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Abstract of the Dissertation
A Multimodal Approach to Materials Design for Next Generation Energy Storage Systems
by
Alyson Abraham

Doctor of Philosophy

in
Chemistry
Stony Brook University
2020

While batteries of various chemistries have been responsible for powering everything
from small electronics to cars to medical devices, the need for energy storage continues to
increase. This increase is in both volume and in scale, as energy storage systems are increasingly
being evaluated for inclusion into both larger and broader applications. An important factor to
consider with batteries is the end application, as each chemistry and battery system has specific
benefits as well as limitations. This necessitates development of a wide range of battery
chemistries as well as substantive improvements to these chemistries and their integration on the
material, electrode, and systems level. Herein, this work will present on a multi-scale level,
different energy storage studies can that are geared to address the demands and needs of varying
applications. To highlight the diversity and uniqueness of the required breadth of approaches,
several systems are presented in combination with different characterization techniques and
analysis relevant to the system. Highlights include proof of concept and development of a self -
forming, rechargeable solid state battery, materials development for Lithium Sulfur (Li-S)
batteries, electrochemical and characterization techniques to elucidate materials properties, and

utilizing theoretical calculations to compliment experimental observations.
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Chapter 1
Introduction
1.0 Overview

Electrochemical Energy Storage (EES) has become a highly researched topic within the
recent years. While batteries of various chemistries have been responsible for powering
everything from small electronics to cars' to medical devices,>? the need for energy storage
continues to increase. This increase is in both volume and in scale, as energy storage systems are
increasingly being evaluated for inclusion into grid applications.* An important factor to
consider with batteries is the end application. For example, each chemistry and battery system
has specific benefits as well as limitations. This necessitates development of a wide range of
battery chemistries as well as substantive improvements to these chemistries and their integration

on the material, electrode, and systems level.

With an increase in demand for progressive technologies, demand for electric vehicles
and alternative modes of energy generation and energy storage are becoming increasingly
popular. An example of this follows a 2020 report that describes a technology and market
comparison for plug-in electric vehicles in China and the United States.> Since 2014, the United
States and China have been the two largest plug-in electric vehicle (PEV) market, as reported by
the International Energy Agency.® There are two types of PEVs, full battery electric vehicles
(BEVs, classed within the PEV subcategory) and plug-in electric vehicles (PHEVs) both utilize
battery storage, where the PHEVs also have an internal combustion engine.” An interesting
observation has been the reporting of the type of battery cathode type used over time, where
different cathode chemistries have dominated dependent on country of use (US or China), as
well as end application (BEV or PHEV). As of 2017, lithium nickel manganese cobalt oxide
(NMC) chemistry has been the dominant cathode chemistry except for U.S. sold BEVs, which
has been lithium nickel manganese aluminum oxide (NCA).> While it has been noted that these
chemistries have provided additional benefits to previously used materials, such as lithium iron
phosphate (LFP) and lithium cobalt oxide, (LCO), the next generation of cathode chemistry is
needed. Reports suggest that lithium sulfur (Li-S) is the closest next generation to feasibility and

implementation, however, notable challenges still need to be overcome.’



Based on the model of cost reduction and tight timetables, industry technology
developers and manufacturers gear towards an optimization approach, where a system is adjusted
and tweaked for improvements. This approach can be limiting to moving forward with next
generation systems, as they often employ new materials, new architectures and new challenges.
These challenges are multi-faceted and include overall cell safety, material toxicity, and sourcing
of materials. Due to the complexity of the multiple components that comprise a battery, these
types of approaches can have disastrous consequences, exemplified by the recall of all Samsung
Galaxy Note 7 devices due to fires.® Additionally, subsequent mandates by the Federal Aviation
Administration (FAA) in 2019 increased restrictions on lithium-ion powered devices in storage

of commercial flights due to the high risk of thermal runway and fire.’

To approach such a complex and growing demand for safe and viable energy storage,
there needs to be multiple solutions that can be incorporated into current and future EES
development. Herein, this work will present on a multi-scale level, different energy storage
studies can that are geared to address the demands and needs of varying applications. To
highlight the diversity and uniqueness of the required breadth of approaches, several systems are
presented in combination with different characterization techniques and analysis relevant to the
system. This wholistic approach shows how an array of methodologies is needed to evaluate
energy storage systems, and that investigation must occur from a materials level to a bulk
electrode/working system level to understand a system in a way that can facilitate designed

improvements without sacrificing potential safety.

Herein, the following examples will be discussed and summarized from previously
published work. Contributions to each project are listed in the beginning of each section as well

as in acknowledgements:

Chapter II: Self forming, rechargeable solid state battery. This will show proof of concept of a
self-forming battery based on the lithium iodide (Li/I2) couple with inclusion of 3-
hydroxypropionitrile (HPN) additive, which eliminates the need for flammable organic

electrolytes. Additionally, the role of the interface on cycling efficiency is discussed.



Chapter I11: Materials design for lithium sulfur (Li-S) batteries, including development of novel
electrodes by incorporation of tuned MoS; nanosheets, and electrodeposition of a sulfur-rich

high capacity electrode.

Chapter IV: Incorporates physical and electrochemical measurements to correlate physical
properties to electrochemical behavior in metal oxides and aqueous zinc chemistries. This will
cover wettability and impedance mapping of surface treated magnetite, the role of silver in silver
Hollandite (AgxMngOis) in a zinc based aqueous electrolyte and temperature dependent phase
transition of vanadium dioxide (VO2).

Chapter V: Demonstrates role of theoretical methods to explain synthetic observations.
Surfaces of Potassium Hollandite (KMngO1s) are evaluated and compared for their relative

stability including partial and full tunnel structures.
1.1 Role of Funding Agencies

With such a critical portion of energy storage advances funded by government based
sources, it is important to understand the role and interplay of various funding agencies that
actively support energy storage research and large scale user facilities. While there are many
sources of funding on multiple scales, ranging from individual PI grants to center based funding,
this section will specifically address Department of Energy funding initiatives that are major
sources of funding linked to the research discussed herein, including DOE Office of Science-
Basic Energy Sciences (DOE BES), the Office of Energy Efficiency & Renewable Energy
(EERE), and Office of Electricity (OE).

The Department of Energy Basic Energy Sciences (BES) implemented an Energy
Frontier Research Center Program in 2009, whose aim was to bring together multi-disciplinary
and multi institutional teams with the capability to tackle large problems that typically lie outside
of the scope of a single investigator to advance energy technologies.!® This effort focused on
enabling these scientist led centers, where the center Director could operate and execute a wider
mission based on a unified science theme and initiatives. Since 2009, DOE BES has funded 82

EFRCs in 40 states. In the 2018-2022 funding cycle, 46 EFRCs in 36 states were funded on the



scale of $~4M per year per center, including ~ 670 Senior Investigators, ~ 1500 students,

postdoctoral fellows and technical staff and ~ 115 institutions.

The Office of Energy Efficiency and Renewable Energy (EERE) has strategic goals that
have demonstrated a direct impact on the economy by employing a diverse portfolio of projects
that are directed at impacting the future for energy, to develop clean energy technology and
services both more available and reliable with lower costs.!! EERE considers five core questions
in developing its programs including whether the problem is high-impact, if EERE funding will
make a large difference relative to existing funding from other sources, openness to new ideas to
problems solving, how will EERE funding result in an enduring economic impact to the United
states, and why this investment from the government is a necessity, instead of leaving funding
purely to private industry. These questions frame the context for development of EERE funding.
EERE has outlined an Innovation Model, consisting of three phases including Applied Research
(Phase 1), Development and Demonstration (Phase 2) and Focus on Market Barriers (Phase 3).
Along this path are decision paths that give EERE flexibility to end the investment, which can
occur if the technology is considered less competitive, or after industry adopts the technology.
EERE has identified seven strategic goals in which its programs are based. These goals and the
plan is described in more detail in the full report for 2016-2020.!! These include sustainable
transportation, renewable power generation, energy efficiency, energy manufacturing, grid

modernization, federal sustainability, and high-performing culture.

Within EERE, the Vehicle Technologies Office (VTO) provides support for research in
early-stage R&D to facilitate the identification of new battery chemistries or new cell
technologies. The goals of the VTO R&E are to reduce the cost of electric vehicle batteries to
less than $100/kWh, increase range to 300 miles, and decrease charge time to less than 15
minutes by 2028. The projected cost target goal is based on achieving near parity with Internal
Combustion Engine (ICE) vehicles. The levelized cost of a 300 mile BEV (at $0.28/mile),
would then be comparable to ICE vehicles (at $0.27/mile). The ultimate goal for BEV battery is
$80/kWh, which would bring the 300 mile cost down to $0.26/mile.!> The Advanced Materials
Research & Development area addresses fundamental issues regarding materials and
electrochemistry in two categories: Next-generation lithium-ion battery technologies and beyond

lithium battery technologies. VTO recognizes that cost reduction and electrochemical



improvements stem from materials levels improvements, and have invested heavily in these
areas. The work discussed here (Chapters II and III) came from work supported through these
programs. Part of the work reported in Chapter I1I (Materials Approaches for Lithium Sulfur
Batteries) was funded in part by a seedling project, under Battery500, a Consortium effort
consisting of four National Laboratories (PNNL, INL, BNL, and SLAC) and university partners
whose goal is to develop a commercially viable Li battery with a specific energy target of 500

Wh/kg and the ability to undergo 1000 charge-discharge cycles.

The combination of combining funding on the materials and electrode level with an eye
towards commercially viable scalable systems, enables research that has demonstrated
benchmarked improvements both in cell development and cost reduction. This leads the way
towards future work and collaboration between government, university and industry
partnerships. From a larger, scalable perspective, the DOE Office of Electricity (OE) is directed
by a mission of energy security and resilience on the grid scale. OE has identified four priorities
that guide its mission and funding efforts including: (1) Development of a North American
Energy Resiliency Model (NAERM) in concert with national laboratories and stakeholders, (2)
Megawatt grid storage capable of energy management for bulk and distributed energy systems,
(3) Pursuing sensing technology to develop predictive models for electricity, and (4)
Transmission requirements including policy related issues. As one of the main four pillars of the
OE, energy storage on a larger scale has been attracting more interest into development of
scalable systems, outside of Li-ion batteries. These systems and chemistries include flow
batteries, rechargeable Zn-MnQO> batteries and Sodium based batteries. In collaboration with
Sandia National Laboratories, the DOE OE maintains an ongoing list of grid-scale projects

currently in commission worldwide. '3



1.2 Basic operation of an electrochemical cell

While the medium may vary, electrochemical energy storage works by the transfer of
charge (electrons) in combination of the movement of ions. Typically, in a lithium ion battery,
there are multiple components that are required to enable charge transfer, ion diffusion, and
prevent short circuits within the cell. A typical Li-ion battery contains a graphite based anode,
where lithium ions can insert and (de)insert during cycling. On the opposite end of the cell, the
cathode, which can be comprised of a variety of materials, such as transition metal oxides, can

accommodate lithium intercalation, as shown in Figure 1.1.

The cathode is typically made into a composite and fabricated onto a current collector as

a slurry. These composites often contain a conductive additive (such as carbon or carbon
nanotubes) as well as a binding agent (such as polyvinylidene fluoride, (PVDF)) to ensure the
electrical and mechanical stability of the electrode. A separator is housed between the anode and
cathode components. The role of the separator is to allow ion mobility but to prevent electron
mobility, since if electrons could freely move from anode to cathode, this would cause an
internal short. In addition, an appropriate electrolyte must be selected based on compatibility,
desired voltage range, and consideration of safety and environmental impact. Selection of the
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Figure 1.1. Schematic of an Li-ion full cell, showing a graphite anode, layered metal oxide
cathode, separators, current collectors and free ions.
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current collectors also critical in maintaining electrical contact with the active material, and
allowing continuous cycling without considering side reactions. Other considerations, include
the thickness of each component as well as the relative stack pressure, which can be a

contributing factor to capacity retention over long term cycling.!*

The following sections will provide a brief overview and background on the main topics herein.

1.3 Few Component Solid State Electrolytes
The following is adapted from the following publication:

Copyright © (2019) Cambridge University Press. Stackhouse, C., A., Abraham, A., Takeuchi,
K. J., Takeuchi, E. S., Marschilok, A. C., Progress and Outlook on Few Component Composite
Solid State Electrolytes, Stackhouse, C. MRS Advances, 4(49), 2635-2640. Reproduced with

permission.

While traditional lithium ion battery (LIB) systems have been an attractive candidate to
address the growing demand for energy storage needs, traditional LIBs have limitations
including safety issues that stem from growth of lithium dendrite formation and the presence of
flammable, reactive organic electrolytes.!> In addition to improving safety conditions in a wide
range of operating conditions, new manufacturing processes and facilities will need to be
developed to address changing energy storage needs. Solid state systems, which include a solid
state electrolyte instead of a liquid based electrolyte have been touted as an possible future
alternative to lithium ion batteries, due to their reportedly higher thermal stability, lack of
flammable liquid electrolyte, large electrochemical stability widow, and possible increased
resistance to physical forces such as shock and vibration. Amongst a variety of solid electrolyte
systems tested, including garnet solid state electrolytes,!® sodium super ionic conductors
(NASICON) electrolytes, and lithium phosphorous oxynitride (LiPON) electrolytes, the polymer
electrolytes have exhibited the greatest amount degree of tractability and interfacial compatibility

in addition to maintaining the inherent safety benefits of solid state electrolytes.!’

There have been many reviews and reports to date that have reported extensively on the

more widespread solid electrolyte systems listed above, including solid state batteries for
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1821 "godium?? 23 magnesium?* 2%, Li-sulfur?®2® and zinc?® systems. A lesser reported area

lithium
includes lithium iodide (Lil) based solid state electrolytes. The lithium iodide battery, based on
the Li/I> couple is a primary battery that has been widely employed in implantable cardiac
pacemakers.?% 3! During discharge, Li* interacts with elemental I, to form an Lil layer. As
discharge progresses, this layer becomes increasingly thicker, which leads to increasing cell
resistance. This presents a unique opportunity for a rechargeable solid state battery, as the Li/I>
chemistry naturally lends itself to forming its own “separator” upon discharge, however, the

ability to recharge the cell as well as generate composites that enable higher ionic conductivity

are limiting factors.

Previous work on lithium iodide containing solid electrolytes can generally be grouped
into two categories: lithium solid-state composite electrolytes and self-forming or electrolytically
formed batteries. Inherently, lithium iodide has low ionic conductivity (~ 10" S/cm), and the use
of halide complexes has been reported to increase the conductivity.?? Lithium solid state
composite electrolytes (LiSCEs) are a variant of solid polymer electrolytes that are defined by
the combination of nanoparticles and solid-state addition compounds based on the reactions of
lithium iodide with small organic molecules.** This has included the introduction of other
compounds, such as calcium iodide (Cal) with Lil which led to increases in ionic conductivity by
the introduction of defect sites.** Much work focused on improving lithium ion conduction,
where notable improvements were observed when a series of lithium halide compounds were

tested, which was attributed to reorganization in the crystal structure.*

In later work, the compound 3-hydroxypropionitrile (HPN) was used as an organic
additive to generate a series of composite electrolytes with Lil that incorporated both a hydroxy
and a cyano group capable of coordination, giving this compound interesting properties,
including coordinating with lithium, yielding a mobile I-anion. 3% 37 Depending on the ratio of
Lil : HPN (molar ratio), there was a wide range of observed ionic conductivities that did not have
a linear dependence on increasing or decreasing the conductivity. For example, a maximum
conductivity of 6.97 x 103 S/cm was observed with an Lil:HPN ratio of 1:15. There was a large
notable decrease in conductivity observed when moving from the 1:4 to 1:2 ratio (Lil:HPN),
from 3.1 x 1073 S/cm to 2.36 x 10 S/cm, respectively. Instead of continuing to decrease on the

relative reduction of HPN, there was a second maximum in ionic conductivity (1.1 x 10 S/cm)



as the ratio approached 2:1 (Lil:HPN). This type of behavior followed previously reported
“polymer in salt” behavior.*® One consideration of note, is the preference for the stoichiometric
(LiI(HPN)2) compound is due to the workability of the composite electrolytes. While other
ratios of Lil:HPN have demonstrated higher ionic conductivity, they can be liquidus at room
temperature, and may not be practical in applications in solid state electrolytes that include even

mild heating.

Growing interest to improve battery technology to solid state electrolytes has necessitated
the development of alternatives that can generate electrolytes with reduced manufacturing costs
as well as development of electrolytes that can adapt to a wide range of environmental and
operational conditions. The self-forming battery or electrolytically formed battery generates its
own components (anode, cathode, separator), during a charge step, but until undergoing a charge
step, the battery itself does not exist, and only exists as a single component solid electrolyte.?*3
Upon application of a voltage to oxidize the composite, lithium is reduced to lithium metal and
forms on the anode side. The corresponding oxidation product induces the formation of a
polyiodide species at the positive electrode. The development and demonstration of a solid state
LiI(HPN): containing self-forming battery will be discussed in detail in Chapter II. Previous
reports on electrolytically formed batteries, using the Li/I> couple have incorporated PVP and a
lithium iodide hydrate. The development of the forming of separate electrode components was
tracked by AC impedance spectroscopy, where Nyquist plots correlated depressed semicircles to
correspond to ionic conduction of the electrolyte, ionic conduction of the solid electrolyte
interface and charge transfer process within the cathode. However, incorporating a lithium
hydrate noted an increase in impedance due to the formation of an insulating lithium hydrate
layer. *° The work discussed in Chapter II incorporates a HPN based compound, Lil(HPN), that
is combined with Lil (where Lil is the dominant compound) to form composite electrolytes.
Self-forming, rechargeability, and decrease in AC impedance after charge and continued cycling
has been observed. Additionally, the role of the interface was investigated to address the role of
stainless steel, lithium, and gold interfaces in an operating electrochemical cell with the self-

forming solid state electrolyte.



1.4 Lithium Sulfur Batteries
Reprinted (adapted) with permission from :

Wang, L., Abraham, A., Lutz, D. M., Quilty, C. D., Takeuchi, E. S., Takeuchi, K. J., Marschilok,
A. C., Toward Environmentally Friendly Lithium Sulfur Batteries: Probing the role of Electrode
Design in MoS:-Containing Li-S Batteries with a Green Electrolyte, ACS Sustainable Chemistry
& Engineering, 2019, 7(5) 5209-5222.

Copyright © (2019) American Chemical Society.

