using electrolytes prepared from all four Ag salts. As can be seen in Figure 2.5, as
the concentration of the bulk electrolyte was decreased the morphology of the deposited Ag
tended toward a more dendritic formation. This observation was a result of a strong

Figure 2.5. Effects of electrolyte concentration on the morphology of deposited Ag at current
density of 1 mA/cm2 using the Ag-methanesulfonate salt. A capacity of 0.1 mAh/cm2 was used.
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concentration gradient (concentration difference) that developed at the vicinity of the graphite
electrode as the Ag cations were depleted at the surface of the electrode. This depleted zone
widened and advanced toward the bulk electrolyte as more Ag cations were adsorbed to the
electrode surface without being adequately replenished by cations arriving from the bulk
electrolyte in a timely manner. At high electrolyte concentrations the cations were in abundant
supply and, therefore, the concentration gradient remained stagnant or increased much slower.
However, at low electrolyte concentrations the gradient could be quite large causing the
cation depleted zone to widen faster. This caused the cations traversing the depleted zone to
deposit on the nearest deposition site/s. These usually being advancing dendrite protrusions
which were polarized because of the concentration of negative charges at their tips. This process
in turn caused and sustained the hyper growth of dendrites advancing towards the bulk
electrolyte.
2.5

Morphology impact from anions
To understand the effect that different electrolyte anions have on the morphology of the

deposited Ag crystal structure, the deposition process was performed at a current density of 1
mA/cm2 and a capacity of 0.1 mAh/cm2, at three different concentrations intervals (0.01, 0.1 and
1 M). This current density was previously found to have a mild effect on the crystallinity of the
deposited material.
At a current density of 0.1 mAh/cm2, the effect on crystallinity could be better focused on
the anion and not necessarily driven by the polarizing effects of a high current density, or the
slow kinetics imposed by a low current density. The deposition capacity of 0.1 mAh/cm 2 dictated
that the amount of Ag material being plated on the graphite electrode did lead to the formation of
crystals that were too large to observe the nucleating crystal structure of the deposited Ag
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material. The significance of the effect of the anion was found to vary with the concentration of
the electrolyte. At the lowest concentration level of 0.01 M, as reflected in Figure 2.6, the anion
was found to have a strong impact on the Ag crystal morphology.

Figure 2.6. Effects of the electrolyte anion on the morphology of deposited Ag at current density
of 1 mA/cm2 using an electrolyte concentration of 0.01 M and a capacity of 0.1 mAh/cm 2. The
bottom row of images are similar to the top row but at 5X zoom.
The electrolytes containing the perchlorate and methanesulfonate anions tended toward a
more dendritic crystal growth structure, whereas the TSFI and nitrate anion containing
electrolytes resulted in an Ag deposit with a more cubic structure. As the electrolyte
concentration increased the impact of the electrolyte anion on the morphology of the deposited
Ag tended to diminish in significance, as can be seen in Figure 2.7 and Figure 2.8.
The morphology and nuclei distribution were relatively similar across all four electrolytes
at a concentration of 1 M. The crystal growth in the Ag-Nitrate electrolyte at a concentration of 1
M formed a pyramid-like structure, suggesting that those conditions were ideal for the formation
of a highly regular Ag crystal structure where each crystal grew from a single nucleus.
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Figure 2.7. Effects of the electrolyte anion on the morphology of deposited Ag at current density
of 1 mA/cm2 using an electrolyte concentration of 0.1 M and a capacity of 0.1 mAh/cm 2. The
bottom row of images are similar to the top row but at 5X zoom.

Figure 2.8. The impact of the electrolyte anion on the morphology of deposited Ag at current
density of 1 mA/cm2 using an electrolyte concentration of 1 M and a capacity of 0.1 mAh/cm 2.
The bottom row of images are similar to the top row but at 5X zoom.
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2.6

Electrolyte additive to tune electroplated Ag morphologies
Another deposition study performed was one to investigate the effects of various solvent

additives on the morphology of deposited Ag. In this study, carbonate solvents EC, PC, and FEC,
as well as the ether solvent, DOL, were added to electrolytes prepared using the four Ag salts
presented earlier. The approach used entailed adding those solvents at a 5%, 10%, and 20%
volume ratio to the base electrolyte, and performing the Ag deposition at the mild current density
of 1 mA/cm2, a concentration of 0.1 M and a capacity of 0.1 mAh/cm 2. The reasons for choosing
those parameter values were similar to the ones given in the previous investigation.
The addition of carbonates solvent additives did result in a change in the observed Ag
crystal morphology. In Figure 2.9, the Ag crystals deposited from various Ag-methanesulfonate
based electrolytes, each containing a 10% amount of carbonate by volume are shown. The
carbonate additives were found to result in fewer seeded nuclei and larger crystal growths. This
suggested a change in either the diffusion kinetics and/or coordination of the solvated Ag ion
with other ions in the electrolyte was introduced by the addition of the carbonate additives.
The impact on morphology due to the addition of the DOL additive was significantly
more apparent compared to the carbonates. Figure 2.10 compares the morphology of Ag crystals
for each electrolyte before and after the addition of DOL. In all the electrolytes besides the one
prepared using Ag-TFSI, the addition of DOL promoted the growth of Ag along a single plane.
This resulted in larger flat “sheet like” Ag crystal particles. The underlying principle/s behind
this type of directionally selective growth on the Ag lattice structure was not immediately
apparent. However, it could most likely be attributed to coordination environment surrounding
the Ag+ in the electrolyte and the lattice matching between the crystal and the solvated Ag ion,
resulting in a lattice confinement along a specific plane or 2D direction instead of the inherent
body center cubic (BCC) 3D lattice structure of Ag metal.
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Figure 2.9. Ag crystals deposited from Ag-methanesulfonate electrolytes containing different
carbonate additives. Deposition current density was set at 1 mA/cm 2 using an electrolyte
concentration of 0.1 M and a capacity of 0.1 mAh/cm2.
2.7

Conclusion
The impact of four different factors (current density, electrolyte concentration, electrolyte

salt anion, and electrolyte additive) on the morphology of graphite deposited Ag were
successfully investigated. Current density was found to have a significant influence on the
amount of Ag nucleation sites formed on the surface of the graphite electrode, as well as the
shape (size and length) of the seeded crystal/s as they grow.
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Figure 2.10. The effects of dioxolane (DOL) electrolyte solvent additive on the morphology of
deposited Ag. Deposition current density was set at 1 mA/cm 2 using an electrolyte concentration
of 0.1 M and a capacity of 0.1 mAh/cm2.

The concentration of the electrolyte dictated the strength of the concentration gradient
formed near the vicinity of the plated graphite electrode. Coupling the changes in current density
and electrolyte concentration has an even greater impact on morphology. A high concentration
gradient and a high deposition current density presents conditions/dynamics that yield a more
dendritic plating behavior, whereas a low concentration gradient and low current density results
in a smoother morphology.
The electrolyte salt anion was also found to have an impact on the morphology of the
deposited Ag crystal, especially at lower concentration levels. At higher concentrations, the
difference in morphology became less apparent. Additives were found to be an effective way to
influence or dictate the directional growth of the deposited Ag crystals.

28

3

Reversible plating of Li in non-aqueous battery system

3.1

Challenges and opportunities of Li metal in future battery technologies
As the demand for better performing energy devices increases, researchers are actively

encouraged to pursue new battery chemistries with densities higher than that of the state-of-the
art Li-ion battery (LIB) to meet this higher demand. A class of chemistry that has sparked
interest in the research community are Li metal battery (LMB) systems which use Li metal as an
anode material as opposed to the graphite anode which is used in Li-ion batteries (LIB). Li metal
is widely regarded as the ideal anode material because, compared to graphite, it boasts a higher
gravimetric capacity (3860 mAh/g), a lower density (0.534 g/cm 3), and the lowest negative
electrochemical potential (-3.04 V) vs. the standard hydrogen electrode (SHE) [40]–[43]. A
tabulated comparison of the Li metal vs. other common lithium battery anodes is provided in
Table 3.1. The specific capacity of other anode materials can also be viewed in Figure 3.1.
Table 3.1. Properties of Li metal vs. other common anode materials used/proposed in Li
batteries.
Electrochemical
Anode
Specific Capacity
Density
In Commercial
potential
3
Material
(mAh/g)
(g/cm )
use?
(V vs. SHE)
Li metal

3860

0.534

-3.04

No (LMB)

Si

4200

2.329

Si composite
dependent

No (LIB)

Graphite

372

2.266

-0.7

Yes (LIB)

3.1.1

Challenges of the Li metal anode
By and large, LIBs are the most widely used Li battery chemistry today because of their

rechargeability and comparably higher energy density to other commercially available battery
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types. LMBs on the other hand are only currently commercially available as primary (nonrechargeable) batteries. The commercialization of LMB secondary (rechargeable) batteries has
not yet been achieved due to the numerous interlinked complexities and shortfalls related to the
Li metal material during the battery operating life cycle.

Figure 3.1. The energy densities of common lithium battery anode materials. Reprinted with
permission from Ref. [44]. Copyright © 2012, Royal Society of Chemistry (Great Britain).
The most widely observed and widely reported complexities related to the use of the Li
metal anode are as follows.
a) Uneven Li deposition and stripping
As with all metals, Li does not electroplate and strip evenly. During cycling, the Li metal
has the propensity to undergo an uneven evolution/change in its surface morphology during
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repeated cycles of plating and stripping. This is mostly caused by uneven charge distribution and
polarization on the anode surface [45].
b) The formation of Li dendrites during the deposition cycle
The uneven deposition of Li mentioned above often leads to the growth of protrusions on
the Li anode surface called dendrites. These dendrites occur because of the depletion of Li + in the
vicinity of the electrode, causing elongated deposited Li tips to propagate towards the bulk
electrolyte where more Li+ can be found. If they grow large enough, they can pierce the porous
separator membrane and lead to an internal soft/hard short-circuit of the cell. Although not ideal,
soft short-circuits are only temporary while hard short-circuits are far more severe and can lead
to catastrophic failure of the cell and even fires [45].
c) Consumption/depletion of the electrolyte
The uneven growth of new active and highly reactive Li sites on the anode surface
pulverizes the plating surface and increases the effective surface area of the electrode. This
increase in surface area offers a larger area on which the electrolyte can react with the electrode
to form new SEI. This occurrence effectively depletes the cell/battery of its “life-blood” which
will eventually lead to the early termination of the electrochemical process and premature failure.
d) Thickening of the solid electrolyte interface (SEI) layer
The solid electrolyte interface (SEI) passivation layer initially forms during the first Li
deposition cycle. The presence of this layer has both advantageous and disadvantageous
consequences on the performance of the Li cell. As mentioned in point C, the SEI is a product of
the reaction between the electrode and the electrolyte. When a new layer of Li deposits that is not
effectively covered by the already existing SEI, this layer reacts with the electrolyte, ultimately
adding to the SEI. This thickening not only depletes the electrolyte, increases the internal
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resistance of the cell and, ultimately, worsening its efficiency, it also affects the kinetic
properties of the Li ions by negatively impacting their diffusion across the double layer region
closest to the electrode surface [46].
e) Creation of “dead” Li
Another issue arises from the way Li metal is removed from the anode during the
stripping process. The Li does not get stripped from the most extended areas or tips of the
electrode when dendrites form, but instead Li is stripped from the base of the dendrite. In certain
instances, the Li dendrites are stripped to such an extent that they become dislodged from the
main electrode, resulting in electrically disconnected Li metal in the vicinity of the electrode.
This unwanted dead lithium phenomenon compromises the Li cell’s overall capacity due to
capacity loss on the anode, increases the internal resistance of the cell, and impedes the diffusion
of Li+ in the vicinity of the electrode [46], [47]. This is depicted in Figure 3.2.

Figure 3.2. Dead Li in an LMB cell.
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3.1.2

Opportunities of the Li metal anode
Being a material with a high specific capacity, low density, and low electrochemical

potential it can play a significant role in developing next generation lithium metal batteries or
various chemistries. Not only would Li metal make a great anode material in a liquid-based
battery paired with already commercialized cathodes such as LCO and NMC, but it can also be
paired with yet to be commercialized cathodes such as sulfur or air to form batteries that have
capacities much greater than the state-of-the-art lithium-ion battery.

3.2

Current solutions
In a Li based electrochemical system, much like in any other electrochemical system, the

electrolyte plays the crucial role of completing the electrical circuit by enabling the transfer of
charge between the Li anode and the cathode. This transfer of charge is in the form of Li cations
that travel from the anode to the electrolyte and from the electrolyte to the cathode during the
discharging process, and vice versa during the charging process. While the salt anions travel in
the opposite direction to the cation. The electrolyte essentially acts as a charge carrier/transport
medium and, therefore, has a significant influence on the electrochemical process of the cell in a
multitude of ways. Specifically, it influences:
1. the ion transport and diffusion kinetics of the system;
2. the redox reactions occurring at the electrodes during charge and discharge;
3. the formation and composition of the SEI and CEI (cathode electrolyte interface) that
form on the anode and cathode electrodes, respectively; and,
4. the morphological evolution of the Li anode by impacting the nucleation and growth
of Li, and the growth rate of the Li protrusions (dendrites) on the anode.
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When comparing the influence of the electrolyte on the electrochemical process and the
challenges outlined in Section 3.1.1, it becomes quickly apparent that there is close correlation
between the two. It is therefore hypothesized that by closely examining, understanding, and
subsequently altering the characteristics of the electrolyte used in the electrochemical process,
one could potentially mitigate and/or solve those shortcomings of the Li metal anode by
designing and tuning the electrolytes and their properties. This is not a unique or novel
realization as many researchers have paid special attention to the design of the electrolyte,
however, most of the research focus has been on the interaction of the electrolyte and the cathode
in an LMB system. Far less attention has been given to the interaction between the electrolyte
and the Li metal anode. The work outlined in this chapter focuses primarily on this research gap.
Firstly, due to the lack of research primarily focusing on the fundamentals of the
electrochemical relationship/interaction between the Li metal and electrolyte, fast screening tools
and techniques were developed and used to observe and quantify these fundamental properties.
Secondly, the benzene (PhH) solvent not previously reported in LMBs was used to formulate
novel electrolytes that have comparable or improved fundamental characteristics to those
commonly used in research. Thirdly, those electrolytes were tested in a Li-sulfur electrochemical
system to test their performance in comparison to electrolytes commonly used Li-S systems.

3.3

Applying electrochemical deposition knowledge to understand the plating process of Li
metal
Electrochemical deposition is the process by which a solvated metal ion is converted from

a soluble ion to a solid on an electrode by way of an electrolysis process. A key component in this
process is the electrolyte because it dictates how the metal ion is solvated and coordinated with
other molecules, as well as how the ions are transported and adsorbed at the electrode surface once
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an electric current is applied [48]. It is important to understand the properties of the electrolyte that
play a significant role in how a metal is electrochemically deposited. Following is a list of key
influential properties and parameters that have been identified as important to the deposition
process and/or behavior of metals.

3.3.1

Concentration and concentration gradient
The concentration of the electrolyte is a direct reflection of the total ionic content in the

electrolyte. A higher concentration means there are a greater number of ions per unit volume of
the electrolyte and vice versa. This abundance or deficiency of ions in an electrolyte affects the
number of ions that are present at the electrode vicinity that can be readily adsorbed at the surface
once a current has been applied. The concentration gradient on the other hand is a distribution of
ions from high to low areas of concentration. This is not always constant and can change depending
on several factors such as the ion mass transport rate/speed in the electrolyte, the rate of diffusion
of the ions through the diffuse layer/region d as depicted in Figure 3.3 [49].