Rechargeable lithium sulfur (Li-S) batteries have garnered significant interest due to both the
high theoretical capacity of the sulfur cathode upon full conversion (1672 mAh/g) and the
theoretical gravimetric energy density of 2800 Wh kg!.*+ 4> Additionally, sulfur is a highly
abundant, nontoxic element that has a reasonable operating voltage (1.5 to 2.5V vs. Li/Li"), thus
making it both a sustainable and cost effective material for the future of high energy density
batteries.*¢ Despite its advantages, continued development and subsequent commercialization of
the Li-S battery have been hindered by issues including the complexity of polysulfide
dissolution, where parasitic reactions during the (dis)charge process can reduce the usable
capacity, and also reduce the cycle life of the battery.*’->° Additionally, sulfur inherently has a
low electrical conductivity (5 x 102° S/cm), which provides additional challenges in feasibility
and cell design.>! Improvements to electrical conductivity often include incorporating some form
of conductive matrix, which can be in the form of carbon, conductive polymer, or metal. Carbon
nanotubes have been a choice additive in enhancing the electrical conductivity of sulfur, and

various carbonaceous materials have also been included.’?>3

To address the issue of polysulfide dissolution, a strategy such as “trapping” of the
mobile polysulfide species by additives that have a demonstrated affinity towards the transitory
polysulfide species has been explored.>® 37 The approach of generating trapping materials, a wide
variety of additives have previously been including into Li-S cells, including carbon sources,
such as carbon nanospheres® >° Ketjenblack,%® carbonized eggshell membrane,®! graphene

63.64 and carbon interlayers.%> Additionally, other

sheets,%? graphene coated cotton-carbon
additives such as metal carbides,®® 2D conductive MXene nanosheets,®” and metal

chalcogenides®®-7? have also been included.
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In incorporating trapping agents, different design strategies have been employed, which can
be demonstrated by recent reports of MoS; incorporation into Li-S cells. For example, MoS> has
been investigated as an additive to sulfur cathodes*® 7!: 72 as well as in coating form on
separators.’® ™ The increasing incorporation of MoS; as a polysulfide trapping agent extends on
previous work that showed enhanced binding affinity for lithium polysulfide species to MoS,.
For example, ab initio density function theory (DFT) studies indicated higher binding energies
for lithium polysulfide species: Li2Ss, Li2Ses, Li2S4, Li2S2 and Li2S species on the MoS: surface
with reported binding energies of 0.10, 0.22, 0.32, 0.65 and 0.87 eV for Li>Ss, Li2Se, Li2S4, Li2S>
and Li»S, respectively.”” The enhanced binding of the MoS; substrate originate from the
interaction of Li atoms in the Li>S, with MoS,.7% 77 In addition, simulations further confirmed
selectivity of Li2S;, binding to MoS», with an increased affinity for binding to edge sites relative
to planar surfaces (referred to as “terrace sites”). The comparison of edge site to terrace site
affinities was described by DFT calculated binding energy, where the binding energy showed
lower binding energy of the Li>Sx to the MoS; terrace site (~0.87 eV) relative to the Mo- and S-
edge sites (which had binding energies of 4.48 and 2.70 eV, respectively). This could potentially
be attributed to the lower coordination environment that exists on predominantly on the edge
sites, compared to terrace sites. The MoS; terrace site had a higher binding energy when
compared to graphene (0.29 eV), which further indicated that there was preferential binding to
MoS; other materials.’”® Therefore, generating MoS; with greater edge site availability (such as

nanosheets) could potentially increase its ability to trap polysulfides.

Previous studies have generated MoS: nanosheets by heating Mo and S precursors in a
reactor, where employing the use of a microwave reactor’® has shown a reduction in time from
18h to 2h compared to hydrothermal preparations.®® The work discussed herein, will discuss
tuning of Mo:S ratio (and concentration) to develop MoS; nanosheets that both have different
morphological and physical properties, as well as varying impact on electrochemical cycling
when including in electrochemical cells. In addition to Mo:S ratio tuning and concentration, a
separate discussion will address the synthesis method (hydrothermal, solvothermal, and
microwave) and its resultant impact on morphology and subsequent electrochemistry.
Additionally, the inclusion of an electrodeposited MoS; by either an “anodic” or “cathodic”

deposition conditions, generates a sulfur rich MoSx electrode that exhibits different
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electrochemical properties based on the deposition conditions. Chapter III will provide a multi-

faceted approach to addressing the role of MoS; based materials in lithium sulfur batteries.
1.5 Material properties and electrochemical response

Tuning of materials and evaluating their electrochemical response has been an area of
interest in various fields, ranging from sensor technologies,?! to materials for energy storage.!
Depending on the system of interest, different approaches to characterization and
electrochemical analysis may be required including techniques that address different material
scales, as well as differentiating surface from bulk analysis. Utilizing these types of
complementary techniques can provide insight both into bulk and localized properties of a
material, and/or system to be interrogated. This is critical, as to be able to appropriately diagnose
and improve energy storage materials, the physical properties, transport behavior, and bulk
system electrochemistry must be studied in a synergetic fashion relating structure to function.
Following are examples of employing techniques to correlate observed trends to physical or
electrochemical material properties. First, the approach of using a multiscale investigation model
is presented. Magnetite, Fe3Og4 is presented as a model system, where the approach of a multi-
scale model to understanding materials and working systems is described in Chapter IV, Section
4.1. Section 4.2 continues with magnetite, and describes employing electrode scale surface
techniques to compare properties of surface treatments, which can be correlated to
electrochemical properties. Section 4.3 expands on surface techniques, this time introducing a
different system, where the mechanism of the (dis)charge is reported, and the role of silver is
evaluated. Section 4.4 briefly describes a polymorphic metal oxide, VO, that undergoes a phase
transition from monoclinic to rutile structure at 68°C, and discusses the impact of this phase
transition on resultant electrochemistry. These examples highlight a variety of approaches in

varied systems that correlate physical properties to subsequent electrochemistry.

1.6 Density Functional Theory

Density Functional Theory, (DFT) is a widely used theoretical approach for calculating the
ground state energy of a system.®? DFT provides the total energy of a system by relating the
ground state energy to the electron density, p resulting in the following equation, where, and in

Kohn-Sham formalism, the total energy, E, is given by:®?
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V2 + Vulp@] + V(@) + Vxclp(Di(r) = Eiyi(r) Equation 1-1

Where —V? represents the electron kinetic energy, Vy is the Hartree term which
represents the electrostatic energy of an electron moving in a mean electrostatic field due to the
presence of other electrons, Vy represents the energy due to the nuclei, and Vy is the exchange-

correlation energy.®*

Theoretical calculations of materials can provide insight into identifying target materials
with particular properties that can then subsequently be tested in the laboratory. Additionally,
Density Functional Theory (DFT), can offer insight into repeated experimental observations that
may be challenging to explain by purely chemical means. By comparing the calculated energy
of a range of structures, trends can be observed in regards to thermodynamic stability, which can
in turn offer insight and make predictions into the predominant pathway in developing a
particular synthetic material. Chapter V will specifically addresses the role of surfaces in
potassium hollandite (KMngO16). DFT was conducted on various terminations of the surface
planes (0 0 1), (1 00), (1 1 0) of KMngO¢ surfaces to provide insight into relative energy
changes in the major surfaces to evaluate comparisons of cleavage energy and primary phase

dominance. The role of incorporating full and partial structures was also evaluated.
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Chapter 11

Demonstration and Interface Effects in the Self-Forming Solid State, Rechargeable Li/l»
Based Battery

Reproduced with permissions from the following publications:

Republished with permission of IOP Publishing, Ltd.., from: Communication- Demonstration
and Electrochemistry of a Self-Forming, Solid State Rechargeable Lil(HPN), Based Li/I>
Battery, Abraham, A., Huang, J., Smith, P. S., Marschilock, A. C., Takeuchi, K. J., Takeuchi, E.
S., J. Electrochem. Soc.,165(10), A2115-A2118. Copyright © 2018; permission conveyed
through Copyright Clearance Center, Inc.

Copyright (2019) © Cambridge University Press. Abraham, A., Dunkin, M. R., Huang, J.,
Zhang, B., Takeuchi, K. J., Takeuchi, E. S., Marschilok, A. C., Interface effects on self-forming,
rechargeable Li/I>-based solid state batteries MRS Communications, 2019, 9, 2, 657-662.

Reproduced with permission.

Personal contributions: Development of composite solid electrolytes for proof of concept
demonstration, including identification of electrolyte candidates for down-selection for final
composite testing. Development of measurement protocol for solid electrolyte AC impedance
measurements, development of multiple cell configurations and adjustments to testing
conditions. Development and optimization of interface modification, and adjustments to testing
protocols for cells. Responsible for collecting data to meet project targets, reporting

requirements and contributions to quarterly reports, annual reports and manuscript preparations.
Acknowledgement of collaboration:

Dr. Jianping Huang- Co-development of composite solid electrolytes, material synthesis and
characterization, initial electrochemical testing and charging protocols, initial development of
cell constructions (J. Electrochem. Soc., 2018, 165(10), A2115; MRS Commun., 2019, 9, 657).
Contributed to Figures 2.5, 2.6A-B included herein.

Dr. Paul F. Smith — Preparation of solid composite electrolytes and electrochemical testing (J.

Electrochem. Soc., 2018, 165(10), A2115).
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Mikaela Dunkin — Solid electrolyte, coin cell preparation. Characterization and analysis by X-ray

diffraction of solid state electrolytes (MRS Commun., 2019, 9, 657).

Dr. Bingjie Zhang — Characterization of composite solid electrolytes by SEM and SEM-EDS
(MRS Commun., 2019, 9, 657).

2.0 Introduction

Lithium based battery systems are attractive due to their high energy densities, however,
safety issues resulting from the organic electrolyte and dendritic Li formation are major
concerns.® Solid state batteries have been identified as an emerging possibility for high density
and safe electrochemical energy storage solutions. Much progress has been made to understand
the role of ionic conductivity, composition and structure of solid electrolytes for Li- and Na-
based inorganic ion conductors.!® Solid state electrolytes provide an opportunity to replace the
flammable liquid electrolyte that has been widely utilized in most systems.®¢-*° Despite advances
in conductivity which had previously been prohibitive in solid state batteries, the lithium/solid
state electrolyte interface can lead to compromised cell performance. For example,
Lio 54Si1.74P1.44S11.7Clo 3 exhibited high ionic conductivity (0.025 S/cm), but had poor
electrochemical stability in a lithium battery.”! LiCoO2/Lio 54Si1.74P144S11.7Clo3/Li delivered a
low initial Coulombic efficiency (39%) attributed to interfacial side reactions.”! Thus, it is
critical to consider multiple variable in development of solid state electrolytes, including
reasonable ionic conductivity, electrochemical stability versus Li metal, and reduced interfacial

resistance.

Self-forming batteries can be envisioned where the anode and cathode are formed upon
charge from a single solid electrolyte. The Li/I> couple is an attractive target due to its high
energy density (1536 Wh/L, 560 Wh/kg) and opportunity to self-heal. Notably, the primary Li/I
battery has been a successful technology as the power source for pacemakers.? 3 Previous reports
of self-forming solid state batteries have been limited where Li/I> based batteries have used either
Lil-H,O/poly(vinyl-pyrrolidone) (PVP),**- 4192 anhydrous Lil/PVP composite**:*! or a metal to
alloy with lithium.* The Lil electrolyte has been proven to form Li/I> cells upon charging was
initially demonstrated using a Lil-H>O/(PVP) composite.*® Lil-H,O was initially proposed as an

alternative electrolyte because of its higher ionic conductivity (~2x10- S/cm) relative to Lil
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(~10"* S/cm).”® However, the charged Lil-H>O cell showed increased impedance leading to high
overpotential due to solid-electrolyte interphase (SEI) layer formation over time.** A follow up
report evaluated two strategies in addressing the solid electrolyte interface including the use of
an alloying current collector such as In, Al and Ga. 3° Separately, the authors reported

visualization of the dendritic growth of lithium plating on an interdigitated cell design. !

To translate the Li/I> system into a viable secondary battery, a different additive, lithium
iodide-(3-hydroxyproprionitrile), (Li[(HPN),)*”- °* has been proposed. Lil(HPN): is described as
an anion conducting compound, where I"is the mobile anion,” as proposed by ab initio density
functional total energy calculations which showed I hopping to have a significantly lower
activation energy (0.73 eV) than Li* (8.39 €V).”® Examples of the inclusion of Lil(HPN), into a
secondary battery system include a secondary Li/I» battery formed by depositing a thin solid
LiI(HPN), layer onto lithium, followed by exposure to > vapor, yielding an [-LiI(HPN)
compound as the cathode. This exhibited effective electrochemical cycling under 20 pA/cm?,
and discharge plateaus at ~2.7 V.”* Additionally, A Li/Lil(HPN),/I> based thin film battery
utilizing Lil and LiIl(HPN)2 powders with a lithium foil anode exhibited improved energy density
(~250 Wh/kg) and higher charge-discharge capability (250 pA/cm? at 70° C).”7 Studies into this

system have been relatively limited, and often initially include lithium metal with Lil(HPN)..

In addition to the chemistry of solid state battery operation, the system is further complicated
by the presence of the interface, which has been a major challenge in further development of
solid state electrolytes. The interface refers to the junction between the solid electrolyte and
other active materials (in a traditional multi-component solid state assembly), as well as to the
current collector interface with the active materials. A major challenge facing further
development of solid state electrolytes is addressing interfacial issues that can occur between the
solid electrolyte and the active materials. Several strategies have been adapted to reduce
interfacial resistance, mostly for garnet based solid electrolytes, including replacing the Li*
blocking lithium layer with the introduction of a Li* conducting LisN layer %, deposition of a 20
nm germanium layer to decrease garnet/Li-metal interfacial resistance by alloying %°, the use of a
liquid phase processed Li»SiO3 buffer layer between a garnet and NMC interface *°, and the use

of atomic layer deposition (ALD) to deposit an ultrathin Al,Os coating on garnet solid
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electrolytes which demonstrated a decrease in interfacial area specific resistance from 1,710

Q/cm? to 1 Q/cm?. 100

An alternative concept to a multi-component solid state battery consists of a different
solid state cell design concept, where the solid electrolyte initially exists as a single composite
and is formed into separate anode, cathode and separator components upon charge. The battery is
activated on the first charge forming the negative and positive active materials in-situ. The
benefits of a solid electrolyte which form an anode, separator and cathode upon charge include
fewer cell components during processing and reduced risk of self-discharge before formation of
the active battery, thus providing the ability to store the solid electrolyte for extended periods of

time.

Herein, the demonstration of a rechargeable fully self-forming solid state lithium battery
with the inclusion of Lil(HPN), is described. By starting with a single composite solid state
electrolyte (containing Lil and Lil(HPN)2), upon charge, the composite was able to separate into
anode, cathode and separator, as shown in the schematic in Figure 2.1. After initial efforts in
development of a solid state electrolyte with improved ionic conductivity, the effect of charging
on impedance of the cell was investigated, and proof of concept was demonstrated by stable open
circuit potential and cyclability of constructed cells. Additionally, characterization of the solid
electrolyte obtained before and after charge supported observations seen in the electrochemistry.
(Details of the characterization methods can be found in the full literature reports.** 1°1)
Subsequent studies addressed the role of the interface both before, during and after cycling.

Section 2.2 describes initial interface studies, where initially both interfaces (positive and

negative) utilized metal (stainless steel, lithium, gold) substrates.

In the composite solid electrolytes, only the lithium iodide is treated as electroactive material,

noting the following reactions upon charge and discharge:

Charge: Li"+e =Li (anode) Equation 2-1
[- 2% Iz + e (cathode) Equation 2-2
Lil = (1-2n)Lil + 2nLi + nly (Full cell) Equation 2-3
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Discharge: '2L +Li=Lil Equation 2-4

Lil-Lil(HPN), solid electrolyte

— — ]

Charge

- Li°

i 3 Lil-Lil(HPN),

N |,-Lil(HPN),

Figure 2.1. Schematic of self-forming solid state electrolyte, where positive (+), negative (-)
and separator components form upon charging.

Following demonstration of a fully self-forming solid state Li battery, where the lithium
anode and iodine cathode are both generated in-situ upon initial charge, the role of the solid
electrolyte current collector interface is investigated with a Lil-Lil(HPN): solid electrolyte.
Characterization after activation was conducted using x-ray diffraction of both the positive and
negative interfaces of the solid electrolyte. Increases in Coulombic efficiency of ~ 2X after
multiple cycles were observed by incorporating thin Li metal to the negative electrode side of the
solid electrolyte interface. This self-forming Li/I> battery system is appealing for systems
requiring high energy density and safe function with low power requirements, including
applications in implantable medical devices, power sources for long life sensors, as well as

backup power for electronics.
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2.1 Experimental
Synthesis and formation of composite solid state electrolytes

Lithium iodide-(3-hydroxypropionitrile),, (Lil(HPN) (formula - Lil(C3HsNO),) was
prepared following a previous report’’ where molar ratios of Lil and 3-
hydroxypropionitrile(HPN) (1:2) were combined by heating. The solid product was
characterized by x-ray diffraction. For tests of ionic conductivity, composite solid electrolytes
were generated from synthesized Lil(HPN)> and with Lil to form x% Lil/ % Lil(HPN),, where
100 > x >70, and 30 >y > 0 (x, and y represent mass percentages). lonic conductivity was
obtained by measuring Electrochemical Impedance Spectroscopy (EIS) over a temperature range
of 28-42°C at 1 MHz - 1 Hz, modeled using Zview Software. Coin cells were fabricated using
only the composite electrolyte. Coin type cells were constructed using the composite solid
electrolytes (either 86% Lil /14% Lil(HPN), or 80% Lil /20% Lil(HPN), (by mass)) with a
diameter of 10mm and an average thickness of 0.4 mm. For capacity calculations for
electrochemical testing, only the capacity contribution of the Lil (not the Lil(HPN), additive)

was considered as the active material.
Interface studies

Cells were fabricated using either stainless steel (ss) or gold (Au) current collectors. For
cells with an additional Li interface, thin lithium metal (~ 70 pm) was used between the solid
electrolyte and the current collector on the negative electrode side. Thin Li foil was punched
using a hollow punch and attached to a stainless-steel current collector. A wire bristled brush
was used to remove any residual oxide layer as well as ensure even contact between the current
collector-Li and the Li-solid electrolyte interfaces. The lithium was stacked with the solid
electrolyte prior to crimping the cell. Cells were crimped for 30 seconds to ensure even
crimping. Electrochemical Impedance Spectroscopy (EIS) was obtained in a frequency range of
IMHz to 1Hz at 30°C. Galvanostatic Cycling with Potentiostatic Limitation (GCPL) for charge
and discharge cycles was collected using constant current normalized per surface area of the
electrode. All cell testing was performed using a BioLogic VSP. All materials handling and
processing was performed within a dry room (dewpoint -40°C) and cell assembly was done

within an argon filled inert atmosphere glovebox maintained at < Sppm Oz and < 0.5 ppm HO.
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2.2 Results and Discussion

2.2.1 Composite solid electrolyte development

A series of solid electrolytes was measured with EIS as a function of temperature,'®? An
equivalent circuit model was used (Figure 2.2, inset), including a resistor (R1), capacitor (C1),
and two Constant Phase Elements (CPE1, CPE2) to represent bulk resistance, capacitance, and
ion movement, respectively.!®® Electrolyte resistivity, p=RS// and conductivity, c = I/RS were
determined using measured resistance, R, contact area, S, and thickness, /, of the electrolyte.
Figure 2.2 shows a representative temperature series of EIS measurements measurement of the
80% Lil/20% Lil(HPN). (80/20) solid electrolyte, with the circuit model used for fitting in the
inset. There is a notable decrease in impedance observed with increasing temperature, even with
a low upper end of the temperature range (42°C). From the initial data, the obtained R1 value is
obtained by fitting, and then utilized to determine the conductivity of multiple compositions of
solid electrolyte, ranging from a pristine Lil solid composite, to Lil + Lil(HPN), composite

electrolytes, including Lil(HPN), additive amounts ranging from 5% to 30%.
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Figure 2.2: Representative ACI data from 80% Lil/20% Lil(HPN)2, with
equivalent circuit model (inset) used for analysis.
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Arrhenius plots of specific conductivity versus the inverse of temperature conductivity,
visualizing the order of magnitude (y-axis), and note the type of relationship over a temperature
range for a system of interest. This approach has previously been shown using solid Lil based
electrolytes.!?> 194 Figure 2.3 shows plots of log [6(S cm™)] versus 1/temperature (10° T-! (K))
for the four composite solid electrolytes: 95% Lil-5% Lil(HPN), 90% Lil-10% LiIl(HPN)2, 80%
Lil-20% Lil(HPN),, 70% Lil-30% Lil(HPN)>, and pristine (100%) Lil. Resultant conductivity
at 30° C for 80/20 was 1.7 x 107 S/cm, similar to the 70/30 electrolyte (1.9 x 10”7 S/cm), and
higher than both the 90/10, and 95/5 electrolytes, 6.6 x 10 S/cm, and 4.3 x 10* S/cm,
respectively. The 80% Lil/20% Lil(HPN)2 (80/20) was selected for further study as this
composition allowed for retention of significant active material (Lil) in the solid electrolyte,
while improving conductivity approximately an order of magnitude over that of pristine Lil (3.2

x 10" S/cm, reported at 25°C).102
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Figure 2.3. Conductivity of Lil and Lil/Lil(HPN): solid electrolytes.