Figure 3.3. The electrical double layer comprised of the inner and outer Helmholtz diffuse layer.
Reprinted with permission from Ref. [49]. Copyright © 2006, Elsevier Ltd.
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3.3.2

Diffusion, the diffuse layer, and diffusion coefficient
In simple terms, diffusion, the migration of a particle, species or substance from a region

of high concentration to that of a lower concentration, is governed by Fick’s Law of Diffusion
(Equation 3.1) [50]. This process can be readily observed in liquids and gases and is spontaneous
but can be influenced (sped up or slowed down) through means such as mechanical stirring,
temperature manipulation, and electric field application. The rate of diffusion can be determined
by measuring the diffusion coefficient of the electrolyte by employing various direct or indirect
methods/techniques [51]. In this work an indirect method, by way of observing the current on a
microelectrode, was used to measure the diffusion coefficient (more on this later). Fick’s law of
diffusion is written as:
𝐹 = − 𝐷∇𝐶

(Equation 3.1)

where F is the diffusion flux, measured in units of particles per square meter per second, D is the
diffusion constant, measured in units of cm2 per second, and C is the molar concentration of the
particles, i.e., Li cations undergoing diffusion.

3.3.3

Exchange current density
In simple terms, the exchange current is the current that flows in or out of the working

electrode and reflects the rate of oxidation and reduction at that electrode. Whereas the exchange
current density (io) is the current density that flows equally in both direction at the equilibrium
electrode [52]. The adsorption rate of ions at the electrode surface can be indirectly determined by
measuring io. The technique for this is discussed in the following section.
In the following sections, different electrochemical measurement microelectrode tools and
electrochemical techniques were used to quantify the kinetic properties (diffusion coefficient and
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exchange current density) of Li+ in various electrolytes. Microelectrodes were specifically used
because they are small enough to exclude the interference of convection from the bulk electrolyte.
Due to their fast signal response, they were used to rapidly screen a variety of electrolyte recipes.
3.4
3.4.1

Microelectrode for fast screening of electrolytes for electroplating of Li
Introducing the microelectrode
Microelectrodes, which are also referred to as ultramicroelectrodes, are devices whose

dimension of the plating surface is in the micrometer range. They are useful tools to measure
valuable, known and/or hypothesized electrochemical processes of interest at small timescales
shorter than Sand’s Time [53], which are not readily observable or measurable when using larger
macro-size electrodes. They are typically comprised of a conductive material such as Pt, Ni, Cu,
Au, Ag, C, Hg, or a superconductive ceramic. Due to the fast response of microelectrodes within
small spatial and temporal domains they have the capability to provide a high-resolution insight
into the electrochemical reactions occurring at the vicinity of the electrode surface, and the
nature and/or behavior of the electrochemical system’s electro kinetics.
It is also important to mention that due to their small size, microelectrodes are
additionally beneficial because they reduce or completely negate the influence of convection in
the electrolyte, therefore increasing the accuracy of the observed measurements [54]–[57]. The
currents measured using microelectrodes are typically in the picoamp (pA) to nanoamp (nA)
range, which is several orders of magnitude lower than those measured/observed in electrodes at
the macroscale (macroelectrodes) that have dimensions typically starting in the millimeter range.
This small current on the microelectrode is the key to its success as a measuring tool to
determine fundamental properties of an electrolyte [56].
Microelectrodes can be designed to have plating surfaces or tips of different geometries.
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While they all share common attributes, specifically: small current flows, a steady-state
response, and short/quick response times; each unique geometry will imbue the microelectrode
with its own unique attributes as well. Based on the geometry of the tip, the analysis of the
electrokinetic properties of the electrolyte will be expanded or restricted to a particular array of
spatial vectors (dimension and direction).
Figure 3.4 shows a comparison of common microelectrode tip geometries typically used
in analyzing electrolytes. Associated with each is a difficulty of manufacturing and maintaining
(cleaning between uses) it, as well as how accurately each microelectrode approximates the
typical battery electrode-electrolyte boundary. From this image, one can immediately tell that it
would be advantageous to use a disk microelectrode to analyze the electrokinetic properties of
electrolytes used in batteries because not only is this microelectrode easy to manufacture and
maintain (clean by mechanical polishing), but it also represents a better approximation of the
typical electrode-electrolyte boundary/interface found in battery cells.

Figure 3.4. Comparison of typical microelectrode tip geometries.
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This chapter will show how in-lab designed and fabricated disk microelectrodes, coupled
with various electroanalysis measurement techniques were used as facile fast-screening tools to
determine the kinetic properties of several carbonate and ether-based electrolytes.
3.4.2

Designing the microelectrode
Two microelectrodes (25 µm and 125 µm) were used to measure the kinetic properties of

organic electrolytes. The fabrication of the 25 µm disk microelectrode is shown in Figure 3.5.
The 125 µm microelectrode was simply a 125 µm polyimide coated Cu wire. The 25 µm size
was chosen because for diffusion kinetics, the microelectrode needs to be small enough to
constraint/approximate the diffusion of ions to a linear field [57], whereas a 125 µm
microelectrode was chosen to accommodate for the arrival and removal of species at the
electrode surface during repeated cycling while still limiting the effect of convection. Cu was
chosen due to its low cost and low reactivity, making it less likely to partake the redox reaction.

Figure 3.5. Design process of the 25 µm Cu microelectrode.
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3.4.3

Determining the electrochemical parameters via electrochemical principles and the
microelectrode
Deposition of material at the electrode surface is a result of an oxidation and reduction of

reactants at the surface of the electrode. The voltage, current, and rate at which this reaction
occurs, as well as how long certain stages of the reaction are sustained are some of the
parameters one can use to gain an insight into the electrokinetic properties of the electrolyte. The
flowing sections discusses the three techniques, namely Chronoamperometry, Cyclic
Voltammetry, and Linear Sweep Voltammetry, which are used to understand and quantify the
kinetic behavior (DLi and io) of an electrolyte to determine its compatibility with Li metal.

3.5

Diffusion rate of Li+ in bulk electrolyte
Chronoamperometry is an electroanalysis technique where the faradic currents on an

electrode are measured as a function of time after a step potential has been applied to the
working electrode [58]. This technique, along with the 25 µm microelectrode, was used to
investigate and understand the kinetics of chemical reactions, the principles behind the diffusion
process, and the phenomenon of ion adsorption on the surface of the electrode. Of interest in this
research was the diffusion coefficient of the Li ion (DLi) in different electrolytes. This value
expresses the ease and speed at which Li ions can traverse the diffuse layer (region d in Figure
3.3) between the electrolyte and the surface of the electrode. Figure 3.6 shows how
chronoamperometry was used to extract the diffusion coefficient of the 1 M LiClO 4 – PC
electrolyte. PC is a solvent commonly used in Li battery organic electrolytes.
At the onset of the experiment the potential on the working electrode was such that no
faradic processes can occur. A step potential to a value that causes the redox reaction to occur
was then applied. As the name implies, this was an experiment that was performed along a time
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scale. Therefore, time zero (t ) was considered to be the time when the step potential was
applied (Figure 3.6a). When a step potential of 1 V was applied, the measured current response
at the working electrode is shown in Figure 3.6b. This response current 𝑖 (𝑡) was the sum of the
transient current (𝑖

,

) and the steady state current (𝑖

𝑖 (𝑡) = 𝑖

+ 𝑖

,

,

) as shown in Equation 3.2:

= 𝑛 𝐹 𝐶° 𝑎

,

+ 4 𝑛 𝐹 𝐷 𝐶° 𝑎

(Equation 3.2)

where 𝑛 represents the number of electrons in the reaction, 𝐹 is the Faraday constant, 𝐶 ° is the
concentration of the bulk electrolyte, and 𝑎 is the radius of the microelectrode tip, while the
steady state current of the current response is represented by Equation 3.3:

𝑖

= 4 𝑛 𝐹 𝐷 𝐶° 𝑎

,

(Equation 3.3)

Since the response current of the step response can be taken as 𝑖 (𝑡), Equation 3.3 can then be
normalized by 𝑖

,

to form Equation 3.4:

( )
,

=

√

𝑎 (𝐷 𝑡)

+ 1

(Equation 3.4)

The calculated diffusion coefficient is shown in Figure 3.6c. This was then determined by
plotting the normalized current response (Equation 3.4) using Matlab. As per Equation 3.4, there
exists a linear relationship between

( )
,

and 𝑡
( )

diffusion coefficient [55], then the plot

,

. When one considers that 𝑛 does not affect the

vs. 𝑡

represents a straight plot/line with a y axis

intercept at 1, and a slope 𝑆 (Equation 3.5):

( )
,

= 𝑆 (𝑡)
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+ 1

(Equation 3.5)

Figure 3.6. Chronoamperometry electroanalysis of the 1 M LiClO 4 in propylene carbonate
electrolyte. a) Voltage step profile, b) current response profile, and c) the diffusion coefficient
extraction profile plotted against the inverse square root of time measured on a 25 µm
microelectrode.
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Equation 3.5 is rearranged to solve for the diffusion coefficient (𝐷) as shown in Equation 3.6:

𝐷 =

𝜋𝑎
16 𝑆

(Equation 3.6)

To demonstrate the practicality and test the accuracy of the process outlined above, the
developed microelectrodes were used to measure the diffusion coefficient (D Li) of Li+ in a series
of electrolytes. The measured DLi for the 1 M LiClO4 in Propylene Carbonate (PC) electrolyte
was found to be 2.0651 x 10-6 cm/s2. Due to the inherent estimation nature of this approach, the
determined value was only an approximation of the true value of the D Li. To ensure that this
measured value was still within the same order of magnitude of the true value, it was compared
to the DLi of the same electrolyte found in literature. It was found that the measured value of
2.0651 x 10-6 cm/s2 was comparable to those reported in literature which all ranged between 2.6
– 2.9 x10-6 cm2 s-1 [54], [59], [60]. Once the method was confirmed to produce acceptable
diffusion coefficient measurements with ease, it was then used to quickly measure the D Li of
other electrolyte systems. The DLi of the other electrolytes, shown in Figure 3.7, were measured
using an electrochemical workstation by CH Instruments (Model: 660e) under the following test
parameters: Step voltage 1 V to -0.015 V vs. Li+/Li.
By using a microelectrode as the working electrode, the deposition surface area is limited
to the micro-scale. This negates the effects of convection present in the bulk electrolyte from
interfering with the deposition at the local vicinity of the microelectrode. The small surface area
of the microelectrode also easily induces the diffusion-controlled process in the local vicinity of
the electrode, making it much easier to observe and quantify the kinetic behavior of the
electrolyte even at time scales shorter than Sand’s time [53]. This fast response (i.e., temporal
resolution) makes it an ideal tool to measure the fast kinetics of the electrolyte occurring during
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Figure 3.7. Measured DLi of various lithium based organic electrolytes.
44

Figure 3.7 (cont.). Measured DLi of various lithium based organic electrolytes.

the diffusion process. The microelectrode, coupled with the LSV technique explained below, was
used to quantify the Li+ transport of various electrolyte systems.
The linear sweep voltammetry (LSV) technique is one often used to study the ion
transport behavior and electron transfer kinetics of an electrochemical process/reaction. In this
technique the potential was varied linearly between the initial applied voltage (V1) to the final
voltage (V2) as a function of time (Figure 3.8), while the current response, the voltammogram, to
the applied voltage on the working electrode was measured and plotted as a voltage vs. current
curve, i.e., V/A. Often it is also expressed a voltage vs. current density curve, i.e., V/(A/cm 2)
(Figure 3.9). This process is further explained with the aid of Figure 3.8, Figure 3.9 and Figure
3.10 below. The LSV voltammogram’s characteristics are primarily dependent upon the
following three factors:
-

the voltage scan rate,

-

the electron transfer reaction rate, and

-

the reactivity of the electroactive chemical species.

If one considers the reduction process of the Li +/Li electrochemical system, expressed in
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Equation 3.7, then a single voltammogram curve, represented by either a-e curve in Figure 3.9,
will be produced as the voltage is scanned from right to left (V1 to V2).
𝐿𝑖

+ 𝑒

⎯⎯⎯⎯⎯⎯

𝐿𝑖

(Equation 3.7)

Point V1 represents a voltage where no current flows. As the voltage is swept towards V2
i.e., toward a state of increased reactivity, a current begins to flow. This current peaks at
potential Ep before it drops, and the sweep ends at V2. This process is fully
rationalizable/explainable by considering the Nernst equation (Equation 3.8).

𝐸 = 𝐸° +

𝑅 𝑇 [𝐿𝑖 ]
𝑙𝑛
𝑛𝐹
[𝐿𝑖]

(Equation 3.8)

where 𝐸 ° is the standard hydrogen potential (SHE), 𝑅 is universal gas constant, 𝑇 is the
temperature in Kelvin at which the reaction occurs, 𝑛 is the number of electrons being
transferred in the reaction, and F is Faraday’s constant, while [Li+] and [Li] represent the
concentrations of the Li ion reactant and Li product, respectively. Equation 3.8 is used to express
the relationship between the concentration of the reactants and products in a reaction vs. the
applied reduction potential of a redox reaction e.g., in the reversible Li reaction above (Equation
3.7). 𝐸 is the potential applied during the reduction of Li + at the working electrode.
To understand the exact form/shape of the voltammogram, one needs to consider both the
sweeping voltage and the mass transport effects occurring in the system. Looking at Figure 3.9a,
at V1 there are no reactions occurring and therefore there exists no current flow. As the system is
swept from V1, the equilibrium of reactants vs. products at the surface of the electrode starts to
change and a current begins to flow i.e., Li+ combines with 𝑒 at the working electrode to form
Li. As the voltage is swept further away from its initial position, the current rises as an increasing
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Figure 3.8. The potential in a Linear Sweep Voltammetry test at different scan rate.

Figure 3.9. The measured voltammograms of an LSV test at different scan rates.
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Figure 3.10. The LSV measured voltammogram at the limiting current.
amount of Li product is formed. At point Ep, the diffusion layer at the electrode surface has
grown significantly large such that the inflow flux (amount of reactant) of Li + is less than the rate
at which Li+ is being converted to Li. The current, therefore, drops because the number of
𝑒 required to combine with Li+ at the surface is lower because of diffusion limited Li + arriving
at the electrode surface.
As the scan rate is reduced, the peak at Ep also reduces in magnitude which is expected.
This can be explained by the fact that due to a lower scan rate the swept voltage induces a slower
growing/expanding diffusion layer at the surface of the electrode. The scan rate can be reduced
so low such that it results in a diffusion-controlled state and a constant limiting current defined
by the arriving Li+ and conversion to Li is achieved (Figure 3.9e). During this diffusioncontrolled growth period (Region II of Figure 3.10) the concentration of Li + at the electrode is at
a minimum, and the current does not rise. It remains steady due to the equilibrium that is
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established at the electrode between the approaching Li + flux and the current flowing into the
electrode to form the Li product.
Armed with the knowledge that a low scan rate establishes constant limiting current in
the diffusion-controlled growth state, one can then try to establish just how long the system can
remain in this state before the diffusion layer becomes too large. The system can therefore be
scanned to higher potential (V2) to observe all the different growth regimes/stages of Li as they
occur at the microelectrode surface (Figure 3.10). In this figure, the voltammogram is broken up
into three regions. Region I represents the Li nucleation, normal growth, and charge transfer
stage. In this region the morphology of the deposited Li metal does not exhibit sharp dendritic
growth due to a relatively low concentration gradient at the vicinity of the electrode. Region II
represents the diffusion-controlled growth stage. In this region the morphology tends toward a
more dendritic form due to a higher concentration gradient being formed at the vicinity of the
electrode. While Region III represents the mixed growth state where the growth of Li is
controlled both by the diffusion and mass transport.
To measure diffusion kinetic behavior of a series of lithium-based electrolytes, the LSV
technique was performed at room temperature using a 125 um Ni microelectrode with a potential
sweep from 1 V to -1.5 V and a scan rate of 130 mV/s. This potential sweep was selected such
that the Ni electrode surface did not become oxidized. The results are shown below. Here, the
LSV voltammograms of PC based electrolytes are compared to that of a TEP-BTFE based
electrolyte which was reported by reference [14] to result in a smoothly plated Li metal anode
and was determined to have the highest diffusion coefficient in the chronoamperometry
experiment mentioned in the previous section. The TEP-BTFE electrolyte had the shortest
diffusion controlled region (Region II), and as reported in reference [61], had the smoothest
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deposited Li.