Activation energy (E.) (Equation 2-5) was determined where o is the conductivity (S/cm),

Kz is the Boltzmann constant (¢V/K), and T is the temperature (K).!%3
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—Ea/KgT

o = 0ye Equation 2-5

Ino = lnoy, — E,/KgT Equation 2-6

The E. of the composite electrolytes increased slightly with decreasing Lil content with 95/5,
90/10, 80/20, and 70/30 having E, of 1.1, 1.2, 1.5, and 1.5eV, respectively.

XRD was used to characterize the synthesized Lil(HPN), and the 80% Lil/20%
LiI(HPN),. All the peaks of the synthesized sample were assigned to Lil(HPN). with a
monoclinic structure, whose structure is shown in Figure 2.4 generated from reference.”> When
Lil was mixed with Lil(HPN)2, (80/20), new peaks (29.6°, 42.5°, and 50.4°) attributed to Lil
(ICSD #27983) were also observable.”’
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Figure 2.4. Crystal structure of Lil(HPN),, with chemical formula Lil(C3HsNO),

To evaluate the relative homogeneity and particle aggregate shape of the composite solid
electrolyte, SEM data were collected to observe the surface homogeneity of the pristine 80 Lil -
20 LiI(HPN)2 solid electrolyte, It was observed that the morphology of the composite with
uniformly distributed Lil(HPN) rods and 5-6 micron aggregates of Lil particles, where the
inclusion of energy dispersive spectroscopy helped to identify the Lil fron Lil(HPN)»
Lil(CsHsNO),. Energy Dispersive Spectroscopy (EDS) was used to identify the carbon in
Lil(HPN)2, chemical formula Lil(C3HsNO),, and differentiate from the more iodine rich Lil. It
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was found that the carbon provided the framework for the rod structure of Lil(HPN),, while the
iodine, primarily as Lil, formed the particle-structure. Thus, SEM characterization demonstrated
the formation of an integrated composite Lil-Lil(HPN) solid electrolyte. XRD characterization
of the charged solid electrolyte was obtained on both anode and cathode sides of the solid
electrolyte, where the negative side of the pellet faced the x-ray. There was not an observed
difference in intensity between the diffraction pattern of the anode and cathode sides, attributed
to penetration of the x-rays through the solid electrolyte during both measurements. X-ray
diffraction showing formation of the [-Lil(HPN), complex upon charge can be found in the full

report.!!

2.2.2 Demonstration of cell formation upon charging

Before charging the cells showed a resistance of 200-300 kQ. The cell was charged to 5%
capacity using a step-wise approach (5, 10, and 20 uA/cm?), as shown in Figure 2.5. The
inclusion of setting up step-wise charging program allowed the cell to charge continuously, as
the resistance reduced upon charging. If too large of a current was initially applied, large

overpotential would prevent the cell from charging.

3F SuA/em? 10pA/cm? 20pA/cm?

0 10 20 30 40 50 60 70
Time (h)

Figure 2.5. Example of step-wise charging with increasing current density over time.
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Electrochemically, upon charging by the step-wise approach noted above, the cells
maintained a stable OCV between 2.7-2.8V, corresponding to the Li/I> couple. An interesting
trend was observed upon charging of the solid electrolytes even to small percentage (~0.5%) of
their theoretical capacity, where a notable decrease in resistance upon charging was observed. To
further examine the impact of charging on cell resistance, a study was conducted tracking the
resistance as a function of percent charge of the solid electrolyte. Upon charging to 0.5% of
theoretical capacity, a large (~ 5x) resistance drop was observed, and the resistance remained low
at ~30-40 kQ with minor changes upon additional charging. Formation of the Li/I> couple was
verified by a 2.7 V OCV.>* Since <10% of the electrolyte was utilized under charge, a decrease in
the electrolyte thickness cannot account for the significant decrease in cell resistance. Thus, the
significant decrease in impedance can be attributed to decreased interfacial resistance upon

formation of Li at the anode and I, at the cathode.

Galvanostatic cycling was performed to test the feasibility as a secondary cell. Cells
were charged to capacities of 5%, (0.66 mAh) by the stepwise procedure, Figure 2.5. Discharge
was then performed at 10 pA/cm? to 0 V, followed by charge at 10 uA/cm? to 1.4% charge,
followed by 20pA/cm? for 3.6% charge. Stable discharge capacities >0.15 mAh/g were
maintained over 5 cycles. In comparison to the as-prepared cell impedance (~200 kQ) a
significant decrease in impedance was observed upon charge (17 kQ), followed by an increase
upon discharge (115 kQ). The impedance trend remained consistent over the five cycles, with
lower impedance (~20 k) at the end of each charge step, and higher impedance (~100 kQ) at
the end of each discharge step.

2.2.3 Comparison of variation in metal current collector interfaces

Comparison of stainless steel-stainless steel and stainless steel-Li interfaces

After demonstrating self-forming feasibility, and observed reduction in impedance upon
charging, the current collector-solid electrolyte interface was evaluated. Coin cells were
constructed with 86 Lil - 14 Lil(HPN); solid electrolytes where cells either contained a stainless
steel current collector at the negative and positive interfaces, or the addition of a thin (~ 70
micron) layer of Li foil at the negative interface. Before charging, EIS was obtained, and the cell

without Li foil had an impedance value that was > 2X that of the Li foil containing cell (1.8 MQ
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cm’! for the ss-ss only cell compared to 0.85 MQ cm! for the Li containing cell). Initially the
cells are activated by a charge step, where they were charged at constant current (10 pA/cm?) to
5% state of charge (SOC). As noted by the arrow in Figure 3B, upon charging there is a notable
difference in overpotential observed between the cell constructs with and without the added Li
foil. The Li foil containing cell showed a charge potential of around 3.3 V, with a fairly
horizontal plateau. In comparison, the cell containing the same solid electrolyte, but without any
external Li foil had a larger overpotential reaching ~ 4 V, before reaching a similar voltage under
charge as the cell with Li foil after ~ 0.70% charge. Thus, with charge of ~ 0.70%, the
overpotential of the two cell designs was the same with or without the incorporation of lithium

foil.
Comparison of stainless steel-stainless with gold-gold and lithium-gold interfaces

A new set of cells containing the 80 Lil - 20 Lil(HPN), were fabricated with either
stainless-stainless (ss-ss) (anode-cathode), gold-gold or Li-gold interfaces. AC Impedance was
obtained before charge (Figure 2.6A), and after charging to 5% capacity (0.63 mAh) (Figure
2.6A, post-charge denoted by arrow). Before charging, cells both with and without Li foil had
an impedance in the kQ range, and a typical variation in pre-charge impedance with ss-ss
interfaces ranged from 200-300 kQ before charge. Cells were tested by step-wise charging,
where they were charged at 5 pA/cm?, 10 pA/cm?, 20 pA/cm? then discharged at 10 pA/cm? to

0.1V for a total of five charge-discharge cycles, as shown in Figure 2.6C.

The resistance (in k) was shown as a function of charge or discharge with respect to the cycle
number (Figure 2.6B). The resistance shown in Figure 2.6B was determined from AC
Impedance measurement, where the resistance value was obtained from the low frequency x-axis
intercept of the Nyquist plots. All three cell configurations showed a reduction in resistance
upon the first charge, with a gradual increase of resistance upon subsequent discharge cycles.

An interesting trend was observed regarding the charge and discharge resistances reported
beginning with the first charge cycle (Figure 2.6D). Upon initial charge, the cell containing
stainless steel current collectors had a near 6-fold reduction in resistance, compared to an ~ 6.5-
fold reduction for the cell that contained a lithium foil and single gold interface (Li + Au), and a
~ 7.5-fold reduction for the cell construction with two gold interfaces (Au + Au). Upon

discharge, all three cell designs returned to much lower resistance compared to their initial
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resistance values, yet higher than the values when charged. Over the course of the following

four charge-discharge cycles, the post charge resistance returned near to the original value for

each of the three cell constructions (with Cycle 5 being within 10-17% of the original (Cycle 1)

charge values. However, the cells varied much more noticeably between cycle 1 and cycle 5 on

their reported discharge resistances (within 15-29% of the original (Cycle 1 discharge value).

Interestingly, amongst the tested cells, the cells with the lithium and gold interfaces had the

highest Coulombic efficiency even though the resistance on discharge was the highest among the

group (Figure 2.6D). These results imply that there is some loss of active lithium in the cell

charge process leading to inefficiency that is offset by inclusion of supplemental lithium metal in

the cell design.
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Figure 2.6. (A) Pre-charge AC impedance after 5% charge (arrow). (B) Comparison of
resistance as a function of charge or discharge cycle. (C) Voltage versus time curves of
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2.3 Conclusions

Demonstrated feasibility of a self-forming rechargeable Lil/I> cell using Lil/Lil(HPN)>
electrolyte has been reported. /n situ formation of a Li/I; electrochemical cell has been verified
by OCYV stability at 2.7 V, and formation of I» at the cathode was verified by XRD. A significant
reduction in impedance is observed after the first charge cycle. Effective discharge-charge
cycling of the cell was also demonstrated. The effects of the interface were explored in a variety
of solid electrolyte-current collector interface using either stainless steel, gold or Li metal. The
addition of Li metal improved the Coulombic efficiency of the HPN containing Lil solid
electrolytes. The addition of Li metal to the anode interface contributed to a reduced
overpotential observed during the initial charge step. The addition of an additional Li source
increased the Coulombic efficiency by nearly a factor of two compared to the cells without
external Li foil, in spite of higher observed resistance after discharge. The results imply that
there is some loss of active lithium over repeated charge/discharge cycles. These results indicate
the importance of the lithium source and the solid-electrolyte interface, showing promise for the

future development of high energy density solid state self-forming self-healing batteries.
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Chapter 111
Materials Approaches for Lithium Sulfur (Li-S) Batteries
Overview

This chapter will describe synthetic and fabrication strategies to generate sulfur based
cathodes including MoS,, either by direct synthetic methods (Section 3.1) or by
electrodeposition (Section 3.2). Synthesis methods will explore the role of controlling “defects”
in one step synthesis of tailored MoSx nanosheets, where the nanosheets vary by layer thickness
and sulfur content. The tuning of precursor ratios shows a notable difference in generated
nanosheets, which in turn has demonstrated differences in subsequent cell electrochemistry,
where the nanosheet type has been shown to have different behavior depending on the testing
condition (rate capability or extended cycling). In Section 3.2, electrodeposition of a sulfur rich
MoSx is reported by two methods, noted as anodic or cathodic deposition depending on the
deposition voltage. Without changing other conditions, the deposition voltage demonstrated an

impact on the resultant conductivity of the observed deposition product.

3.1 Defect Control in the synthesis of 2D MoS: for composite electrodes in Lithium-Sulfur

Batteries
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3.1.1 Introduction

An important consideration in the continued development of next-generation
rechargeable power sources is the availability of the active material components that make up the
majority of the battery.!% As demands for portable power sources increase, there is increasing
importance placed on addressing the fundamental challenges that limit development and
commercialization of beyond Li-ion chemistries. Alternatives to lithium ion can provide high
theoretical capacity (i.e. by inclusion of a Li metal anode instead of an intercalation anode).
Lithium Sulfur (Li-S) has been a leading candidate in feasible alternatives to lithium ion
chemistry, in part due to its high theoretical capacity and the natural abundance of sulfur.!% One

critical roadblock to Li-S battery development is polysulfide (PS) dissolution that occurs within
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the cell. This is when soluble PS species shuttle back and forth between the cathode and anode.
This has two main effects, where active material is lost from the cathode, and subsequent
shuttling reactions that may inhibit the cell to fully charge.!°”-1% Many strategies have been
employed to inhibit this shutting, which have included designing the architecture of the
cathode, ! the use of gel-based sulfur cathodes,'!!> 112 polymer coatings,!!3 an all solid state cell

7

design,'” and the incorporations of other metal sulfides, including FeS,''* CuS,'!> and TiS, !¢

117

Molybdenum disulfide, MoS:, is one of the leading 2D materials that is incorporated into
a variety of applications’ 18119-131 Thjg is due to its wide range of interesting physical and
electronic properties, including high conductivity, high surface area, and a high amount of active
sites. There has also been a recent utilization of MoS; in Li-S batteries, where MoS; is used to
reduce the effect of the transitory PS species during electrochemical cycling.!3? Strategies for
MoS:; incorporation to address PS species in electrochemical cells can be categorized into three
areas: protection from PS species by augmenting the separator, treatment of the Li-metal anode,

and trapping PS species by inclusion in a composite cathode. This includes the use of MoS; as a

76, 133-137 138, 139

coating on the separator as a protective layer on the Li metal anode and inclusion

126

in a composite cathode with a carbon support, such as graphene nanosheets!?® carbon cloth,'#° or

reduced graphene oxide. '#!1%* Additionally, nitrogen-doped supports, such as carbon nanotubes

0 146

(CNTs)'%, mesoporous carbon spheres'®? reduced graphene oxide!#¢ and porous carbon’ have

also been used.

Other reports in the literature have combined the MoS; directly with the electrode slurry,
without prior growth of the MoS: on a carbon support. Previously, MoS; was included in a
sulfur-based cast electrode and demonstrated superior rate capability compared to other sulfur-
based cells without the MoS; additive.'*” The MoS; additive used was from a commercially
obtained source, and contained micrometer sized aggregates. While this demonstrated the
benefit of the addition of MoS: to a sulfur composite cathode in terms of rate capability and
capacity retention, the morphology and physical properties of the MoS; additive were not
modified or controlled. A separate study using a similar method of incorporation of
commercially available MoS: or TiS: to electrode slurries also had a similar outcome where there

were notable improvements during electrochemical cycling, including increased Sulfur
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utilization and Coulombic efficiency.!*®

These prior reports showed significant improvements by
the incorporation of micron-scale commercially available MoS>. The work discussed herein
compliments previous studies by looking at the effects on capacity retention and rate capability

with a systematic study of synthesized nanomaterials with controlled defect structures.

In addition to previously reported experimental results, Density Functional Theory (DFT)
has suggested that nano MoS; may have additional benefits by additional exposure of binding
sites that would preferentially bind PS at designated “edge sites.”'* Density functional theory
(DFT) calculations and ab initio molecular dynamic simulations have also demonstrated the
propensity for the (111) and (110) facets in MoS> to form covalent bonds with S atoms in longer-
chain PS (Li2Sg) in the presence of 1,2-dimethoxyethane (DME). The covalent bonds formed
with the PS were reported to cause the dissociation into shorter-chain PS species, which could
then be adsorbed.!*® Recently, a first-principles study of defective MoS,.x explained
mechanistically the contribution of defective MoS,.x to improvements in rate capability and
cycling of Li—S batteries. Sulfur-deficient MoS,.x materials were reported to enhance charge
densities of the other sulfur atoms on the MoS».x (001) facet, which led to increased interactions
between the product and monomer molecules during discharge, including successive lithiation

steps from longer-chain to shorter-chain PS.>

Herein, the controlled synthesis and characterization of hydrothermally prepared 2D
MoS: nanosheets is reported. The synthesized nanosheets vary in their number of layers,
hierarchical morphology, lateral size, and defect content. Complimentary characterization
techniques were utilized in tandem to determine the structure, composition, and morphology of
the synthesized nanosheets, which can be found in more detail in the full published work.!>!
Following nanosheet generation, the varied MoS: nanosheet types were included in composite
sulfur-MoS; based cathodes and subsequently fabricated into Li-S electrochemical cells. These
cells were tested using an environmentally friendly glyme-based electrolyte.!>? The impact of the
physical (layer thickness) properties of the nanosheets as well as the presence of excess sulfur
(defect structure) on reversibility, reduction in AC impedance after cycling, and resultant
capacity retention after extended cycling at a constant C-rate and rate capability testing were

determined.
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3.1.2 Experimental

Synthesis of MoS, nanosheets were generated following previous reports in the literature.!33-153

Ammonium heptamolybdate tetrahydrate [(NH4)sM07024:4H20] was used as the Mo source, and
L-cysteine (C3H7NO2S) was used as the sulfur source. Ammonium heptamolybdate tetrahydrate
and L-cysteine were dissolved in deionized H>O and transferred to a polytetrafluoro-ethylene-
lined stainless steel autoclave. The autoclave was heated for 18 h at 220 °C, followed by cooling
to room temperature. The product was collected by centrifugation, followed by washes with
water and then ethanol before drying. Thickness of the MoSz nanosheets as well as the level of
defects were controlled by changing the concentration and/or the ratio of both Mo- and S-
precursors. The nanosheet type, S/Mo ratio and concentrations of L-cysteine and

(NH4)6M07024-4H>0 are summarized in Table 3.1.

Table 3.1. S/Mo ratio used in synthesis of varied MoS: type nanosheets

Nanosheet Type S/Mo ratio L-cystine (M) (NH4)sMo07024:4H,0 (M)
Thin, sulfur rich 4.28 0.86 0.029
Thin, sulfur poor 2.25 0.45 0.029
Thick, sulfur rich 5.20 0.14 0.004
Thick, sulfur poor 2.25 0.063 0.004

In summarizing the synthesis conditions, thin sheets with varying S content, and thick
sheets with varying S content were generated. The utilization of separate S and Mo sources
permitted these synthesis conditions. This generated MoSx (x= 1.9 to 2.3) served as the additive
to the composite electrodes. Sulfur were incorporated into CNTs by utilizing a CNT-S melt
technique in which CNTs were initially oxidized in a muffle furnace at 550°C for 30 minutes.
Following oxidation, the oxidized CNTs were combined with elemental sulfur in a 4:6 mass ratio
(CNT:S) and then heat treated at 155°C for 12 hours. The composition of the CNT/S melts was

confirmed by thermogravimetric (TGA) analysis.
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Cell fabrication and Electrochemistry

Additional details on structural characterization including surface area, electron microscopy and
XRD can be found in reference.'*® Electrochemical measurements were performed on electrodes
with each type of MoSy defined by the thickness of the nanosheet and the Mo/S ratio as
determined by ICP-OES. These include: 3nm thick nanosheets with excess sulfur (3 nm-MoS>3),
or deficient in sulfur (3 nm-MoS1.9), and 5 nm thick nanosheets with excess sulfur (5 nm-
MoS:z.2), or deficient in sulfur (5 nm-MoS1.9). All electrodes had a composition of 71% CNT-S
melt (4:6 CNT/S), 9% MoSx,10% carbon black, and 10% polyvinylidene fluoride (PVDF)
binder, and were cast onto aluminum foil. Coin type cells were assembled in an argon-filled
glovebox with lithium foil, 1.0m lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.2m
LiNO; in dipropylene glycol dimethyl ether (DPGDME) electrolyte, and polypropylene

separators.

Electrochemical impedance spectroscopy (EIS) was performed by using a BioLogic VSP
multichannel potentiostat. Measurements were collected with a sinus amplitude of 10 mV and a
frequency range of 1 MHz to 10 mHz. Data was fit by using ZView fitting soft- ware, Version
3.5d.

Cyclic voltammetry (CV) was performed by using a Biologic VSP multichannel potentiostat at a
scan rate of 0.1 mV/s over a voltage range of 2.8 to 1.7 V, starting from open circuit

voltage(OCV). Current values were normalized with respect to the sulfur mass of each electrode.

Cycling tests used a Maccor battery cycler. Cells were charged to 2.8 V and discharged to 1.7 V
at 308C. Rates of 2C, 1C, C/2, and C/10 were used to test the rate capability of the cells.
Capacity of the cells was calculated relative to the mass of the entire electrode (without the foil)

and relative to the sulfur mass and electrochemistry.
3.1.3 Results and Discussion

Synthesized nanosheets were characterized by X-ray diffraction (XRD), TEM and SEM.
Four distinct nanosheet types were identified, based on their nanosheet thickness, and Mo:S
ratio. The four types of nanosheets were identified as 3nm-MoS1.9, 3nm-MoS> 3, Snm-MoSi1.9

and 5Snm-MoS,,. Overall, both of the 3nm nanosheet varieties showed more curvature and had a
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smaller lateral size when compared to the 5Snm nanosheet types. Both of the Snm nanosheet
types (5nm-MoS; 9 and Snm-MoS; ) exhibited larger assemblies of flower-like spheres that
were made up of the individual nanosheets. HR-TEM was able to resolve the structural details
of the structures by observing the relative crystallinity and determining the nanosheet layer
thickness as well as the range of layers that made up a typical nanosheet bundle. A comparison
of the relative nanosheet thicknesses are shown in Table 3.2. The 5Snm-MoSi ¢ had the largest
nanosheet thickness (6.0 £ 1.2 nm) as well as the greatest number of layers, which ranged from
5-10. This can be compared to the other Snm-MoSz.> which had an average nanosheet thickness
of (4.0 +0.7 nm) and an average layer range of 5-8 layers. It was observed that the defects
introduced by a stoichiometric excess of sulfur acted to decrease the number of layers, which
was accompanied by an excess of interlayer spacing. In addition to providing quantitative
information on layer thickness and layer number, HR-TEM also provided evidence of
dislocations and distortions in the basal plane of the nanosheets. This was especially noted in the
sulfur rich nanosheet types, 3nm-MoS2 3 and Snm-MoSz.2, in which the defect rich structure was
attributed to the abundance of unsaturated sulfur atoms. The introduction of defects and
distortions can affect the electronic properties and subsequently affect the stability of the
nanosheets by generating a decrease in the surface energy!>’ or by serving as trapping sites to

bind polysulfide species that are formed during discharge.

Table 3.2. Thickness, number of layers and interlayer spacing of the MoS; nanosheet types.

Material Thickness (nm) Number of layers | Interlayer spacing [A]
3nm-MoSi .9 33+£04 3-6 62+09
3nm-MoS:z 3 3.1+£0.5 3-4 6.6+0.9
5nm-MoSi.9 6.0+1.2 5-10 6.3+0.7
5nm-MoS:.2 4.0+0.7 5-8 6.6 0.7
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All four nanosheet types exhibited low crystallinity, which was confirmed by both the
observation of multiple lattice fringes in HR-TEM images as well as by the observation of broad
peaks observed in X-ray diffraction patterns. While few broad peaks were observed in the
synthesized MoS; nanosheets, the peak pattern corresponded to the powder pattern of MoS,,
corresponding to PDF card #01-071-9809. No impurity peaks were detected in any of the
generated materials. Additional characterization was used to compare the relative surface areas
to determine correlation of surface area properties to subsequent cycling behavior. This included
BET measurements to correlate surface area measurements to observed morphology in SEM
images. BET measurements are summarized in Table 3.3. The low surface area measurements
were consistent with observations in microscopy images. Additional characterization of the
nanosheets included Raman spectroscopy which provided information on the molecular
properties of the synthesized nanosheets which can be correlated to crystallinity and information
on defects. Two distinct Raman modes were identified for the MoS; nanosheets, showing an in-
plane vibration, correlating to the S and Mo, and an out of plane vibration correlating to S.!58
Crystallinity of the samples of the nanosheet samples can be qualitatively evaluated by Raman,
where the crystallinity can be evaluated by the broadness of the observed peaks.!>® The broad
peak associated with the A1y band correlating the out-of-plane vibration of the S atoms, was

observed for all of the MoS; nanosheet samples.

Table 3.3. BET measured surface area of MoS; nanosheet types.

Material Surface Area (m2g™)
3nm-MoSi 9 51
3nm-MoS> 3 34
5nm-MoSi 9 26
5nm-MoS;» 5

In addition to Raman, additional characterization included conductivity of the MoS,
nanosheets as well as a comparison of XPS and ICP obtained stoichiometries of the nanosheets.
XPS provided information into the relative peak areas associated with Mo and S species

observed on the surface, including the Mo 3d and S 2p regions. It was determined that the sulfur
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rich MoS; synthesized nanosheets contained a combination of both MoS: and MoS3, with the
dominant species being MoS> (Mo*" oxidation state), as noted by comparing the ratios of the
Mo*" and Mo%* peak areas. To evaluate the difference in the surface composition to the bulk
composition of the MoS: nanosheets, the stoichiometry was determined both by XPS based on
the ratio of Mo 3d peaks to the S 2p peaks, and ICP-OES. In all cases, the XPS-determined
stoichiometry was significantly higher than that determined by ICP OES, ranging from 0.44 to
0.48 additional S content for the 3nm nanosheet series, and 0.42 to 0.45 S content for the Snm
nanosheets. This suggested that all samples contained sulfur rich surfaces. A comparison of the

stoichiometries obtained by XPS and ICP-OES is shown in Table 3.4.

Table 3.4. Stoichiometries of MoSx materials, based on XPS and ICP-OES.

Stoichiometry
Material XPS ICP-OES
3nm-MoSi 9 MoS2.41 MoS1.93
3nm-MoS; 3 MoS:2.70 MoS2.26
S5nm-MoSi 9 MoS:236 MoS1.91
5nm-MoS: MoS:2.57 MoS2.15

To compare the relative conductivity of the MoSx nanosheets, four point probe
measurement was conducted. Measurements of pressed pellets consisting only MoS> nanosheets
were compared to each other, and to prior literature measurements of various MoS; nanosheets.
The 5Snm-MoS; 2 nanosheet demonstrated the highest conductivity, amongst the four nanosheet
types tested. This was consistent with prior literature results that showed a relationship between
increasing MoS: nanosheet thickness and increase in conductivity, where materials ranging in
thickness from 0.6 to 4.6 pm (prepared by electrochemical exfoliation) showed an increase in
conductivity from 4 to 17 S/cm.'®® A comparison of the relative conductivities measured by

four-point probe is shown in Table 3.5.
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Table 3.5. Conductivities of MoSx materials based on four-point probe measurements.

Material Conductivity (S/cm)
3nm-MoSi 9 3.41x 1073
3nm-MoS> 3 1.02x 10
5nm-MoSi 9 8.13x 10!
5nm-MoS: 1.87 x 102

Electrochemistry

The 3 nm-MoS19, 3 nm-MoS23, 5 nm-MoS; 9, and 5 nm-MoS: ., nanosheets were included

as an additive in the preparation of composite sulfur-based cathodes. Subsequent

electrochemistry, including cyclic voltammetry (CV), rate capability tests, extended cycling, and

electrochemical impedance spectroscopy (EIS) were performed. During CV tests, two distinct

reduction peaks were observed in the cathodic scan at approximately 2.0 and 2.4 V for all cell
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Figure 3.1. Rate capability tests at C/10, C/2, 1C, 2C, 1C, C/2, C/10 of A) 5Snm-MoS; 9, B) Snm-

MoS;2, C) 3nm-MoSi 9, D), 3nm-MoS: 3.
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types. This was attributed to the formation of long chain (i.e. Li2Ss, Li2Ss, Li2S4) and short-chain
(i.e. Li2S, Li2S) polysulfides, which is in agreement with previously reported peaks that were
observed in systems using ether-based electrolyte.!>> Oxidation was observed between a voltage
range of 2.3 to 2.5V, corresponding to the conversion of Li2S> or LizS into soluble lithium

polysulfides and elemental sulfur.'®!
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Figure 3.2. 200 discharge-charge cycles at C/2 for all nanosheet types. A) Charge capacity
per mass Sulfur, B) Charge capacity per mass of electrode, C) Discharge Energy per mass
Sulfur, D) Discharge energy per mass electrode.

Cycling tests were initially conducted using rate capability testing with four cycles at the
following C-rates: C/10, C/2, 1C, followed by eight cycles at 2C, then four cycles at 1C, C/2,
C/10 as shown in Figure 3.1. Interestingly, the 5 nm-MoS; > maintained the highest capacity
upon cycling at increasing (dis)charge rates, despite having a much lower surface area when
compared to the other nanosheet types. This is an indication that a high surface area of the MoS:
additive is not a major contributor to high rate capability in composite electrode testing. To
evaluate the cells in terms of cycling stability, extended cycling tests were conducted for 200

cycles at a C/2 rate for each cell type, as shown in Figure 3.2. Both of the thicker nanosheet
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types, 5 nm-MoS22 and 5 nm-MoS 9 nanosheet containing cells had a higher retention of charge
capacity (404 and 393 mAh per g sulfur, respectively) compared to the 3 nm-MoS1.9and MoS: 3
cells (192 and 267 mAhg, respectively). This notable drop in capacity could be correlated to
the nanosheet thickness as well as to electrical conductivity. Another interesting observation was
the contrast between the 3 nm- and 5 nm- nanosheet types of the same sulfur composition,
MoSi9. The 5 nm-MoSi ¢ had a near doubling of its charge capacity (from 201 to 393 mAhg!)
between the first to 200" cycling. In contrast, both of the thinner, 3 nm nanosheet types (3 nm-

MoS1.9 and 3 nm-MoS:3) observed a gradual decline during extended cycling.
3.1.4 Conclusions

Synthetic control of MoS> nanosheets with varied sheet thickness and defects was
demonstrated by generating two types of MoS; layer thicknesses (3 and 5 nm), as well as two
varieties of bulk stoichiometry; MoS1.9and MoSz +x (x = 0.3 for 3 nm and 0.2 for 5 nm
nanosheets). To distinguish the relationship between defected nanosheets and physical
characteristics, several overall trends were observed. Thickness of the nanosheets showed a
direct impact on the overall morphology, where the thicker (5 nm) nanosheets had a flower like
structure, and the thinner (3 nm) sheets had a smaller lateral size and were less compact. There
was a general trend of the 5 nm nanosheets to aggregate, where less aggregation was observed in
the 3 nm sheet types. Interlayer spacing of both nanosheet types was observed with increasing
sulfur content (above MoS2). An increase in sulfur content also generated nanosheets that had a
greater content of dislocation and distortion compared to the MoS1.9 nanosheets of both thickness
types (3 nm and 5 nm). Surface area measurements showed a larger surface area for the 3 nm-
MoS1.9and -MoS:> 3 nanosheets, which was attributed to the reduced agglomeration observed in
these nanosheet types. XPS and ICP-OES measurements provided a comparison on the
difference in sulfur distribution between the surface (XPS) and bulk (ICP-OES), where XPS
measurements denoted a more sulfur-rich surface for all of the MoSx nanosheet types. This
implies that because the surface of all synthesized materials is sulfur rich, other factors, such as
layer thickness and morphology, may have more impact than tuning of the sulfur ratio. Future
studies may build upon this framework by normalizing to Mo content, while extending the

variations in layer thickness, then can further address variation in sulfur content.
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Upon electrochemical testing, there was a notable difference in the capacity retention in
relation to cycling conditions. During rate capability testing, the 3 nm-MoS1.9and 5 nm-MoS2
had similar capacity retention, whereas there was a notable difference between the 3 and 5 nm
nanosheets during extended cycling at a constant (C/2) rate. Nominal increases in nanosheet
thickness from 3 to 5 nm increased the capacity retention after extended cycling, regardless of
sulfur content (MoSx, x < or > 2). When excess sulfur was included in the 5 nm nanosheet type
(5§ nm-MoS:>2>), the nanosheet additive enhanced capacity retention both in rate capability and
extended cycling tests. Interestingly, the 3 nm-MoSz 3 nanosheet type had the poorest capacity
retention compared with all nanosheet types, indicating that the contribution may stem from the
nanosheet thickness and subsequent morphological considerations as opposed to increases in
sulfur content. Additionally, there was an interesting correlation between surface area of the
synthesized nanosheets and resultant cycling tests. The 5 nm-MoS» 2 material that was noted to
have both the highest capacity retention in rate capability and extended cycling tests had a
surface area which was approximately seven times lower than the surface area determined for the
material with the worse capacity retention during extended cycling (3nm- MoS23). These
findings highlight the importance of synthetic control and morphological tuning of material
additives, as notable differences in both short-term and long-term cycling were observed by a

modest inclusion (9% of the electrode) of the synthesized MoS; nanosheets.
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3.2 Tunable Fabrication of Sulfur Equivalent Electrodes for High Capacity or High Power

The following is adapted from the following open access article distributed under the terms of
the Creative Commons Attribution 4.0 License, permitting the unrestricted used of the work in

any medium, provided citation:

Electrodeposition of MoSx: Tunable Fabrication of Sulfur Equivalent Electrodes for High
Capacity or High Power, Wu, Q., Abraham, A., Wang, L., Tong, X., Takeuchi, E. S., Takeuchi, K.
J., Marschilok, A. C., J. Electrochem. Soc., 2020, 167, 050513.
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3.2.1 Introduction

As the demand for next-generation batteries with high energy/power density and long
cycle life continues to grow, lithium sulfur batteries (LSBs) are considered a promising candidate
due to the large theoretical capacity and low cost of sulfur.!®*1* As noted in the previous
section, challenges, including formation of intermediate polysulfide species that are highly

soluble in organic solvents can lead to observed capacity degradation after continued cycling.
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This chapter will report on electrodeposited MoSx and the effect of deposition conditions on the

subsequent electrochemistry.

In the literature, there have been recent reports describing the implementation of “sulfur-
equivalent cathode materials” where the use of elemental sulfur is replaced by other sulfur-
containing materials.!6>-1 In the MoSx cathode system, an interesting observation was that no
Li,S or other polysulfides have been detected as reaction intermediates, or in final products'®’
which may avoid issues with polysulfide shuttling reactions that are commonly observed in Li-S
batteries with an elemental sulfur based cathode. In addition to potentially avoiding polysulfide
shuttling effects, the MoSx based systems can be cycled in carbonate based electrolytes, whereas
conventional LSBs are completely non-cyclable in the carbonate electrolyte. 167- 19 The ability to
use carbonate based electrolyte instead of ether based electrolyte enables a higher thermal
stability range, and is also lower cost.!%” Sulfur equivalent cathodes with amorphous
molybdenum polysulfide (MoSx, x > 2) have reported both high capacities and high capacity
retention.!%6:167- 169 Ap example of this is in the MoS3 4 cathode system, where MoS3 4 has
delivered 578 mAh/g and retained 60% capacity after 30 cycles, where the redox active species
was sulfur and the oxidation state of Mo remained unchanged during charge/discharge via X-ray
spectroscopy (XPS) and operando pair distribution function techniques (PDF).!®° Additionally,
with a higher stoichiometric excess of sulfur, MoSs 7 reported a 800 mAh/g capacity with a 70%
capacity retention after 100 cycles. This report noted a conversion reaction, where both Mo and
S were seen as being electrochemically active, as shown by x-ray absorption spectroscopy
(XAS).!6¢ Another report using a MoS3/CNT composite cathode demonstrated a 70% retention
of the 500 mAh/g capacity after 1000 cycles, where, similar to the above reference, both of the
Mo metal and S centers were shown to be electrochemically active shown by operando XAS
measurements.'®” These prior studies utilized MoSx materials that have been prepared via
chemical synthesis methods, then the synthesized product was physically combined with other
electrode components to create the composite electrode heterostructure. While these composite
electrodes have demonstrated high capacity and capacity retention after cycling, the complex
multi-step preparation challenges of generating these composite electrodes may lead to increased

manufacturing costs and present challenges in scaling.
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Electrodeposition has been employed as a low-cost and scalable technique for preparation
of a wide range of devices, including large area solar panels or displays.!”" 7! Electrodeposition
allows for quantitative control in depositing phase pure alloys'’? and metals.!”*!7* To expand on
electrodeposition of pure metals, crystalline oxides can be prepared by tuning deposition

175-177 and the substrate selection can affect the

conditions or post treatments for oxidation
deposited film properties, such as porosity, by implementing a carbon nanotube (CNT)
substrate.!”8 17 While it has been demonstrated that MoSy films can be electrodeposited from a
solution of ammonium tetrathiomolybdate, (NH4)2MoS4 under different deposition conditions!8*-

183 the subsequent electrochemistry of these electrodeposited MoSx films has been unexplored.