b

a

c

d

Figure 3.11. LSV curves of the additional electrolytes obtained by a 125 µm microelectrode. a) 1
M LiPF6 in PC. b) 1 M LiTFSI in PC. c) 1 M LiFSI in PC. d) 1.2 M LiFSI in TEP-BTFE.
Reprinted with permission from Ref. [61]. Copyright © 2021, The Electrochemical Society.
Creative Commons Attribution 4.0 License.
3.6

Electrochemical reaction between Li+ and Li determined by the exchange current density
Cyclic Voltammetry (CV) is similar to LSV in that a current response to a voltage sweep

is measured. However, the difference with CV is that the voltage is swept in both the forward
and reverse direction between the two voltage values, V1 and V2. This technique can be used to
extract information related to the electrochemical and electrokinetic properties of the electrolyte
system. Specifically, for this research, the exchange current (i o) was measured. Again
considering the Li+/Li reaction in Equation 3.7, the first/initial sweep from right to left in Figure
3.12 represents the conversion of Li+ to Li and produces a response identical to the one seen in
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the LSV experiment (Figure 3.9). In the reverse sweep, from left to right or V2 to V1, the
product Li is converted back to Li+ reactants. The shape and alignment of the CV curve is useful
in determining whether a reaction is fully reversible. Alignment of multiple forward and reverse
sweep peaks at the Ea and Ec potential respectively (Figure 3.13) indicates a reversible reaction.

Figure 3.12. The forward and reverse potential sweep in a cyclic voltammetry test.
To determine io for a series of lithium-based electrolytes, a CV scan between 1 V and -0.4 V was
performed on a 125 um Ni microelectrode at a scan rate of 100 mV/s. The potential and current
density are related to each other by the Butler-Volmer equation (Equation. 3.9):
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Figure 3.13. The measured voltammograms of a CV test in both the forward and reverse scan
direction.

(Equation 3.9)

𝑗 = 𝑗 ((𝑒𝑥𝑝((1 − 𝛽)𝑓𝑛 )) − 𝑒𝑥𝑝((− 𝛽)𝑓𝑛 ))

where 𝑗 represents the current density, 𝑗 represents the exchanged current density,  is the
transfer coefficient, and ns is the overpotential. The natural log of Equation 3.9 is:
𝑙𝑛 𝑗 = (1 − 𝛽) 𝑓𝑛 + 𝑙𝑛 𝑗

(Equation 3.10)

A Tafel plot of the natural log of the current density in Equation 3.10 vs. overpotential
was then plotted to extract io over the initial/first sweep (anodic current range). The Tafel plots
for the examined electrolytes are shown below (Figure 3.14).
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The exchange current densities of the four electrolytes calculated using the Tafel plots
Figure 3.14 were 4.018 mA/cm2 for LiFSI – PC, 4.263 mA/cm2 for 1 M LiTFSI – PC, 2.44
mA/cm2 for 1 M LiPF6 – PC, and 11.023 mA/cm2 for 1 M LiClO4 – PC. Relative to LiFSI – PC,

a

b

c

Figure 3.14. CV scan and Tafel plot various lithium-based electrolytes. a) 1 M LiPF 6 in PC, b) 1
M LiTFSI in PC, c) 1 M LiFSI in PC, and d) 1 M LiClO 4 in PC.
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d

Figure 3.14 (cont.). CV scan and Tafel plot various lithium-based electrolytes. a) 1 M LiPF 6 in
PC, b) 1 M LiTFSI in PC, c) 1 M LiFSI in PC, and d) 1 M LiClO 4 in PC.
the LiClO4– PC recipe had a higher io value. This signified that the Li+ to Li reaction at the
electrode surface was faster in the LiClO4 – PC electrolyte and that a lower overpotential was
required to drive the reaction [61]. This could be in part due to the difference in the SEI that was
formed on the electrodes by the respective electrolyte recipes. The electrolyte with the higher i o
formed an SEI that caused less of a hinderance to the transportation of reaction species and
products at the electrode surface during the Li+ to Li redox reaction.
3.7

Conclusion
The in-lab fabricated disk microelectrode was successfully used to measure the diffusion

coefficient (DLi) and exchange current density (io) of several carbonate and ether-based
electrolytes. The measured value for some of the electrolytes were compared to values reported
in literature and were found to be in close agreement. This demonstrated that the designed
microelectrode tool, coupled with the chronoamperometry, cyclic voltammetry, and linear sweep
voltammetry measuring techniques were effective in measuring the diffusion coefficient (D Li),
exchange current density (io), and ion transport properties, respectively.
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4

From theory to application: A case study of new benzene-based electrolyte identified by
using microelectrode

4.1

Introduction: Developing novel benzene-based electrolytes
Other than low cost, non-flammability, and low or no toxicity, the ideal electrolyte for

use in Li metal battery systems would have a wide electrochemical stability window greater than
the operating potential of the cell/battery to prevent electrolyte decomposing and excessive SEI
build up [62]. Additionally, it would also be non-reactive to other cell components and have a
negligible or low electronic conductivity to prevent self-discharge. Lastly, it would be comprised
of a polar solvent/s to dissolve the Li salt fully/adequately and solvate all the available Li ions in
the electrolyte. This high solubility must be accompanied by a high ionic conductivity to
improve the transport and diffusion kinetics of the Li ions in the electrolyte [62]–[65].
Benzene (PhH), depicted in Figure 4.1, is a solvent that has not been previously utilized
in Li cells or batteries. It is a colorless hydrocarbon solvent which is contact stable with Li and
has an electrochemical potential (or decomposition potential) of -3.18 V vs. SHE, which is lower
than the plating potential of Li (-3.04 V vs. SHE) [42]. This means that PhH offers an
opportunity to form an electrolyte with an electrochemical stability window wider than the
reduction potential of Li. Therefore, it can remain sufficiently stable during Li plating and
stripping granted that the overpotential of the system does not exceed 140 mV. This would in
turn limit and/or supresses any side reactions between the freshly deposited Li and the
electrolyte. By using PhH as a solvent in the Li battery, one could potentially develop a battery
that negates the shortcomings usually associated with Li plating in LIBs and LMBs.
PhH, however, is also a non-polar chemical, therefore, Li salts do not readily dissolve in
it. To use PhH as a solvent, one must first develop an understanding on how to effectively
overcome this Li salt solubility issue. The following section discusses the approaches that were
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used to study the PhH solvent to develop effective novel electrolyte candidates that can
positively impact the morphological evolution of the Li metal anode. These electrolytes were
subsequently tested in an LiS lithium metal battery system.

Figure 4.1. Molecular structure of benzene.

To overcome the concern of solubility of the Li salt in PhH, various Li salts, specifically
lithium nitrate (LiNO3), lithium bis(fluorosulfonyl)imide (LiFSI) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), were tested for compatibility with PhH as a cosolvent in conjunction with other ether-based solvents commonly used in LiS systems.
Specifically, dioxolane (DOL), also known as ethylene glycol methylene ether, and
dimethoxyethane (DME) were the ether-based solvents used in the electrolyte formulations.
Those salts and solvents were chosen because they are typically utilized in LiS battery
electrolytes and offered a benchmark and the best opportunity to assess whether the PhH solvent
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addition enhanced or diminished the performance of the Li anode. The hypothesis followed was
that the DOL and/or DME solvent would act as the solvent in which the salt was dissolved, while
the PhH solvent component would serve as the component that allowed the electrolyte to possess
a lower electrochemical potential than the Li metal, thus preventing decomposition and
preserving the integrity of the electrolyte during Li plating and stripping. To test this hypothesis,
the following experimental steps were followed:
1. Firstly, the constituents (salt and co-solvents) of the PhH-based electrolytes were
optimized for compatibility with the Li metal anode in an LiS system by adjusting the salt
and solvent ratios. The parameter of interest was the coulombic efficiency (CE) of the Li
metal during cycling.
2. Secondly, optimized electrolytes were then tested for their kinetic properties (D Li and io)
using the techniques outlined in the previous section.
3. And finally, the best performing electrolytes by way of their CE and kinetic properties
were then used to assemble coin cells to assess their impact on the morphology of the Li
anode, as well as the cycling performance in an LiS coin cell setup.
Results pertaining to these three experimental steps are presented next.

4.2

Optimizing the electrolyte salt and solvent composition for compatibility with Li metal in
an LiS system
For starters, a series of PhH-based electrolytes were prepared to determine the

appropriate PhH loading in the electrolyte that would yield the greatest CE. A high CE is an
indicator that the solvation structure formed around the Li+ is favorable for stable cycling of the
Li metal anode. While it is not the perfect indicator for lasting cycling behavior, it is still much
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more favorable to develop an electrolyte with a higher CE as a starting point, because the CE
diminishes as a cell/battery ages.
In Figure 4.2, the CE is shown for electrolytes with varying ratios of PhH relative to the
DOL and DME co-solvents. Ideally, one would like to have an electrolyte with a high PhH
content as well as a high CE over longer cycles, with the reason being that a higher PhH content
would yield an electrolyte with a wider electrochemical window, i.e., greater decomposition
potential while a high CE signifies that the effects of the electrolyte are favorable for stable
cycling on the LIi metal. However, as can be seen in Figure 4.2, an increase in PhH led to a
decrease in the CE of the Li metal. Most importantly though, the difference in CE between the
electrolytes containing one part per volume (1 M LiTFSI + 0.2 M LiNO 3 in PhH-DOL-DME,
1:1:1, v/v/v) (blue) and two parts per volume (1 M LiTFSI + 0.2 M LiNO 3 in PhH-DOL-DME,
2:1:1, v/v/v) (gold) PhH relative to DOL and DME was not significantly different. Therefore, the
electrolyte with the higher PhH content (1 M LiTFSI + 0.2 M LiNO 3 in PhH-DOL-DME, 2:1:1,
v/v/v) was chosen for further investigation. It is also important to note that the chosen PhH-based
electrolyte resulted in a higher Li metal CE than the conventional 1 M LiTFSI + 0.2 M LiNO 3 in
DOL-DME, 1:1, v/v) electrolyte typically used in LiS systems.
After the optimal PhH content in the electrolyte was determined, the ratio between the
main salt, LiTFSI, and the additive salt, LiNO3, was then adjusted to observe the effect that this
change would have on the CE of the Li metal. According to a simulation research by references
[66], [67], the addition of LiNO3 as an additive has two significant positive impacts on the Li
anode. Firstly, they discovered that LiNO3 promoted the formation of smooth double layer SEI
films/profiles on the Li metal surface. The first is an amorphous Li-containing layer immediately
above the Li metal surface. Beyond this layer is a second liquid phase film containing
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homogenously distributed Li [67]. This double SEI affects the diffusion kinetics of Li+ at the
vicinity of the Li metal surface resulting in a smooth deposition.
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Figure 4.2. The coulombic efficiency of Li metal in Li-S cells using different ratios of PhH in
PhH-DOL-DME electrolytes.

Secondly, they discovered that the LiNO3 was responsible for capturing the polysulfide
compounds that are responsible for sulfur poisoning of the Li metal. By first principles
calculation, reference [66] determined that the electronegatively charged N and O atoms in
LiNxOy can capture the polysulfides via dipole-dipole bonding/interaction. In Figure 4.3 the
effects of LiNO3 electrolyte loading on the CE of the Li metal are shown. The CE was found to
be directly proportional to the amount of LiNO3. At low loading levels of 0.1 M LiNO3, the CE
performed the poorest. The initial 40 cycles resulted in highly irregular cycling behavior. The
greater the LiNO3 contained in the electrolyte, the better the CE performance of the Li metal,
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however, it must be noted that there is an upper limit to the solubility of LiNO 3 in the PhH-DOLDME electrolyte of about 0.3 M.
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Figure 4.3. The coulombic efficiency of Li metal in Li-S cells using a PhH:DOL:DME ratio of
2:1:1 under different salt ratios between LiTFSI and LiNO3.
An additional benefit to having LiNO3 in the Li-S system is that it helps to catalyze the
conversion of polysulfides to elemental sulfur which in turn improves the capacity retention of
the system. By catalyzing the polysulfides to elemental S, one can also prevent or mitigate the
polysulfide shuttling effect.
After the effect of LiNO3 on the CE of the Li anode, and the upper limit of its solubility
in the PhH-DOL-DME solvent system were established, the effects of having a dual main salt
composition were investigated. The premise behind this approach was to establish whether the
same performance improvement due to a dual-salt electrolyte reported by other researchers such
as references [68]–[73] held true for the PhH-DOL-DME solvent system as well. LiFSI is known
to react with the dissolved polysulfides in an Li-S system [72], therefore it was chosen as the
second main salt to change the solvation environment with the electrolyte and limit the
polysulfide shuttling effect. It must be noted that in the interest of consistency, the total
concentration of Li+ in the mixed salt electrolytes was kept at 1.2 M.
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It was also found that the upper limit of the LiNO3 solubility reduced to about 0.2 M
when the LiTFSI and LiFSI dual salts were used. The increase of the LiTFSI content in the
electrolyte was found to yield a higher CE of the cycled Li metal anode up to a 0.8 M
concentration. Beyond this, at 0.9 M, the electrolyte resulted in a lower CE performance of the Li
metal as the cell aged, as can be seen in Figure 4.4. Of all the dual-salt PhH-DOL-DME based
electrolytes that were studied, only the 0.2 M LiTFSI + 0.8 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME, 2:1:1, v/v/v electrolyte performed worse than the baseline. The 0.8 M LiTFSI + 0.2
M LiFSI + 0.2 M LiNO3 in PhH-DOL-DME, 2:1:1, v/v/v electrolyte performed the best in terms
of its influence on the CE of Li metal over longer cycles.
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Figure 4.4. The CE of Li metal in Li-S cells using dual Li salts in 1.2 M PhH-based electrolytes.

4.3

Measuring the kinetic behavior of the optimized novel benzene-based electrolytes
The diffusion coefficients of Li (DLi) in the various PhH-DOL-DME dual-salt