This section discusses a flexible and facile one-step electrochemical deposition method of
MoSx-carbon composite electrodes for lithium based batteries. Detailed characterization showed
that both the physical and chemical properties of the MoSx are controlled by the deposition
parameters. The difference in the physical and chemical properties from the different deposition
conditions led to notable differences in the subsequent electrochemical testing which could be
correlated to the materials’ properties. The results of this study could provide new insight into

strategies for fabrication of next-generation electrode materials.
3.2.2 Experimental

The deposition of MoSx was performed on 25 pm thick conductive graphene sheets (Graphene
Supermarket®) using a traditional three-electrode configuration. An Ag/AgCl standard electrode
was used as the reference electrode and a Pt wire was used as the counter electrode. A 2 mM
(NH4)2MoS4 in 0.1 M Na>SO4 aqueous solution was used as the deposition solution. Before the
constant potential deposition, a CV scan was performed. Anodic deposition (sample denoted as
MoSx-AD) was conducted at 0 V vs the Ag/AgCl reference, and cathodic deposition (sample
denoted as MoSx-CD) was conducted at -0.9 V vs the Ag/AgCl reference.

Scanning Electrochemical Microscopy (SECM) approach curves were measured using a
commercial SECM instrument (CHI 920C, CH Instruments). An ultramicroelectrode (UME) with
radius a =35 pm (CHI 116, CH Instruments) was used as the working electrode, with an Ag/AgCl
standard electrode and Pt wire as the reference and counter electrodes, respectively. The approach

curves were conducted in 1 mM ferrocenemethanol in 0.1 M potassium chloride aqueous solution.
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Alternative current scanning electrochemical microscopy (AC-SECM) was performed
using a commercial SECM instrument (M470, BioLogic). A UME with a radius a = 5 pum
(BioLogic,) was used as the working electrode, with a screen printed Ag/AgCl reference
(BioLogic) and Pt wire counter. Water with conductivity of ~ 0.06 puS/cm? was used as the
electrolyte. The initial probe approach used AC-SECM with intermittent contact (-ic) control with
a piezo AC vibration of 455 Hz. Area scans (AC-SECM) were obtained ~ 100 microns above the
sample, over a 240 by 240 pm area with a 20 um scan step, yielding a total of 169 measurements
for each sample. The bias conditions used a OV (vs. open circuit potential) DC-bias, 100mV AC-
bias, and 5S0kHz AC-frequency. Additional experimental details on Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), Raman spectroscopy, and electrochemistry and cycling

tests, can be found in the full literature report.

3.2.3 Results and Discussion
Electrochemical Deposition.

To initially test for deposition conditions, an aqueous solution containing (NH4)2Mo0S4 and
NazS04 as the supporting electrolyte showed distinct oxidation and reduction peaks after several
cycles when the potential of a conductive working electrode was cycled from 1.0 to -0.1 V vs
Ag/AgCl. The oxidation peak was observed at -0.2V, and a reduction peak at -0.8V. The
increase in current in over 10 cycles at both of these peaks, suggested that two possible potentials
could be selected for deposition conditions. Following a literature report!®, two suggested
deposition pathways were proposed, anodic deposition (-0.3V to 0.1 V), and cathodic deposition
(-0.8V to -1.0V). The proposed reactions for each are outlined below in Equation 3.2-1 and
3.2-2:

Anodic deposition (-0.3 V to 0.1 V):

[Mo0S,]?~ —» MoS; + %58 + 2e” Equation 3.2-1

Cathodic deposition (-0.8 V to -1.0 V):

[Mo0S,]?~ + 2H,0 + 2e~ - MoS, + 2SH™ + 20H~ Equation 3.2-2
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To achieve more efficient deposition conditions, a constant potential hold was utilized following
the initial cyclic voltammetry test. Two potentials were chosen to correspond to the range for
anodic deposition (0 V) and cathodic deposition (-0.9 V). Herein, these deposition conditions
will be referred to MoSx-AD and MoSx-CD for anodic and cathodic deposition, respectively.
Deposition was initially conducted at a constant potential utilizing an electrochemical quartz
crystal microbalance (EQCM) to determine the relationship of current and mass change over
deposition time. Figure 3.3 a, b shows the deposition current versus time for the anodic MoSx-
AD at 0 V and cathodic MoSx-CD at -0.9 V deposition conditions. While the current response
was non-linear, the mass change as a function of time during deposition increased in both
deposition conditions, noting validation of the selection experimental conditions. Plots showing

the mass change versus time can be found in the full report.
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Figure 3.3. EQCM MoSx constant potential deposition on gold coated quartz single
crystal. (a, b) Current versus time plots for (a) Anodic deposition (MoSx-AD) at OV vs
Ag/AgCl, (b) Cathodic deposition at -0.9 V vs Ag/AgCl.

The deposition of MoSx films was investigated on commercially available conductive graphene
sheets where the deposited samples were configured to be directly used as electrodes, as shown
in Figure 3.4. The deposited MoSx films uniformly cover a 10 cm? area of the graphene substrate

demonstrating the capability of electrodeposition to produce large-scale electrodes.
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Figure 3.4. MoSx deposition on graphene sheet for varying time intervals. (a, b) Current
versus time plots for (a) Anodic deposition (MoSx-AD) at 0 V vs Ag/AgCl, (b) Cathodic
deposition at -0.9 V vs Ag/AgCl. (c,d) Total charge passed for various time intervals of
(c) MoSx-AD and (d) MoSx-CD depositions.

Film Characterization

Details on film characterization of the deposited MoSx-AD and MoSx-CD can be found in
the full literature report, where SEM, Raman, and AFM are discussed in detail. Briefly,
deposited films of each deposition condition (MoSx-AD, MoSx-CD) were initially characterized
by Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (SEM-EDS). In
both samples, the elemental maps of Mo and S obtained by EDS showed uniformity of Mo and S
dispersed throughout the electrode, rather than films consisting of segregated islands or species
of Mo and S. Following Equation 3.2-1, it was expected to have two types of sulfur (S) species,
where one species would come from the molybdenum sulfide and the other from elemental

sulfur, however based on observations from EDS mapping, the sulfur species that existed were
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distributed evenly amongst the deposited Mo. In both samples, there were cracks observed
between the MoSx domains, that were shown to be the carbon substrate, which was visible in the
C maps obtained by EDS. High-resolution SEM obtained of both samples showed that the large
domains of MoSx were made up of mainly smaller, irregularly shaped particles. For additional
analysis of the chemical composition of the surface, XPS was obtained on both the MoSx-AD,
and MoSx-CD samples. XPS fitting confirmed the presence of three different S species in the
MoSx-AD samples, whose energies correlated with those of elemental S(0), bridging S>> and
terminal S%.13% 185 Tn comparison, the MoS-CD sample was fit with regions corresponding only
to S»? and S species, with no presence of elemental sulfur. One point of note is the difference
between the MoSx-CD and those of bulk MoS; crystals. By ICP-OES the S/Mo ratios were
determined, where the S/Mo ratio for the MoSx-AD sample was 3.9 : 1, and the S/Mo ratio for
the MoSx-CD sample was 1.8 : 1,184 186.187 Raman spectroscopy additionally demonstrated the
difference of the near stoichiometric MoSx-CD to bulk MoS; crystals, where an increase in
bandwidths of the E!»; and the Ay peaks was observed in both of the MoSy samples, but was
especially noticeable for the MoSx-CD sample. Detailed Raman analysis and comparisons to
XPS data can be found in the full literature report. A notable observation from Raman analysis

was the presence of more oxygenated species in the MoSx-CD sample.

To evaluate the surface properties of the electrodeposited MoSx films, several approaches
were utilized to provide insight into electronic and morphological features. Herein, specifically
the approaches utilizing Scanning Electrochemical Microscopy (SECM) will be discussed.
SECM was utilized to characterize the local electrochemical properties of the deposited films by
approaching and/or scanning a ultramicroelectrode tip above the surface of a sample or substrate
in a solution.'®® The general set-up of SECM is shown in Figure 3.5. This set up includes at
least one working electrode (“1” in Figure 3.5), a counter electrode, reference electrode, and
substrate. The substrate can be connected as a second working electrode (“2” in Figure 3.5),
where a potential can be applied directly to the substrate. The substrate is seated inside a small
containing area that is filled with a supporting electrolyte (and a redox mediator in the case of
DC SECM). The probe can either be approached to the surface, where the current at the probe is
monitored as a function of travel distance, or by scanning an area in the x-y plane across an area

of the substrate.
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Approach curves, used in direct current (DC) mode, provide insight into the overall
conductivity of the substrate.!®® Approach curves utilize a ultramicroelectrode with an exposed
Pt surface, that gradually approaches a substrate in a controlled fashion (by a combination of
stepper and/or piezo control) along the z-axis. In DC-SECM, a redox mediator, which is added
to the solution, undergoes a redox reaction by driving electrochemical reaction of a redox species
(e.g. oxidation of ferrocenemethanol, Ci1Hi2FeO or FeMeOH) over the ultramicroelectrode tip
and measures the current as a function of the position of the scanning tip. Figure 3.6 shows a
schematic of the probe approaching a conductive surface when A) the probe is far away from the
substrate, and the redox reaction is governed by steady state, and B) and increase in probe
current above the stead state current, when the probe in near a conductive substrate by
continuous redox reaction occurring at the probe’s surface (inset). In this manner, SECM
approach curves reflect the conducting or insulating nature of the substrate materials

electrochemically.!90-193

Counter

Electrode Reference

Electrode

C———————

it/ iTNI

Figure 3.5. Schematic of SECM setup including the probe (working
electrode 1), the substrate (which can act as working electrode 2), a reference
electrode, counter electrode, and electrochemical cell to hold the electrolyte.
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Figure 3.6. A) Probe approach towards substrate, where probe current is
defined by steady state behavior of redox couple, B) Probe near surface of
conductive substrate where continuous redox generation increases probe
current above steady state.

29

AC Impedance Magnitude (kQ)

MoS,-AD MoS,-CD

Figure 3.7. Comparison of AC-SECM impedance magnitude over 240 x 240 um
area of MoSx-AD and MoS-CD.
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To compliment the DC SECM measurements, and to isolate any effects that could be
obscured by the use of a redox mediator, alternating current scanning electrochemical
microscopy (AC-SECM) measurements were obtained on 240 x 240 um areas on both of the
MoSx-AD and MoSx-CD samples. The benefit of incorporating the AC based technique, is that
the samples can be mapped in a low conductivity electrolyte (such as water) without the addition
of a redox mediator.!** %> AC-SECM can be used both to provide topographic information on
the sample, or local surface properties, such as impedance magnitude. Mapping of AC-
impedance magnitude of flat samples at the same probe-substrate distance can provide insight
into the relative measured impedance over a sample area. DC-SECM approach curves showed
decreasing normalized current as the probe approaches the MoSx-AD sample, where an increase
in normalized current is observed in the MoSx-CD sample as the probe approaches the sample
surface. The decrease in current observed with the approach to the MoSx-AD sample
corresponds to more insulating behavior, whereas the increase in current upon approach

observed with MoSx-CD sample corresponds to more conductive behavior.

To compare the relative AC impedance maps of the areas of both of the sample types,
AC-SECM maps were obtained as shown in Figure 3.7. The AC-SECM maps should trends that
were analogous in comparing the impedance magnitude, where the averaged AC- impedance
magnitude of the MoSx-AD sample was great than that of the MoSx-CD sample (28.2 + 0.1 kQ
compared to 25.2 + 0.1 k€, respectively). Additional experiments to support the difference in
electrical conductivity included Atomic Force Microscopy using local current voltage (I-V)
mode. The current was tracked over the domain between the MoSx and graphene boundary. In
the MoSx-AD sample, there was a notable increase in current over the area corresponding to the
graphene substrate, whereas in the MoSx-CD sample, the current was high both over the MoSx
substrate domain and the exposed graphene crack. These results additionally supported the

SECM conclusions that denoted the MoSx-CD sample as being more electrically conductive.
Film Electrochemistry

Both samples showed distinct behavior from crystalline MoS; yielding higher discharge
capacities even under higher current.!®”- 1% The MoSy-AD sample shows a high initial capacity
of 900 mAh/g. On the other hand, the MoSx-CD sample showed an initial capacity of 500
mAh/g. It is worth noting that when the capacity is normalized to sulfur content, the MoSx-AD
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would show a high capacity of 1600 mAh/g, and MoSx-CD would have a capacity of 1300
mAh/g making them good candidate for “sulfur-equivalent cathode materials”. Differences in
rate capability are shown in Figure 3.8A, while comparison of extended cycling is shown in
Figure 3.8B. In comparing Furthermore, even the MoSx-CD sample which has lower capacity
showed comparable capacity to previously reported values of low crystallinity MoSx-based
cathodes.!”- 19 Rate capability is a critical issue in LSBs due to insulating nature of sulfur!6? 164
In rate capability testing, the capacity of MoSx-AD showed a notable decrease from 900 mAh/g
to only 20 mAh/g. In contrast, MoSx-CD still presented a capacity of 200 mAh/g at the highest

current level. To our knowledge, such a rate capability is among the best of reported values.

A similar trend was observed in cycling stability testing (Figure 3.8B), where when
cycled at 400 mA/gmosx after 100 cycles, the MoSx-AD sample had a 10% capacity retention (60
mAh/g), which the MoSx-CD sample showed a 40% capacity retention of 200 mAh/g.
Additionally, the MoSx-CD sample maintained a higher Coulombic efficiency (> 99.4%) during
cycling, while MoSx-AD showed a lower Coulombic efficiency (< 98%) over the initial 30
cycles, with a minimum value of 94% on Cycle 20, and then efficiencies of ~ 99% over cycles
50-100 (Figure 3-5B, open circles). To explain potential contributions to the differences
observed during cycling, the MoSx-AD sample was shown to contain both a mixture of MoS;
and elemental sulfur (Ss), with a ratio of MoS3:Sg of 8:1. Within the tested voltage window (3.0
to 1.0V), the elemental sulfur is lithiated, which in turn can form polysulfide species, thus
potentially leading to the observed capacity fade. With MoSs3, it was previously identified to
undergo lithiation reversibly (via a reversible insertion mechanism: yLi*+ MoSx = LiyMoSx
where no bond breaking or formation of LiS or polysulfides were observed.'®” Since the MoSx-
CD sample only contained MoS: and not excess elemental sulfur, it could be concluded that the
lithiation would proceed only through the reversible insertion mechanism, which could

contribute to the more stable observed cycling behavior.
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Figure 3.8. a) rate capability from 100 mA/gmosx to 1600 mA/gmosx, and (b) cycling stability
(solid circles) and corresponding Coulombic efficiency (empty circles) at 400 mA/gmosx.

3.2.4 Conclusions

In conclusion, we have demonstrated that electrodeposition has great potential in
manufacturing MoSx-based sulfur-equivalent electrodes for lithium based batteries. By tuning the
deposition condition, amorphous MoSx with different physical and chemical properties, as well as
electrochemical characteristics can be prepared. MoSx deposited at anodic potential (MoSx-AD)
showed a higher initial capacity of 919 mAh/g attributed to its higher sulfur content. In contrast,
MoSx deposited at cathodic potential (MoSx-CD) showed a lower initial capacity of 522 mAh/g
with decent cycling stability up to 100 cycles and significantly improved rate capability attributed
to its higher conductivity and improved Li" transport properties. Compared to conventional
fabrication approaches for composite electrodes, electrodeposition can produce MoSx based
electrodes with similar capacity yet improved rate capability. The electrodeposition approach was

highlighted here as a scalable fabrication method.
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Chapter 1V
Material Properties and Electrochemical Response
The following sections are adapted from publications of highly collaborative work as part of the

Center for Mesoscale Properties Energy Frontier Research Center (m2m, and m2m/t).

Attribution of collaboration are noted below, and details from the full reports can be found in

each of the full publications.

4.1 Employing a multiscale method of characterization and analysis

The following is adapted from the following ACS AuthorChoice License, which permits copying

and redistribution of the article or any adaptations for non-commercial purposes:

Abraham, A., Housel, L. M., Lininger, C. N., Bock, D. C., Jou, J., Wang, F., West, A. C.,
Marschilok, A. C., Takeuchi, K. J., Takeuchi, E. S., Investigating the Complex Chemistry of
Functional Energy Storage Systems: The Need for an Integrative, Multiscale (Molecular to
Mesoscale) Perspective, ACS Cent. Sci, 2016, 2(6), 380-387. DOI: 10.1021/acscentsci.6b00100
Copyright © 2016 American Chemical Society.

Personal contribution: Contributor to manuscript draft, generation of Figure 4.2 (with Lisa

Housel)
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The text below is reproduced in part from the above reference, describing the work of members

of the Energy Frontier Research Center (EFRC) m2m.
Co-author contributions include:

Lisa M. Housel — Equal contribution to manuscript draft and Figure 4.2
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Dr. Christianna N. Lininger, Dr. Alan West — Conducted work on continuum modeling

Dr. David C. Bock — Conducted work on XAS probing discharge mechanism of magnetite
Jeffrey Jou- Contributed to manuscript draft

Dr. Feng Wang — Conducted microscopy work probing discharge mechanism of magnetite

Additional contributors from other EFRC center members can be found in the associated

references

4.1.1 Introduction

Batteries are application driven and scientifically complex electrochemical energy
storage systems. They are employed in many uses of varying scales, including portable devices,
transportation, and stationary storage. High energy density batteries, such as lithium ion,
dominate the portable electronics market, where the batteries and devices are typically hand-held
and small. Widespread implementation of large format batteries, such as those used for electric
vehicles, or for stationary electrical storage demands additional consideration of factors
contributing to inefficiency of the EES leading to heat generation. While the generation of heat
by a small battery may be unwanted, , the generation of heat by a large format battery demands
careful management to prevent potentially catastrophic performance and/or safety concerns.

The governing principles of EES is that energy is the sum of heat and work, and the
objective for efficient energy storage systems is to maximize useful work (w) and minimize

waste heat (q), as shown in Equation 4.1-1.

AE=q+w Equation 4.1-1

During the operation of a battery, both ions and electrons are transported to ensure both
mass balance and charge balance. During this process, multiple size domains of the electrode are
involved, including changes on the atomic, molecular and electrode scale level, that can
contribute to phase changes, structural composition, and lead to inefficiencies in the cell, which
broadly, can be categorized as polarization. Polarization occurs when there is a difference

between the theoretical potential and the usable output. The operating potential is a complex
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combination of several terms, including the standard potential, activation and concentration
polarization terms, operating current within the cell, and internal resistance, as described by

Equation 4.1-2.

E=E°=[(Mc)at M)al = [Met)a + Mol — iR; Equation 4.1-2
Where:

E = Operating potential

E° = Standard potential

i = Operating current

(Met)q and (1) = Activation polarization at the anode (a) an cathode (c)
(M¢)q and (n.). = Concentration polarization at the anode (a) an cathode (c)

Ri = Internal resistance of the cell

It is important to point out that the operating potential cannot be appropriately described
without including both internal resistance and transfer properties. For example, activation
polarization describes the kinetics of charge transfer, which concentration polarization describes
the kinetics of mass transfer. In EES, where the movement of a negatively charged electron is
accompanied by the movement of a positively charged ion to maintain charge balance, it is
critical that both transfer properties be accounted for. In combination with the cells internal
resistance, these terms can affect the resultant properties that make up conduction at their
perspective interfaces.