electrolytes and the baseline electrolyte, 1 M LiTFSI in DOL-DME (1:1), were then measured
using a 25 µm Cu wire microelectrode and the chronoamperometry technique as explained in
Chapter 3. These results are shown in Figure 4.5 to Figure 4.10. Compared to the baseline, all the
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Figure 4.5. Diffusion coefficient of the 0.2 M LiTFSI + 0.8 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME, 2:1:1, v/v/v electrolyte.
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Figure 4.6. Diffusion coefficient of the 0.5 M LiTFSI + 0.5 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME, 2:1:1, v/v/v electrolyte.
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Figure 4.7. Diffusion coefficient of the 0.8 M LiTFSI + 0.2 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME, 2:1:1, v/v/v electrolyte.
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Figure 4.8. Diffusion coefficient of the 0.9 M LiTFSI + 0.1 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME, 2:1:1, v/v/v electrolyte.
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Figure 4.9. Diffusion coefficient of the 1 M LiTFSI + 0.2 M LiNO3 in PhH-DOL-DME, 2:1:1,
v/v/v electrolyte.
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Figure 4.10. Diffusion coefficient of the 1 M LiTFSI + 0.2 M LiNO 3 in DOL-DME, 2:1:1, v/v/v
electrolyte.
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electrolytes showed an increase in the diffusion coefficient of Li +. To confirm the validity of the
measurements, the measured DLi of the baseline electrolyte was compared to values reported in
literature. The determined value of 3.11 x 10-6 cm2/s is in strong agreement with the 2.93 – 5.33
x 10-6 cm2/s range reported in literature [74].
The PhH-DOL-DME electrolytes all had a higher/greater diffusion coefficient compared
to the baseline electrolyte, signifying that the recipes impacted the coordination environment of
Li+, their subsequent migration and diffusion behavior as they were transported from the bulk
electrolyte through the diffuse layer, and eventual adsorption at the electrode surface. This
electrolyte also affected the quality of the SEI that formed on the surface of the electrode.
The DLi was predominantly found to be inversely proportional to the LiTFSI content of
the mixed salt electrolyte, and directly proportional to that of the LiFSI where the 0.2 M LiTFSI
+ 0.8 M LiFSI + 0.2 M LiNO3 in PhH-DOL-DME (2:1:1), 0.5 M LiTFSI + 0.5 M LiFSI + 0.2 M
LiNO3 in PhH-DOL-DME (2:1:1), and 0.8 M LiTFSI + 0.2 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME (2:1:1) had a DLi of 11.427 x 10-6 , 8.277 x 10-6, and 3.447 x 10-6, respectively. The
exception to this trend was the 0.9 M LiTFSI + 0.1 M LiFSI + 0.2 M LiNO 3 in PhH-DOL-DME
(2:1:1) electrolyte which had a DLi of 4.426 x 10-6 which understandably tended toward a value
similar that of the single salt 1 M LiTFSI + 0.2 M LiNO3 in PhH-DOL-DME (2:1:1) electrolyte
(4.232 x 10-6) because the two had a nearly equal LiTFSI content. This indicated that there exists
an optimal amount of LiTFSI between 0.8 M and 0.9 M that yields the highest D Li in this recipe.
The exchange current density (io) for these PhH-ether electrolytes could not be
determined as it was for the carbonate-based electrolytes presented in Chapter 3, because stable
cyclic voltammetry profiles could not be measured using the 125 µm Ni wire microelectrode.
The issue seemed to be specifically associated to the presence of DME in the electrolyte.
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4.4 Observe the effect of the novel PhH electrolytes on the performance of LiS cells
The novel benzene-ether-based (PhH-ether) electrolytes were tested in LiS full cells
using a sulfur cathode sourced from Giner Inc (Newton, MA). Adjusting the ratio of LiTFSI and
LiFSI salts in the electrolyte composition resulted in significant changes in the capacity retention
performance of the LiS cells. The dual salt PhH-ether based electrolytes with a high LiTFSI
content (> 50%) resulted in a longer capacity retention than the standard baseline electrolyte.
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Figure 4.11. The capacity retention of LiFSI and LITFSI dual salt electrolytes in Li-S full cells.
The ratio of LiTFSI vs LiFSI was varied while maintaining the Li+ concentration at 1.2 M, and
the PhH-DOL-DME ratio was kept steady at (2:1:1, v/v/v). The performance of PhH-ether
electrolytes is compared to the standard DOL-DME based electrolyte.
As shown in Figure 4.11, the electrolyte with the lithium salt ratio of 4:1 (0.8 M LiTFSI
+ 0.2 M LiFSI + 0.2 M LiNO3 in PhH-DOL-DME (2:1:1, v/v/v)) resulted in cells with the
longest capacity retention profile, retaining more than 50% capacity for over 275 cycles. This
was even greater than both the standard baseline electrolyte and the single salt PhH-ether
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electrolyte, 1 M LiTFSI + 0.2 M LiNO3 in PhH-DOL-DME (2:1:1, v/v/v), which retained 50%
of their discharge capacity for only 240 and 200 cycles, respectively.
The addition of LiFSI as a co-main salt in the electrolyte composition also resulted in a
change in the discharge capacity of the cells. As shown in Figure 4.12, the discharge capacity of
the cells using an LiTFSI:LiFSI salt ratio of 1:1 (0.5 M LiTFSI + 0.5 M LiFSI + 0.2 M LiNO 3 in
PhH-DOL-DME (2:1:1, v/v/v)) and 4:1 (0.8 M LiTFSI + 0.2 M LiFSI + 0.2 M LiNO 3 in PhHDOL-DME (2:1:1, v/v/v)) were relatively lower than those using the standard baseline
electrolyte for the initial 220 cycle. However, the discharge capacity in the electrolyte with the
4:1 salt ratio was constant over a longer period (cycle 20 to 240). In that case, only 10% of the
capacity was lost over a 220-cycle range (cycle 20 to 240) which was significantly less than the
other electrolyte variants under investigation.
The voltage profiles of the four PhH-ether electrolytes, shown in Figure 4.13 to Figure
4.16, were a useful performance and cell health indicator. The migration/fluctuation of voltage
profile around a distinct voltage plateau is known as voltage polarization. This phenomenon is a
useful indicator for the stability of the SEI being formed on the electrodes within the cell [75],
When a voltage profile does not deviate from its mean voltage plateau, it is considered to have a
low polarization and forms a stable SEI layer. The 9:1 (LiTFSI:LiFSI) salt ratio electrolyte was
found to have a voltage polarization of 100 mV, whereas the 1:1 and 4:1 (LiTFSI:LiFSI) salt
ratio electrolytes had a voltage polarization of 200 mV between the 1 st and 200th cycle. The 1:4
(LiTFSI:LiFSI) salt ratio electrolytes had the highest voltage polarization of approximately 400
mV between the 1st and 200th cycle.
4.5.1

Conclusion

Novel single- and dual-salt benzene-ether (PhH-ether) electrolytes were successfully
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Figure 4.12. The discharge capacity of LiFSI and LITFSI dual salt electrolytes in Li-S full cells.
The ratio of LiTFSI vs LiFSI was varied while maintaining the Li+ concentration at 1.2 M, and
the PhH-DOL-DME ratio was kept steady at (2:1:1, v/v/v). The performance of PhH-ether
electrolytes is compared to the standard DOL-DME based electrolyte.
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Figure 4.13. Voltage profile of the 0.2 M LiTFSI + 0.8 M LiFSI + 0.2 M LiNO 3 - PhH-DOLDME (2:1:1, v/v/v) electrolyte.
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Figure 4.14. Voltage profile of the 0.5 M LiTFSI + 0.5 M LiFSI + 0.2 M LiNO 3 - PhH-DOLDME (2:1:1, v/v/v) electrolyte.
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Figure 4.15. Voltage profile of the 0.8 M LiTFSI + 0.2 M LiFSI + 0.2 M LiNO 3 - PhH-DOLDME (2:1:1, v/v/v) electrolyte.
72

1100

900

800

1000

Capacity (mAh/g)

700

600

500

400

300

200

100

0

1.5

3.1

1st Cycle

5th Cycle

10th Cycle

2.9

100th Cycle

150th Cycle

200th Cycle

50th Cycle

Voltage (V)

2.7
2.5
2.3
2.1
1.9
1.7
1200

1100

900

1000

Capacity (mAh/g)