In carrying out characterization of EES, there are several size domains and
characterization tools that can be incorporated to provide a wholistic view of processes both
during and or before and after (dis)charge. For example, in the working system, techniques such
as Electrochemical Impedance Spectroscopy (EIS) and galvanostatic techniques can provide
information on the working system as a whole, but do not provide detailed information when it
pertains to heterogeneous processes, such as charge transfer or mass transfer kinetics, as well as
areas of localized resistance. Additionally, when local techniques are used in isolation, they may
not be fully descriptive of the system as a whole, so when approaching a complex, full working
system, it is important to consider macroscopic phenomena from information from all levels,

including atomic, interfacial and mesoscale levels.
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After taking into account the multiple variables that can lead to overpotential, a
fundamental question is what factors contribute to the difference between the theoretical and the
useable energy in a system. Theoretical estimates for energy, which can include reported values
such as theoretical capacity, energy density and voltage, are frequently reported in the literature
based on the system of interest. While these values are a useful tool and can highlight the
benefits of studying a system, there is frequently a large discrepancy between the reported
theoretical values and experimental observations. While these differences in theoretical and
observed values can be attributed in part to the factors described in Equation 4.1-2, the variation
in test conditions further complicates pinpointing deviations. The ability to identify the factors
that contribute to performance differences between theoretical versus functional capacity,
voltage, and energy density, as well as understanding the critical mechanisms during (dis)charge
will lead to a comprehensive understanding of EES systems'®” and set a strong baseline for
diagnosing and future design considerations of batteries.

Experimental test conditions can vary greatly and can introduce additional subtleties that
make it very challenging to provide quantitative metrics. The fundamental issues influencing ion
and electron transport, how phenomena change across multiple domains and interfaces and how
this interacts with the underlaying atomic and molecular structure is essential.!*® 1° In such
cases, investigation over multiple length scales can provide the fundamental understanding that
will lead to scientific insights.

The application of integrating investigations over multiple length scales, requires a
variety of characterization and computation approaches, incorporating theoretical predictions to
inform and explain experimental trends, and to incorporate various modes of characterization
tools to evaluate properties on the molecular, crystallite, electrode and working system level.
Using magnetite (Fe3Os) as a model material, a path for combining synthesis, characterization,
electrochemistry, and theory will demonstrate that this type of multi-modal approach can lead to
a more comprehensive understanding that can inform development to improvements of battery
function.

This section summarizes this approach for a case study for magnetite (Fe3Os) as a
material that provides a representative case study for this type of multi-scale approach. Details
on the particular contributions of each of the techniques highlighted can be found in more detail

here.?%. Subsequent examples will extend this analysis to include other physical characterization
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methods to evaluate surface treated magnetite, and then move on to and examine the role of
silver in an aqueous zinc system and explore the electrochemical effects of phase change in

polymorphic vanadium oxide, VOo.

4.1.2 Atom scale level characterization and theory

Fe;04 has been a material of particular interest for the expansion of the lithium ion
battery into larger scale applications including electric vehicles and the grid, in part due to its
high abundance, low cost, and low toxicity.?°! Fe;Os4 has an inverse spinel structure with an
oxygen anion framework, with Fe** ions occupying both octahedral and tetrahedral sites, while

Fe?" ions solely reside in tetrahedral sites?®

as shown in Figure 4.1 generated from the magnetite
structure parameters.’®? Fe;O4 along with other metal cation containing compounds, including
metal oxides, fluoride, oxyfluorides, nitrides and sulfides?’42 has been shown to undergo
multiple electron transfers (MET) for each metal cation. The MET reactions in these compounds
enable higher energy density when compared to intercalation electrodes. When Fe3O4 has been
fully reduced to Fe® and Li»O, it undergoes a complex process involving multiple phase

transitions and is strongly dependent on the electrochemical environment.202 209-214

Octahedral

Tetrahedral
L+

Figure 4.1. Crystal structure of inverse spinel magnetite, Fe3Os4 (red spheres
= Oxygen, blue tetrahedra and octahedra represent Fe?* or Fe3".)
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Previous X-ray diffraction (XRD) studies of phase transformation in Fe3O4 have
suggested that there are multiple intermediate phases including the rock salt FeO?!"> or the
rocksalt like phase LixFeO,.2!® In addition to phase changes as a result of (de)lithiation, moderate

)24 which can lead to increases in

volume changes occur (i.e., 15% from Fe3O4 to Li2Fe3O4
resistance due to loss of electrical contact within an electrode or between the active material and
current collector. Due to the poor crystallinity of lithiated Fe;O4 materials, XRD analysis has
been limited in its ability to determine the structure of the phases involved, so a complete
description of the mechanism of Li and Fe ion migration during MET reactions has remained
elusive. Atomic scale level characterization including characterization techniques such as
scanning transmission electron spectroscopy (STEM), electron energy loss spectroscopy (EELS)
and electron diffraction can identify both chemical and structural changes with high spatial
resolution (to the atomic level). For example, the site occupancies of all species (including
anions O% and cations Li*, Fe?*, and Fe*"), were identified by using annual-bright-field (ABF)
STEM imaging in combination with high angle annular-dark field (HAADF) STEM imaging and
EELS.2!*

X-ray absorption spectroscopy, provided local information on the surrounding atomic
environment within ca. 6A around the absorbing atom (EXAFS region), and information on local
oxidation state (XANES). XAS methods have been previously used to determine detailed
electrochemical mechanisms in electrodes that exhibit complex multistep processes, although
amorphous phases were primarily involved.?!7-?2! This combination of techniques can
complement and provide additional insight into information obtained by standard X-ray
diffraction methods. Notably, XRD can provide information on long-range ordering of the
crystalline phases in the materials, but may not be suitable for characterization of structural
changes in nanomaterials formed as a result of electrochemical reduction and oxidation, due to
their small crystallite size and associated line broadening.??% 223224

The overall reduction for Fe;O4 obtained from using a variety of characterization
techniques as noted above, can be summarized by the scheme below, showing the progression
from reduction with lithium ion insertion to full conversion with formation of iron metal, Fe® and
lithium oxide, Li>O:

(1) Reduction by one electron equivalent and insertion of one Li* ion to form LiFe3O4

(2) Reduction by second electron equivalent insertion of the second Li* ion to form Li;Fe3O4
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(3) Additional reduction and insertion of lithium ions to form a composite Li,O*FeO

(4) Full conversion reaction leading to metallic Fe®

Density functional theory with the Hubbard correction (DFT+U) was applied for
correlating the mechanism to structural ordering, where the partially lithiated LioFe3;O4 structure
was shown to preserve the O anion framework with 15% volume expansion, consistent with the
experimentally observed structure by EXAFS.2!* Retention of the O anion ccp structure enabled
multiple lithium intercalation and conversion reactions where partial reduction at less than 4
electron equivalents resulted in phase transformations from inverse spinel to rock salt like
phases, with limited morphological changes. Upon further lithiation within the identified ccp O
anion framework, local cation reordering occurred, leading to FeO phase and finally to a Fe/Li,O

nanocomposite phase.

4.1.3 Mesoscale Characterization and Model Development
Synthetic control of crystallite size has been demonstrated to increase the usable capacity
by shortening the path length for Li ion diffusion, thus enhancing ion accessibility at higher

206,225-228 Tn particular,

discharge currents in previously reported metal oxide electrode materials.
control of crystallite size has been shown to be important for densely structured materials, such
as magnetite. A remaining challenge in realizing magnetite as a usable electrode in a lithium ion
battery is to be able to achieve its high theoretical capacity.??’ Despite the improved capacity
from efforts to synthetically control nanocrystallite magnetite including size**° and
morphology?*! to limit the path length required for Li ion transport, the theoretical capacity has

not been uniformly reached. While prior studies have addressed crystallite size effects,?!6232-237

on the electrochemistry of Fe3Os, there have been few reports that address agglomeration?3%: 239
which, due to the nature of active battery material being combined with a conductive additive
and binder, is an avenue that warrants analysis and investigation. Additionally, while some of the
above studies have indicated that agglomeration during cycling may correlate to electrochemical
properties, they have not quantified agglomerate size or made direct correlations of its effect on
the system performance.

A complete study of a nanocrystalline material in a battery electrode was conducted to

provide a holistic view of the cell and considered both the crystallite size of the material and the
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agglomerate size.!”” The combination of sample preparation using an ultra-microtome and
characterization using TEM combined with 2D mapping by transmission X-ray microscopy
(TXM) and X-ray absorption near edge spectroscopy (XANES) provided a comprehensive two-
dimensional map, showing the distribution of iron, and its corresponding oxidation states both
before and after cycling. Mapping techniques such as TXM-XANES provide information on the
distribution of oxidation states of the samples over a large sample area. While it was found that
the smaller crystallite size Fe3O4 displayed more uniform discharge, agglomerate size of the
sample was not found to depend on crystallite size, as previously suspected from prior wok on
particle size of powders.?*% 234 The identification of agglomerates has led to the electrode being
categorized into varying length scales with different corresponding properties. In concert with
the overarching theme of microscale to mesoscale in understanding battery performance, the
three length scales existing within the electrode have been identified using continuum modeling
as the bulk electrode (macroscale), the agglomerates (mesoscale), and crystals (nanoscale).?2% 240

In light of the insights provided by the multiscale performance model of Fe3O4 containing

229 241

electrodes=*’, a subsequent study=*" was performed with the aim of reducing agglomeration of
Fe;04 as a means of improving lithium ion transport rates, and, thus, delivered capacity.
Agglomeration was effectively suppressed in Fe;O4/carbon black composite electrodes by using
oleic acid as a dispersing agent. A heat treatment process was then used to remove the oleic acid,
which was found to result in unfavorable performance, while maintaining Fe3;O4 dispersion in the
carbon black matrix. Thus, in agreement with the performance model simulations, the composite
electrodes with dispersed Fe3Og initially delivered a higher functional capacity compared to the
electrodes with aggregated magnetite under similar rates of discharge. However, upon extended
cycling, the dispersed material exhibited increased capacity fade relative to the agglomerated
Fe;04 composites. X-ray absorption spectroscopy measurements of electrodes recovered from
cells cycling along with complementary electrochemical impedance spectroscopy data facilitated
a mechanistic explanation of the observed performance. After cycling, the dispersed Fe;O4 was
more oxidized in the discharged state and had higher charge transfer resistance, suggesting that

increased surface film formation on the highly dispersed material causes reduced reversibility.
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4.1.4 Conclusions

The above examples demonstrated the integration of atomic level characterization
techniques to propose a mechanism and identify ion occupancies. Density Functional Theory
(DFT) proposed an explanation for experimentally observed trends in volume exchange upon
lithiation. On the mesoscale, combined X-ray and microscopy techniques provided insight into
agglomeration in a composite battery electrode, and continuum modelling developed nanoscale
and agglomerate scale models that subsequently informed subsequent work. These examples
affirm that multiscale characterization of Fe3O4 composites is critical for full understanding of
electrochemical performance. Detailed insights into the performance of Fe3;O4 as an anode
material will help enable realization of its promise as an anode material with a theoretical of
~2.5X higher than that of standard carbon anodes currently used in lithium ion batteries. A
review of reported capacities of Fe;O4 based batteries shows that their functional capacities
range almost 10-fold when configured into a variety of heterostructures, as illustrated in Figure
4.2 compiled from data from the literature.?> Notably, the theoretical first discharge capacity of
Fe;04 is 924 mAh/g, thus additional capacity is contributed by the carbon component of the
heterostructure. This denotes that increased understanding and developments in electrode design

will help enable further utilization of active materials.
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Figure 4.2. Capacity as a function of publication year for Fe3O4 based batteries.
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4.2. Examining surface properties in functionalized magnetite

Reprinted (adapted) with permission from:

Deliberate Modification of Fe;Os Anode Surface Chemistry: Impact on Electrochemistry, Wang,
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11,19920-19932.] Copyright © 2019, American Chemical Society.
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4.2.1 Introduction

Section 4.1 introduced the methodology and benefits to utilizing various characterization
techniques to generate a wholistic picture of an energy storage system on multiple length scales,
using magnetite as a case study. Following a similar concept, where an integrated characterization
approach is utilized, the section below addresses how surface modified magnetite is characterized
by both physical, chemical and electrochemical methods. This section will focus specifically on
techniques that provide information on the surface of a composite electrode, and how these
techniques can be utilized in tandem to demonstrate generate trends in the surfaces of composite

materials.

There is a general trend towards the utilization of more widely abundant and
environmentally benign lithium ion battery materials. As the lithium ion battery expands into more
applications, it is imperative to consider both material availability and electrochemical
performance in developing materials for lithium ion batteries. Graphite, which is a commonly
used anode in lithium ion batteries, is limited by lithium deposition on the anode surface. Lithium
deposition leads to dendrite growth which then lead to decreased cycling stability, as well
increasing the potential for catastrophic shorts. As an alternative to graphite anodes, earth
abundant iron oxides, such as magnetite (Fe3Os4), have been a promising candidate for LIB anodes.
The benefits of magnetite include its high theoretical capacity (926 mAh/g), high environmental
abundance, and relative non-toxicity. Despite its attractive properties, challenges still exist in
reaching its high theoretical capacity and sustained electrochemical cycling, including the
tendency of the formation of iron nanocrystals to form and become dispersed with a Li2O matrix
during discharge leading to dramatic volume changes during cycling, which then can result in
delamination from the current collector.?*> 24> Additionally, the limited electrical conductivity of
magnetite can lead to decreased charge transfer and ion transport, especially at higher current
densities.?#4 243

There are two general methods that have been employed to increase the rate capability
and cycling stability of magnetite: synthetic control of the active material, and inclusion of
conductive additives into the composite electrode. For the strategy that addressees the active

material (Fe;O4), synthesis methods to tune transport properties within generated nanoparticles
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have been reported.?3%- 246-248

The other approach, where conductive additions are added to the
composite electrode, seeks both to enhance the overall electrical conductivity as well as
accommodate volume changes that occur during cycling. The scope of materials used as
conductive additives is wide, and includes materials such as carbon nanofibers, graphene, carbon
nanotubes (CNTs) and conducting polymers.?* Despite improvements to conductivity from the
incorporation of carbon based additives, the produced composite electrodes still have a low
volumetric capacity. This is contributed to from the population of void spaces that exist within
the carbon materials themselves that lead to the decreased density of the carbon additive, which
can lead to low volumetric capacities.?*° Maintaining reasonable volumetric capacities within

composite electrodes becomes increasing critical as high level working system designs have

limitations on the size of functional electrodes.

There has been increasing interest in taking the surface properties of the composite
electrode into consideration when considering subsequent electrochemistry.?>!-254 Surface
treatment based on inorganic coating compounds such as AIPO4 %3° and MOx (M= Zr, Al, Ti,
B)?3¢ 257 has demonstrated improvements in the energy density and cycle performance of layered
LiCoO; and spinel LiMn2O4 cathodes. This is attributed to improvements in thermal stability, as
well as suppression of electrolyte decomposition, strain formation during phase transition, and
Co/Mn dissolution in the electrolyte. Although the coating of inorganic materials on the surface
of metal oxides/phosphates improves the electrochemical performance and safety properties of
batteries, the microstructure of the coating layers and the mechanism of improvement are not
fully understood. Additionally, challenges still remain in creating conformal inorganic coating
layers while maintaining electron and ion conductivity throughout the whole electrode. In
addition to the inorganic surface coatings to facilitate metal oxide dispersion, capping agents and
surfactants have also been employed.?*® For example, oleic acid has been utilized as a capping
agent in controlling the aggregate size dispersion of magnetite, Fe304 within a conductive carbon
composite. While the addition of oleic acid capping agent to the Fe3O4 did demonstrate a
reduction in aggregation, the insulating effect of the capping agent impeded electron transfer and
ion diffusion which was observed in extended electrochemical cycling. Heat treatment was

requirement to remove these effects of the capping agent on the electrode.?”
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Separate studies have addressed improving ionic and electronic transport by controlling
the boundary between a metal oxide motif, such as LisTis012?%° and Fe304%¢! and the adjoining
CNTs or MWNTs. Small organic ligands were used as bridging agents between the metal oxide
and the nanotubes either by covalent attachment (using an amine-functionalized linked, 3-
aminopropyl triethylsilane (APTES), or by a non-covalent z-z interaction strategy. The non-
covalent attachment, connected the CNTs with the metal oxide utilized 7 bond interactions
between the aromatic, 4-mercaptobenzoic acid (4-MBA) and the CNTs. In electrode testing, it
was suggested that the 7-7 interaction strategy outperformed the covalent interaction strategy,
due to smaller charge transfer resistance and faster Li ion diffusion observed in the 4-MBA
electrode when compared to APTES.?%° The differences clearly highlighted the significant effect
of the physio-chemical structure of the different surface-treatment agents upon the resulting
electrochemical properties.?®? It is worth noting that although the two previous studies
unambiguously suggested the importance of the surface ligands in governing the resulting
electrochemical performance, the incorporation of additional CNTs was likely to decrease the tap
density and volumetric capacity of the final electrode. Hence, a more in-depth study was needed
to deconvolute the combination effect and delineate merely the impact of surface chemistry
governed by the ligands on the resulting electrochemical behaviors of the functionalized metal

oxide electrodes.

This section focuses on surface studies of electrodes of the surface treated of Fe;O4
without the inclusion of CNTs. This seeks to improve the dispersion of the Fe;O4 active material
within the electrode, without limiting charge or mass transfer, maintain the volumetric capacity
of the electrode, and delineate the surface chemistry from the electrochemical behavior.
Synthesized magnetite nanoparticles, have been separately treated with four small molecules,
which are relatively small organic compounds with terminal -COOH group, possessing a strong
affinity for Fe sites or the -OH groups on the Fe;O4 surface. The four ligands can be classified as
either aliphatic or aromatic, with or without the -SH functional group. These categories provide
information on how surface-treatment agents can influence the electrochemistry when used as a
surface treatment in Fe;O4 electrodes. Insight was obtained on the impact of the surface
chemistry by either the presence or a n-conjugated or alkyl carbon system, as well as the

presence of the -SH (and -COOH) groups of the surface agents. The four surface agents
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addressed in this study are: 4-Mercaptobenzoic acid (MBA) (aromatic, pendent -SH group),
benzoic acid (BA) (aromatic), 3-Mercaptopropionic acid (MPA), (aliphatic, pendent -SH group),

and Propionic acid (PA), (aliphatic), whose structures are shown in Figure 4.3.

4-Mercaptobenzoic acid (MBA) Benzoic acid (BA)
O O
s N &
HS

3-Mercaptopropionic acid (MPA) Propionic acid (PA)
@)

0
HS/\)J\OH H3CJ&OH

Figure 4.3. Structures of four surface treatments used on magnetite, Fe3Oa.

Methods for Evaluation of surface properties of treated Fe;O4 cast electrodes
Contact Angle Measurements

Contact angle measurement utilizes a liquid drop on a solid surface to provide relative
information on the wettability of a surface from a liquid. The contact angle can be as low as 0°
which would denote complete wettability, up to the theoretical limit of 180°. Wettability is
gauged from the angle that is tangent to the drop in relation to the surface. Young’s equation,
(Equation 4.2-3) shows the relationship between the surface free energy of the solid, (o), the
surface tension of the liquid (o1), the interfacial tension between the liquid and the solid (o), and
the contact angle (0).26> A diagram showing a representative contact angle schematic is shown

in Figure 4.4.

os = Oy + o1 cos@ Equation 4.2-3
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Figure 4.4. Diagram of components of contact angle following Equation 4.2-3

In a previous literature report of carbon electrodes, contact angle was measured using 1M
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) in various nonaqueous solvents and
solvent mixtures (including propylene carbonate (PC), ethylene carbonate (EC), and
dimethoxyethane (DME). Measurements on the surfaces of carbon electrodes showed a
correlation of increased discharge capacity with an increased contact angle, where a contact
angle of 47° was 167.5 mAH/G (PC/EC), whereas a contact angle of 5° correlated with a
discharge capacity of 27.4 mAh/g in PC/DME.2%

More recently, contact angle has been utilized recently in evaluating the wettability of
binder (either PVDF or PFTE) and carbon composites on a substrate for applications for Li-O:
batteries.?®> Utilizing static contact angle measurements, the type of binder, amount of binder,
and mixture of both binders were compared. The drop consisted of electrolyte of 1M
LiTFSI/TEGDME with an average drop volume of 5 pL per drop.  As the percentage of PTFE
was increased from 15 to 35%, there was a subsequent increase in contact angle from 128.4 to
138.5°, showing poor wettability. A mixed electrode, consisting of a single 15% PVDF coating
sandwiched between two 15% PTFE coatings, had a slightly lower contact angle compared to the
PTFE (15%) sample. Samples containing only 15% PVDF had the lowest contact angle, 36.5°,
noting that it had a greater wettability compared to the PTFE and mixed electrode preparations.
Interestingly, when contact angle measurements were correlated to specific discharge capacity,
the mixed (PTFE-PVDF-PTFE) sample with a contact angle of 118.8° had greater than 3 times
the discharge capacity of the PVDF sample, which had better wettability. This study had shown

the importance of the composite electrode surface properties, and notes how wettability
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necessarily may not directly correlate to improved discharge capacity.!** A schematic showing

changes in contact angle to trends in wettability is shown in Figure 4.5.
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Figure 4.5. Diagram showing relationship of contact angle with drop shape and wettability.

4.2.2 Experimental

Additional details on synthesis of Fe;O4 nanoparticles, surface treatment and structural
characterization can be found in the full reference.?%¢

Contact Angle Measurements. Contact angle measurements were performed using a Kyowa
Dropmaster Model DM-501 using the Sessile Drop method on pressed composite electrodes of
70% Fe304 (pristine or treated)/20% SuperP/10% PVdF using 1 M LiPFs in EC/DMC (3:7). The
following Fe;O4 treatments were measured: MBA, BA, MPA, PA and pristine. FAMAS software
was used for contact angle analysis using a half angle method. Values were averaged for nine
measurements per condition and reported with one standard deviation. All contact angle
measurements were performed in a dry room at 2% relative humidity to minimize water uptake
during measurement.

AC-SECM measurements. Alternative current scanning electrochemical microscopy (AC-
SECM) was performed using a commercial SECM instrument (M470, BioLogic). An
ultramicroelectrode (UME) with radius a =5 um was used as the working electrode. An
Ag/AgCl standard electrode and a Pt sheet were used as reference electrode and counter
electrode respectively. Tap water with conductivity of ~200 uS was used as electrolyte. The
following conditions were used for each sample type: OV (vs. open circuit potential) DC-bias,

100 mV AC-bias, and 100kHz AC-frequency. The reported AC-impedance magnitude for each
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sample is the average value of the scanned area (300 um x 300 um with 5 um scan step, totaling
3600 measurements for each sample). Error bars shown in Figure 4.7 represent + one standard

deviation for each sample.

4.2.3 Results and Discussion
Summary of Initial Characterization of Fe;O4 and ligand-functionalization Fe3;O4 NPs

As-prepared Fe3O4 NPs were measured 8.8 = 1.3 nm on average in diameter from TEM,
with a corresponding XRD pattern that agreed well with the cubic inverse spinel Fe;O4 structure
(JCPDS 19-0629). Characterization of the magnetite surfaces after ligand functionalization was
confirmed by FT-IR analysis. Additional information on the details of confirmation of surface
functionalization can be found in the full literature report®*¢. To determine the effects of the
surface-treatment on the dispersion of the synthesized Fe3O4 NPs, particle size analysis was
conducted using the solvent that is used to form the slurry during the electrode fabrication
process, N-methyl-2-pyrrolidinone (NMP). Two general trends were observed: surface treatment
lead to a narrower size distribution of the Fe;O4 aggregates, and the percentage of the larger
sized aggregates was decreased. The two aromatic ligands, MBA and BA showed a greater
decrease in aggregation, which can be contributed in part to higher solubility of these ligands in
the NMP solvent. Of all of the four surface ligands tested, MPA appeared to be the least

effective in terms of reducing Fe3;O4 NP aggregation.

Composite electrode surface measurements

After characterization of the synthesized Fe3O4 nanoparticles, confirmation of surface coating,
and determination of tendency for aggregation in an NMP dispersion, surface measurements
were obtained on composite electrodes to correlate electrode scale properties to subsequent
electrochemical measurements. Contact angle measurements were performed to provide
additional information regarding wetting in the coating electrodes containing pristine and
surface-treated Fe;O4 particles using the same electrolyte (1 M LiPFs EC/DMC (3:7)) as used in the
electrochemical tests. To ensure uniformity in representation of contact angle measurement, nine
electrode samples were used for each condition, and reported with one standard deviation. The

following contact angles were obtained on pressed composite electrodes of 70% Fe3O4 (pristine
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or treated)/20% SuperP/10% PVdF using 1 M LiPFs in EC/DMC (3:7) treated with MBA, BA,
MPA, PA, and untreated: 29.5°(14.4°), 25.6°(£1.1°), 19.2°(£1.4°), 27.1°(£2.0°), and 29.7°
(£1.9°). Representative images of contact angle measurements on treated and untreated Fe3O4
coatings are shown in Figure 4.6. The untreated Fe;O4 sample is within the range of contact

267 noting that

angle measurements reported in the literature for deposited thin films of magnetite,
the incorporation of conductive additive and binder did not alter the contact angle outside of the

range expected for the pristine material.

The higher contact angle (29.7°) associated with the untreated Fe;O4 suggests a lesser
degree of wetting when compared to the MPA, which is aliphatic and contains both -SH and -OH
end groups. There was not a notable distinction between the contact angle differences between
aromatic compounds (MBA and BA) compared to aliphatic compounds (MPA and PA), or when
comparing thiol containing groups, as the two thiol containing functionalities (MBA and MPA),
had differences in contact angle (29.5° and 19.2° respectively), with the MBA treated sample

being closer to the pristine.

HA : - H PA.
D] MPA . E Pristine.

Figure 4.6. Representative contact angle measurements using 1M LiPFs in EC/DMC
(3:7) electrolyte on ligand-Fe3O4/Carbon/PVDF coatings: (A) MBA, (B) BA, (C)
PA, (D) MPA, (E) Pristine.
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To complement the contact angle measurement, the average surface AC-impedance
magnitude of different samples was measured and is compared to contact angle measurements in
Figure 4.7. Initially, a typical AC-impedance magnitude map was obtained, where it was clear
that the change in surface AC-impedance magnitude was fairly minor throughout the scanned
area indicating homogeneous distribution of the electrode composite, which can be found in the
Supplementary Information in the full reference.?¢® The average surface AC-impedance
magnitudes for MBA, BA, MPA, PA and pristine samples were 17.28 = (.10, 16.64 £ 0.09,
15.98 £ 0.10, 17.29 £ 0.10, and 17.62 £ 0.57 kQ, respectively. Interestingly, the surface
impedance magnitude shared the same general trend in the contact angle of different samples.
The MPA sample has the smallest surface AC-impedance magnitude, followed by the BA
sample. MBA and PA have surface AC-impedance magnitude closest to that of the pristine
Fe;04. This general trend also agreed with the trend in R1 in the EIS validating the fitting results
of EIS data (details in full report).2%¢
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Figure 4.7. Measured average contact angle (orange) and SECM AC-impedance
magnitude (blue) of MBA, BA, MPA, PA, and Pristine Fe3O4 coatings. Error
bars are + one standard deviation.
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Electrochemical cycling

Rate capability measurements were conducted on the pristine and surface-treated
electrodes at a series of current densities. A total of 100 cycles using sequential (dis)charge
current densities of ranging from 50 to 1600 mA/g were tested for 10 cycles under each current
condition. With respect to the discharge capacities the PA-Fe;O4 sample demonstrated the highest
rate capability at all rates amongst the five Fe;O4 samples

In terms of the rate capability of the resulting electrodes, both PA and BA-capped systems
demonstrated better performance than that of their thiol-containing counterparts (MPA and
MBA) as well as the pristine Fe;O4 system, indicating that the thiol functional group has
detrimental effect on the resulting electrode behaviors of our Fe3O4 system, in part due to the
strong electron affinity of -SH group, which withdraws electron from Fe3O4. With respect to the
cycling stability, it is interesting to note that although the aliphatic PA system demonstrated
outstanding rate capability for the initial 100 cycles under various current densities, and good
cycling stability in the extended cycles from cycle 101-200 at a low current density of 100 mA/g,
when the current density increased to 400 mA/g, the aromatic BA system started to deliver more
capacities and show better cycling stability due the improved charge transfer property and ion

transport efficiency.

4.2.4 Conclusions

The compilation of both structural and electrochemical results showed that (i) the
presence of a m-conjugated carbon framework within the surface-treatment agents themselves
and (ii) the electron affinity of the pendant groups collectively played important roles in the
resulting interfacial charge transfer and ion transport from Fe;O4 to the underlying carbon
networks. Specifically, the short aromatic ligands without thiol group can potentially improve the
electrochemical performance of the Fe3O4 anodes, especially during extended cycling under fast
(dis)charge rates, due to the enhanced electron and ion conductivity. Due to the small volume of
the ligands and the thin coating layer, the tap density can be improved when comparing to those
electrodes containing large amount of carbon nanotubes or conducting polymers. Additionally,
incorporating physical surface measurement techniques such as contact angle measurement and
AC SECM provided insight into trends in physical properties that contributed to explanations of

electrochemical cycling.
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4.3. Electrochemistry in Rechargeable Aqueous Zn-MnO: Batteries

The following is adapted from the following open access article distributed under the terms of
the Creative Commons Attribution 4.0 License, permitting the unrestricted used of the work in

any medium, provided citation:

© 2019. Wang, L., Wu, Q., Abraham, A., West, P. J., Housel, L. M., Singh, G., Sadique, N.,
Quilty, C. D., Wu, D., Takeuchi, E. S., Marschilok, A. C., Takeuchi, K. J., Silver Containing a-

MnO> Nanorods: Electrochemistry in Rechargeable Aqueous Zn-MnQO> Batteries, J.
Electrochem. Soc., 166 (15) A3575-A3584. DOI: 10.1149/2.0101915jes

Personal contributions: Assist in collection and data analysis of SVP data, contributions to

manuscript

Dr. Lei Wang — Material synthesis (with Patrick J. West), SEM and characterization,
electrochemistry, manuscript preparation.

Dr. Qiyuan Wu — SVP measurements (shown in Figure 4.10), data analysis

Lisa M. Housel — Bulk post electrochemical characterization in collaboration with Gurpreet
Singh, Nahian Sadique, Patrick J. West, Daren Wu

Calvin D. Quilty — SVP measurements of charging, data analysis

4.3.1 Introduction

Rechargeable aqueous Zn/MnO; batteries are considered viable alternatives to lithium ion
batteries for certain applications, due to both the high environmental abundance and safety
considerations associated with both zinc and manganese oxide, MnO». Additionally,
incorporating an aqueous electrolyte has the intrinsic benefit of having high ionic conductivity
and non-flammability.?68-27! In traditional alkaline electrolyte systems that include zinc and
manganese oxide, there are several insoluble byproducts that form on either the anode (ZnO or
Zn(OH),) and the cathode (Mn(OH)2, Mn304, Mn,03). The formation of these products is

reflected in the electrochemistry by observations of capacity fade and poor Coulombic
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efficiencies during cycling.?’> 27 Recently, neutral or mild acidic aqueous electrolytes were
utilized in rechargeable aqueous Zn/MnO: batteries to improve the functional
electrochemistry.?’* 27> During (dis)charge, there have been reports showing that both Zn**
and/or H can (de)insert from the MnO; structure, including studies reporting reversible Zn**
(de)intercalation from the MnQ, structure,?® 276277 and/or H' insertion/extraction.?’*

From a functional electrochemistry perspective, hollandite type a-MnO2 materials are of interest
due to their high surface area to volume nanorod morphology, ability to accommodate a wide
array of ions into their structural channels, including K*, Ag*, Li*, Na*, and Zn?*, as well as its
synthetic versatility.?’® 27 In terms of structure, @-MnO2 is composed of MnOs octahedral that
form double chains that are edge and corner-sharing with adjacent double chains in the plane to
form (2 x 2) tunnel structures (Figure 4.8, generated from reported structure parameters®®?), that

can accommodate different tunnel cations.?!

Figure 4.8. Crystal structure of @-MnO; showing position of the
central cation, M*, (Oxygen atoms= red spheres, Mn atoms= inside of
purple octahedra)
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a-MnO2 can be synthesized in various aspect ratios. Long nanofibers, previously used as
a cathode material in a mild aqueous ZnSOs-based electrolyte, demonstrated an operating
voltage of 1.44V and a capacity of 285 mAh/g at C/3 rate. This was attributed to the chemical
conversion reactions between a-MnO2 and H*.2® Hydrothermal preparations of nanofibers of a-
MnQO; were previously reported to reduce via a Zn?*" insertion mechanism with the reversible
formation of a layered manganese oxide birnessite phase.?®> A microemulsion synthesis of a-
MnO; material delivered a capacity of 210 mAh/g at 0.5C,%®® while in a separate study, a-MnO,
nanorods delivered an initial capacity of 233 mAh/g and gradually faded to 147 mAh/g in cycle

15 at a current density of 83 mA/g.2”’

Recently, Ag" stabilized hollandites, (Ag«MngO16) have been extensively explored as

281,283 and Na- ion'*% 28! based nonaqueous battery systems.

cathode materials in both Li- ion
Silver ions are located in the a-MnO; tunnels to stabilize the tunnels. It has been observed that
the presence of Ag* reduces both the a and b dimensions of the unit cell when compared to the
similar material without the metal cation located in the tunnel.?8!-28% Ag* hollandite exhibits
formation of conductive silver (Ag®) nanoparticles upon discharge through a reduction-
displacement reaction.!#¢?8! This presence of reduced silver has been correlated to reduced cell
resistances and improved electronic conductivity.?®* Interestingly, previous studies in
nonaqueous battery systems!*® 286 have indicated a notable difference between the lithation and
sodiation processes of the Ag<MngO16 materials. For example, a significant decrease in charge
transfer resistance after 1.5 electron equivalents per Agi:MngO16 formula unit of Na ion
insertion was observed, whereas a gradual increase in impedance with observed with
lithiation.!** The impedance decrease upon sodiation coincided with the formation of silver
metal during the early discharge process. In the lithium system, Ag metal was only detected
after six electron equivalents (6 e.e.) of lithiation.?®¢ The earlier onset of silver metal in the
sodiation process further supports the observations of a decrease in impedance of the sodiation
system in comparison to lithiation. Given the strong electrochemical foundation of AgxMngO1s
(where x = 1.2 to 1.6) in batteries containing organic electrolytes, it is worthwhile to investigate
whether the positive attributes of Ag" stabilized hollandite translate to other electrochemical

systems, specifically the aqueous zinc system.
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In relation to zinc based aqueous systems, two recent reports have evaluated the role of
zinc intercalation in vanadium oxide based cathodes with the inclusion of an additional metal
cation (Ag" or Cu?").287- 288 In the case of Zn/Ago.4V20s containing cells, a combination of a
displacement and intercalation mechanism (CDI) was reported for Zn?>" insertion. The
combination displacement intercalation, CDI, can be described as providing two pathways for
zinc insertion. In the displacement process, the transition metal cation (i.e. Ag") would be
replaced by Zn?*. In the intercalation process, the Zn?* would (de)insert into vacant sites in the
V205 host structure. Displacement of Ag* by Zn** was demonstrated by the appearance of a
Zn>(V30s)2 phase upon discharging to 0.4V (vs. Zn/Zn?"), and a disappearance of this phase
upon charging to 1.4V. The observed reversible peak was attributed to the Zn**/Ag*
displacement reaction during Zn?" insertion/extraction, which also resulted in the formation of

the reduction of silver from Ag* to Ag’, forming a conductive network of Ag®.2%

In aqueous Zn/copper pyrovanadate (Cu3z(OH),V207-H>0) cells, a reduction-
displacement mechanism was reported to stem from the insertion of Zn?* to the reduction of Cu?*
to a mixture of Cu’ and Cu*, as well as a partial reduction in the vanadium oxidation state from
V3" to V¥, Upon charging to 1.4 V, the majority of the Cu’/Cu” was oxidized back to Cu*/Cu?",
and the vanadium that underwent reduction to V#* was oxidized back to V>*. During discharge,
the insertion of Zn?* lead to a new phase of zinc vanadate (Zno25V20s H>0), which was
confirmed by ex situ XRD and HRTEM measurements. It was observed that the Zn** insertion
was concurrent with the reduction of Cu?* to mixed Cu*/Cu®) which was confirmed by ex situ
XPS and HRTEM/EDS. This noted preference for the formation of Cu® nanoparticles to form on
the surface. While generally, reversibility was observed during subsequent charging cycles,
there still remained some Zn?* that did not extract fully, and this was attributed as the underlying

reason for the observed capacity fade.28®
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Additionally, implying mixed vanadium valence cathodes and incorporating potassium
into the MngO¢ structure were also shown to improve charge transport (mixed vanadium
valence) or reduce manganese dissolution in ZIB (inclusion of potassium). The mixed valence
state vanadium cathode, (V#*-V,0s), was prepare initially from VOOH, then used in aqueous
Zinc cells with 2M ZnSOg electrolyte. The presence of the lower vanadium oxidation state
(V*) was attributed to the increased electrochemical activity by reducing polarization and
enhancing charge transport when compared to the single valance state V20s cells,?® while the
incorporation of potassium into MngO16 with oxygen defect sites was also shown to suppress
manganese dissolution.?”!