800

700

600

500

400

300

200

100

0

1.5

Figure 4.16. Voltage profile of the 0.9 M LiTFSI + 0.1 M LiFSI + 0.2 M LiNO 3 - PhH-DOLDME (2:1:1, v/v/v) electrolyte.
formulated and tested in Li-S coin cells. Firstly, the effect of the NO3 - anion concentration in the
benzene-ether electrolytes was studied by adjusting the concentration of the LiNO 3 salt in the
electrolyte up to its solubility limit of 0.3 M in the PhH-DOL-DME solvent system. It was found
that an increase in LiNO3 led to an improvement in cycling performance of the Li-S cells.
The effect of the amount of benzene co-solvent loading in the PhH-ether electrolytes was
then studied by adjusting the volume ratio between PhH, DOL and DME. The PhH-DOL-DME
(2:1:1, v/v/v) electrolyte provided the most optimal ratio between the three solvents for the
highest PhH loading versus CE performance of the cycled Li metal anode. This solvent ratio was
then used to prepare dual-salt (LiFSI + LiTFSI) electrolytes comprised of LiTFSI and LiFSI as
co-main salts, and LiNO3 as an additive at a fully saturated concentration of 0.2 M. Of the dual
salt electrolytes tested the 0.8 M LiTFSI + 0.2 M LiFSI + 0.2 M LiNO 3 in PhH-DOL-DME
(2:1:1, v/v/v) variant had the best performance. It resulted in the longest cycle life of the LiS cells,
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with over 275 cycles while still retaining 50% of its initial cell capacity. The standard baseline
electrolyte only achieved 240 cycles at a 50% capacity retention, but with a much poorer CE.
The results above have proven that PhH can be considered a potential solvent for use in
next generation LiS batteries. This is especially true if it can be used in conjunction with dual
salts to prepare electrolytes that can introduce performance improvements to the LiS energy
storage system while allowing the electrolyte to maintain an electrochemical window greater
than the reduction potential of Li+/Li vs. SHE. As well as allowing the electrolyte to contain
LiFSI which reacts with the dissolved polysulfides to prevent the polysulfide shuttling effect.
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5

Conclusion and future work
The main aim of this research was to explore the electrodeposition process of metals used

in energy systems and to investigate how various electrolyte recipes and reaction driving factors
affect the morphological characteristics of deposited metals. The approach entailed firstly
studying the deposition of Ag metal. Ag was chosen due to the absence of an SEI, making it a
simpler system to observe the uninhibited fundamental processes at play when metal ions travel
through the diffuse layer and are adsorbed at the electrode surface. This study showed how the
deposition current density and electrolyte concentration can strengthen or weaken the
concentration gradient of metal cation species at the electrode surface which in turn yields a
rougher or smoother metal surface morphology, respectively.
The differences in electrolyte anion species were also found to have an impact on the
morphology of the metal but mainly under very high concentration gradient regimes. At a lower
concentration gradient, the deposited morphologies remained relatively similar between different
electrolyte recipes. Lastly, the addition of different carbonate and ether solvent additives to
several base electrolyte recipes was found to also have a significant impact on the morphology.
This can be attributed to the different coordination bonds that form between the metal cation and
anions in each recipe. The dioxolane (DOL) ether solvent had the most drastic impact on the
deposition morphology, promoting the growth of Ag crystals along a single plane in three of the
four electrolyte recipes it was added to.
The next phase of the research entailed developing an in-lab designed and fabricated
microelectrode tool to measure the diffusion coefficient (DLi) and the exchange current density of
the Li+ to Li redox reaction that occurs at the electrode surface. The developed microelectrode
not only determined values of DLi and io that were comparable to those found in literature, but it
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also helped to fast screen a series of novel single- and dual-salt benzene (PhH) based electrolytes
that outperformed the conventional LiTSI-DOL-DME electrolyte typically used in a LiS battery
system. The novel PhH electrolytes were found to result in a superior Coulombic Efficiency
(CE) of the cycled Li metal and retained more capacity over a longer cycle life than the
conventional electrolyte. Due to the performance improvements shown by the PhH-based
electrolytes, it is recommended that additional research effort is directed toward investigating the
usefulness of PhH solvent in not only LiS systems but other battery chemistries as well.
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Appendix A: Description of Research for Popular Publication
Lithium metal is highly reactive and readily reacts with the electrolyte/solution it comes
in contact with. In an electrochemical system, this reactivity is associated to its low
electrochemical potential (-3.04 V vs. SHE). When this happens, an unevenly distributed
passivation layer known as the solid electrolyte interface (SEI) forms on the surface which
prevents any further reaction (oxidation) of the metal surface with the electrolyte solution. This
passivation layer not only increases the resistivity of the Li metal electrode, but it also unevenly
impedes the diffusion and adsorption of Li cations onto the surface of the Li metal electrode.
This in turn can lead to an unsmooth/uneven deposition surface and the growth of dendrites.
However, to investigate the fundamental diffusion and adsorption mechanisms related to
metal deposition, the simpler silver (Ag) electrochemical deposition system was studied using inlab fabricated microelectrode tools in conjunction with common electroanalysis techniques.
Silver was chosen because it does not spontaneously undergo oxidation reactions with the
electrolyte solution, nor does it produce an SEI layer that can impede the diffusion and
adsorption of cations at the electrode vicinity. Various deposition parameters/factors were
adjusted to observe their impact on the morphology on the deposited Ag metal.
Once the effect these factors were understood, the same tools and techniques were used
to quantify the transport kinetics of Li cations in novel benzene-based (PhH) electrolytes in a
lithium-sulfur electrochemical system. These novel electrolytes outperformed the standard state
of the art electrolyte currently used in lithium-sulfur battery systems and resulted in a longer
cycling performance. This work is important because it demonstrated how organic electrolyte
recipes could be designed to control their impact on the evolution of Li metal morphology which
is currently a problematic concern in high capacity secondary lithium metal batteries (LMBs).
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Appendix B: Executive Summary of Newly Created Intellectual Property
The unique intellectual property that was created in this research is:
1. the first demonstration of applying a microelectrode, a classical electrochemical tool, to
quantify the kinetics of Li+ during electroplating. This provided a convenient approach
for the fast screening of electrolytes that are compatible with lithium metal batteries;
2. the identification of new/novel electrolyte recipes based on benzene which have been
shown to effectively improved the electrochemical process of the lithium metal anode in
lab scale coin cells; and,
3. the systematic study of Ag metal to understand the deposition and growth of
electrodeposited metal in an SEI free aqueous electrochemical system.
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual Property
Items
C.1 Patentability of Intellectual Property (Could Each Item be Patented)
The three items listed were considered first from the perspective of whether or not they
could be patented.
1. No. The microelectrode tools and electrochemical analysis techniques used to
measure the kinetics of Li+ are well known/common approaches.
2. No. For the novel benzene electrolytes, the lab scale coin cells have demonstrated
their effectiveness under certain conditions. However, a battery is a system
comprised of many other components. More systematic work/studies would need
to be conducted to cross validate the efficacy of the new electrolyte recipes. This
is the main reason why a patent was not filed for the novel recipes and findings.
3. No. While the systematic approach to study the deposition of Ag in an aqueous
electrolyte is novel and yielded valuable insights, the tools and techniques used in
this study are not patentable.

C.2 Commercialization Prospects (Should Each Item Be Patented)
The three items listed were then considered from the perspective of whether or not they
should be patented.
1. Not applicable.
2. Not applicable.
3. Not applicable.
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C.3 Possible Prior Disclosure of IP
None of the three items were discussed in a public forum or have information published
that could impact the patentability of the listed IP.
1. Not applicable.
2. Not applicable.
3. Not applicable.
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Appendix D: Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems
The methods in this research used to measure the kinetic behavior of cations in the
electrolyte are broadly applicable to areas where the diffusion of species in a solution and
adsorption of these species onto a surface needs to be observed, monitored and/or quantified.
Some examples range from the electroplating of metals in metal refineries, to measuring the
electrochemical properties of solvents, to measuring electrical activity in biological cells.
D.2 Impact of Research Results on U.S. and Global Society
The US is gradually adopting green forms of energy generated from solar, wind, wave,
geothermal, and other clean sources. These are usually intermittent sources of energy, meaning
the energy they produce needs to be harvested and stored for use during times when it is needed.
There is also a need to improve the energy density and long-range performance of batteries used
in electric vehicle applications. However, the performance and/or expensive cost of current state
of the art lithium-ion batteries makes them inadequate solutions. Lithium metal batteries are a
proposed solution to these challenges because they boast a higher energy density. Therefore,
exploring and shedding new light on the deposition of Li metal can potentially lead to a
breakthrough in next-generation lithium metal batteries. On a global scale this could positively
impact and accelerate the adoption of reliable clean green energy systems.
D.3 Impact of Research Results on the Environment
The adoption of viable clean energy systems on a global scale would decrease our
reliance on polluting fossil fuel-based sources of energy and therefore reduce the rate which
harmful greenhouse gases are being released into the environment.
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