No prior reports at the date of the publication (to the best of the authors knowledge)
utilized AgxMngO16 compositions as cathode materials for rechargeable aqueous Zn/MnO
batteries. AgisMn8016 nanorods prepared using a facile reflux method were utilized as a
cathode materials for Zn/MnO: batteries in ZnSOj4 based electrolyte. The impact of the tunnel
Ag" ions on the resulting electrochemistry was probed using a variety of complimentary
characterization techniques. Below the utilization of scanning probe instrumentation, mainly
Scanning Vibrating Probe (SVP) will be highlighted in the role of silver in an aqueous Zn/a-
MnO:; cells.

4.3.2 Experimental

Synthesis and characterization of Agi.sMnsO16

AgisMngO6 nanorods were synthesized by reflux methods following previous reports.?8!> 2%
Briefly, aqueous MnSO4 was added dropwise to a solution of AgMnO4 and held under reflux for
15 hours. The product was collected, washed with DI H>O and dried. Prior to use, the material
was heat treated at 300°C for 6 hours in air. Additional experimental details can be found in the
full report.?!

Electrochemical Measurements

Electrodes were prepared by combining Agi sMngO1s, carbon and polyvinylidene difluoride
(PVDF) in a weight ratio of 7:2:1 in N-methyl-2-pyrrolidone. Slurries were cast onto stainless
steel foil with an average active mass loading of ~ 1.5mg/cm?. Coin cells were constructed using

the fabricated Agi.sMngO1¢ electrodes, glass fiber separators and zinc foil with 2M zinc sulfate

electrolyte.
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Scanning vibrating probe (SVP) is an alternating current (AC) technique which measures the
potential difference between the two end-positions of the vibrating probe (across vibration
amplitude) due to ionic current flow in the electrolyte solution.?*>2%3 The SVP experiment was
conducted using a commercially available instrument (Bio-Logic M470) in 0.5M ZnSOj4 (aq.),
with a three electrode set up, including an Ag/AgCl reference electrode, Pt counter electrode, and
the Agi1.sMngO16 coating as the working electrode. (Figure 4.9) The working electrode was
prepared from 70/20/10 (active/carbon/PVDF) on a stainless steel foil current collector which
was affixed to a Bio-Logic cell. Since sample lift or sample tilt could affect the measurement by
changing the probe-sample distance, care was taken to level the sample on the cell and checked
using a spirit level. The input voltage (Vin) of the electrometer was connected to the counter
electrode to provide a stable potential in which the potential difference was measured in the

electrolyte solution of 0.5M aqueous zinc sulfate (ZnSOs).

V,, Electrometer
CE
RE &
Pt
WE
Electrode

Figure 4.9. Set up of Scanning vibrating probe, (SVP) including
positions of counter (CE), reference (RE) and working (WE) electrodes.
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Constant potential was applied directly to the working electrode followed by SVP
measurement. This methodology enabled successive reduction or oxidation steps with
subsequent mapping without changing the sample probe orientation. Constant potential
measurements were carried out for 10 minutes at 0.8V and 0.6V (v. Zn/Zn**) followed by an
SVP measurement after each reduction. SVP measurements were performed on a scan area up to
2mm by 4mm using a 25 pum step size at a scanning velocity of 1000 um/s with a line delay of 2
seconds. The constant potential-SVP measurements were performed sequentially without
changing the electrode sample or the probe-sample distance. The probe-sample distance utilized
for all measurements was ~100 um, with a vibration amplitude of 30 um.

Post-electrochemical testing analysis of Ag;.sMnsO16 was conducted using scanning electron

microscopy and energy dispersive X-ray spectroscopy (SEM-EDX).

4.3.3 Results and Discussion

Initial characterization of the material was verified by combination of X-ray diffraction,
ICP-OES and thermogravimetric analysis to arrive at a phase pure pattern that was consistent
with previous reports of silver hollandite.?*® Crystallite size determination was conducted using
the Scherrer equation to the (211) peak at 37° 2-theta, yielding a crystallite size of 15 nm.?’
ICP-OES characterization provided information on the ratio of silver to manganese, yielding a
ratio of 1.46:8 (Ag:Mn). For oxygen determination, TGA analysis was used following a
previously reported method.??%3% TGA results denoted a small mass loss leading to an oxygen
deficiency of 0.04 stoichiometric oxygen, yielding a formula of AgisMngO1s.96. For simplicity,
Agi15MngOi5.961s referred to as AgisMngOis.

Galvanostatic cycling for two (dis)charge cycles showed a difference in voltage plateaus
between the first discharge and second discharge. In the first cycle, (at 50 mA/g), a long plateau
was observed at ~ 1.27V, which in the second cycle, there were two distinct plateaus at 1.34V
and 1.42V. The discharge capacity of the second cycle (at the same rate of 50 mA/g) was less
than half that of the discharge capacity of cycle 1. The difference in observed voltage plateau
between the first and the second discharge can be attributed to potentially morphology changes

1 268

in the MnO, material.**° The discharge plateaus observed have been previously assigned in the

literature as either proton conversion (associated with plateau I at 1.40V) or Zinc intercalation
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(plateau II, 1.34V) causing possible morphology change of the MnO; during electrochemical
cycling, 155268

To probe the role of Ag" in the Zn/Ag;.sMngOis cells, cells containing Zn metal and 2M
ZnSOy electrolyte were discharged to several voltages: 1.4, 1.2, 1.0V, then charged to 1.6, 1.8V
(all v. Zn/Zn*") at a current density of 50 mA/g and held at each potential for 2 hours.
Electrochemical impedance spectroscopy was obtained for the pristine electrode and samples
discharged to 1.4V, 1.0V and charged to 1.8V. Initially, there was a slight increase in the charge
transfer resistance on the 1.4V discharged sample, and this was attributed to a small amount of
Ag® being displaced with such a minimal discharge (~ ImAh/g). However, during the
subsequent discharge to 1.0 V, there was a large reduction in charge transfer resistance to less
than half of the value of the pristine electrode. Upon charging to 1.8V, there was a notable
increase in impedance to above that of the pristine.

The formation of silver metal through a reduction-displacement reaction has been
previously observed during lithiation of silver vanadium phosphorous oxide, Ag>VP,05.276301Ag
part of the discharge process, the Ag" is reduced to Ag®, which has been reported in detail as to
the size of the silver metal particles formed, which was dependent both on the electrode
composition as well as the discharge conditions. Since silver metal deposit size was dependent
on both the composition and discharge conditions of the cells, it is probable that the size of silver
metal deposits can be impacted by experimental conditions.

Scanning vibrating probe (SVP), also referred to as scanning vibrating electrode
technique (SVET), was used to comparing a pristine AgisMngOis electrode to electrodes
reduced under applied potentials of 0.8V and then 0.6V vs. Zn/Zn**. A typical SVP output is
represented in terms of the potential difference (Vyp) across vibration amplitude (peak to peak
amplitude, App) in relation to the current flux density along the z axis (j-), and including the

solution conductivity, k£ following Ohm’s law, as shown in Equation 4.3-4.3%

Vop = Jz (A%) Equation 4.3-4
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Therefore the current density, j (1A/cm?) can be calculated by obtaining the measured electric
potential (AV), solution conductivity, (k), and vibration amplitude, d (cm) as shown in Equation

4.3-5.3%
j=—A VS Equation 4.2-5
The above makes the assumption that the electric field around the probe is constant.

Obtained SVP maps over the Agi sMngOi6 electrodes are shown in Figure 4.10a-c,
showing a pristine electrode (4.10a), electrode after discharging to 0.8V (vs. Zn/Zn**) (4.10b),
and after discharging to 0.6V (vs. Zn/Zn?"), (4.10¢). The sample-probe distance was held
constant throughout successive applied potentials and SVP mapping measurements. A consistent
scale was used for all images. A lock-in amplifier demodulates the AC signal from the
electrometer. This demodulation yields obtained values that represent a DC voltage ,which is
proportional to the vibrating probe signal. Therefore, an increasing DC voltage would imply an
increasing current density along the x axis of the probe vibration as shown in Equation 4.3.4. In
Figures 4.10a-c this increasing current density would correlate to the increasing red areas in the
SVP maps, which increases in area and intensity when transitioning from the pristine electrode,
to a discharged electrode (to 0.8V, then to 0.6V). In the pristine sample (Figure 4.10a), there is
a small variation in signal that was observed mainly near the right edge over the scanned area,

suggesting generally good uniformity of the electrode sample. After applying a potential

|
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Figure 4.10. a-c) Scanning vibrating probe measurements and corresponding
histogram (d) for Ag;.sMngOi electrodes: a. pristine, discharged to b. 0.8V, and c.
0.6V (vs. Zn/Zn?").
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equivalent to 0.8V (vs. Zn/Zn?"), the overall intensity increased, as shown in Figure 4.10b.
Additionally, the signal continued to increase in intensity upon additional electrochemical
reduction to the applied potential of 0.6V as shown in Figure 4.10c. The individual SVP data
were aggregated for each sample map, and the average and standard deviation in DC voltage
were found to be notably different for the pristine and 0.6V conditions as shown in Figure
4.10d. To further evaluate changes in conductivity upon discharge of the pristine sample, the
same composition electrode was housed in a coin cell with ZnSO4 electrolyte, and discharged to
the same potentials as in the SVP experiment, using a constant current discharge followed by 2
hour potential holds. LABE SEM images were obtained of both the pristine and discharged
electrodes after de-crimping. By SEM, the pristine electrode was shown to be silver particle free
while small and dispersed Ag particles were observed in the sample discharged to 0.8V which
then transformed into larger, irregularly shaped particles when discharged to 0.6V.

Separate SVP measurements were obtained over different applied potentials,
corresponding to discharge and charge, including 0.8V, 0.6V (discharge) and 1.8V (charge) (vs.
Zn/Zn*"). For this set of images, the sample-probe distance remained the same throughout the
series of mapping measurements, and a consistent scale was used for all images. After applying
a potential of 0.8V (vs. Zn/Zn?"), the overall intensity increased. After further reduction by
applying a potential of 0.6V (vs. Zn/Zn?"), the intensity of the signal decreased somewhat, but
still remained higher than that of the pristine electrode. To evaluate mapped areas, during
potential equivalents of charging, the electrode was oxidized at 1.8V, and a dramatic drop in
intensity was observed. To determine the quantitative change in DC voltage from the mapped
areas, the average with one standard deviation was plotted. While the average intensities showed
an increase in potential upon discharge, and a discharging during the following charge step, the
high standard deviation suggested some level of variation of the large map area of 2000 x 2000
um. To alleviate variation possibly attributed to the large sampling area, the average and
standard deviation was determined for a 500 by 500 pm section of each map. This sectioning
clearly shows the significant change between each sample condition. The increase in intensity
upon reduction (discharge), is consistent with the conductivity increase due to formation of silver
metal. The decrease upon charge suggests the formation of a more insulating species. Figures

describing the changes in discharge and charge can be found in the full reference.?!
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X-ray diffraction (XRD) was collected ex situ on pristine electrodes and electrodes
reduced to 1.0 V (vs. Zn/Zn*"), as well as those reduced to 1.0V, followed by a charge to 1.8 V.
The XRD of the pristine material was representative of Agi3MngOis pattern. After discharge to
1.0V, the dominant reflections corresponding to the (001), (002), and (003) reflections of the
osakite salt ZnSO4(Zn(OH))3, which was similar to previous reports.?® Silver metal formation
was confirmed by the presence of peaks that corresponded to the (111) and (220) reflections of
cubic Ag’. Upon charge, the (220) and (310) reflections corresponding to silver hollandite are
present, but there were no reflections observed correlating to osakite or Ag® in the charged
electrode. By ex-situ XRD, further evidence is provided that the formation of Ag’is formed

upon discharge to 1.0 V, and reversibly oxidized to Ag" upon charging to 1.8 V.

4.3.4 Conclusions

Synthesized silver hollandite nanorods with a composition of Agi.sMngO16 underwent
reduction and subsequent oxidation an aqueous ZnSOj electrolyte, and was reported for the first
time. Combining multiple characterization techniques including scanning electron microscopy
(SEM), Scanning Vibrating Probe measurements (SVP), X-ray diffraction, and X-ray absorbance
spectroscopy (EXAFS) provided insight into the role of silver upon discharge and subsequent
charge of the electrode. In contrast to non aqueous systems, where irreversible formation of
silver metal was observed, in aqueous systems, an observed oxidation of Ag® to Ag" was
observed across characterization platforms upon charging to 1.8V. While traditional
characterization techniques, namely XRD and SEM are critical in assessing compositional and
morphological characterizations of materials, the incorporation of SVP can provide information
on a scale length different from that of the aforementioned characterizations. Additionally, since
the SVP technique is a surface measurement, correlation between bulk measurements such as
XRD and surface oriented scanning probe techniques can additionally provide insight into

whether an observation is a localized or bulk phenomenon.
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4.4. Electrochemical Insights in Polymorphic Vanadium Oxide, VO;
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4.4.1 Introduction

The transition metal vanadium has proven useful in a variety of applications due to access
of multiple oxidation states and coordination geometries where the applications range from
energy related to catalysis** 3% to biological applications*?6-31°, Specific experimental and
theoretical investigations have probed the VO, metal to insulator transition, which is an
intriguing temperature based phase transition.>!! 312 At 68°C, VO, undergoes a structural change
from a monoclinic [VO2(M)] to rutile [VO2(R)] phase, which is accompanied by an electrical

315,316 electric

conductivity increase of several orders of magnitude.?!>3!* The changes to strain,
field,!” and optical excitation®'® resulting from this phase transition have led to interest in
thermo/electrochromatics and sensing applications.?!®-32° Previous literature reports have

demonstrated efforts to control the transition temperature through controlled thin film

321 325,326
9

synthesis®?!, doping with tungsten®?% 32 or titanium??4, applying internal/external stress or
changing microstructure and controlling crystallite size.??”- 328 Other studies are centered on
understanding the electronic and structural aspects of the phase transition at the microscopic

1319

level 3!°, made possible by advanced characterizations such as ultrafast electron diffraction®?® X-

ray absorption spectroscopy**? and nanoscale imaging*3!332,

Additionally, VO and other vanadium oxides are recognized as potential lithium ion
battery electrodes due to their high theoretical energy density, which arises from the variable
oxidation state of vanadium.?*3 Studies have used the VO»(B) polymorph as a cathode
material®34337 due to its high reported specific capacity (325 mAh/g)**® relative to VO2(M) (<200
mAbh/g) for one lithium equivalent at room temperature.>* 340 VO,(B) has edge-sharing VOg
octahedra bilayers, which provide structural stability and facilitate lithium ion diffusion, while
VO2(M) and VO2(R), have corner-sharing VOg octahedra that form a tunneled structure and

result in anisotropic lithium ion diffusion.

90



Recently, VO2(M) nanorod electrodes were fabricated that preferentially expose the (002)
facet to improve the kinetics of lithium ion diffusion. Compared to bulk VO2(M) nanoparticle
electrodes, the oriented VO2(M) electrode delivered three times more reversible capacity vs.
Li/Li* (320 mAh/g) and approached the specific capacity of VO2(B) electrodes (325 mAh/g).>*!
Other approaches to improve VO2(M/R) electrodes include harnessing the higher electrical
conductivity of the VO2(R) phase. Prior theoretical studies using ab initio calculations indicate
the electronic structure is not significantly affected by the insertion of lithium ions at the initial
stage, suggesting electrical differences between VO2(M) and VO2(R) may be observable in an
electrochemical cell.**? However, the VO»(R) phase is not stable at room temperature; therefore,
accessing the VO2(R) phase in an electrochemical cell must be done at temperatures above the
VO2(M) to VO2(R) transition temperature.

This section will briefly describe the electrical and structural changed that occur during
the VO2(M) to VO2(R) transition as a function of temperature. Additional information, including
detailed Rietveld refinement at each temperature interval, impedance studies with various cell
configurations, electrochemistry predictions upon lithiation can be found fully described in the
full reference.>* While previous literature has evaluated structural transitions, the linking of the
phase transition to behavior in electrochemical cycling had previously not been reported (to the
authors’ best knowledge) at the date of publication. The incorporation of VO2(M) into
electrochemical cells enabled the determination of phase transition from the application of
heating, impedance, and functional electrochemistry. The cell was studied systematically, in
different configurations to identify the contributions of the active material itself, as well as the
contribution of the addition of lithium.

Through pulse testing, understanding of electron and ion transfer phenomena that occur
during the VO2(M-R) phase transition in an electrochemical cell were elucidated as a function of
temperature. Complementary density functional theory calculations were performed to
rationalize the experimentally measured intercalation voltages and a possible Li-induced
LixVO2(M) to LixVO2(R) phase transition. This provides a foundation for investigating charge
transport properties in polymorphic materials and sets a precedent for understanding the impact

of phase changes on electrochemistry in a complex energy storage system.
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4.4.2 Experimental
Synthesis

Monoclinic vanadium(IV) oxide (VO2(M)) was synthesized using an approach following
a previous report.>** Briefly, vanadium pentoxide (Avantor®) and oxalic acid (Spectrum
Chemicals) reagents, in a 1:4 molar ratio, were reacted hydrothermally at 220°C. The precursor
material was then calcined at 750°C under N to generate VO2(M).

Additional experimental details can be found in the published manuscript.3*3

4.4.3 Results and Discussion
Characterization

The VO2(M)** M234, and R3*") structures, shown in Figure 4.11, can be described as a
chains of edge sharing VO octahedra where the chains are connected by corner linkages.
VO2(M2) can be viewed as an intermediate of the VO2(M) and VO2(R) transition.
In VO, (M1) there is a single Vanadium species and Vanadium atoms are aligned, whereas in the
M2 phase, there are two Vanadium sites in alternating rows, and in VO2(R), there is a single
Vanadium site with staggered layers of VOg octahedra. Synchrotron powder X-ray diffraction
data was collected at room temperature, 48, 57, 61, 63, 70, 72, and 75°C,. The weight

percentages of VO2(M) and VO>(R) as a function of increasing temperature are shown in Figure

VO, (M1) VO, (M2) VO, (R)

4

L.

Figure 4.11. Crystallographic structures of VO, (M1), (M2) and (R) with labels (V1,
V2) showing distinct crystallographic vanadium sites.

4.12 based off of extensive Rietveld refinements by C.D.Q. (noted in Acknowledgement of
Collaboration). VO2(M) is the primary phase at room temperature, confirming that VO2(M) is
produced from the hydrothermal synthesis.>** A small percentage of V2Os is noted (0.7%) and
remains present throughout the temperature series (0.7-0.8%). Upon heating to 48°C, VO2(M) is

92



the dominant phase (99.2%). At 57°C, VO2(M2) contributes 1.6% to the phase composition,
which corresponds to a slight decrease in the VO2(M) weight percent.

At 61°C, the weight percent of VO2(M2) increases (2.5 %) as VO2(M) decreases (96.6%).
At 63°C, The VO2(M2) weight percent levels (2.6 %), VO2(M) decreases (95.5 %), and VO2(R)
appears in small quantity (0.8 %) for the first time. A notable compositional change occurs
between 66-70°C (Figure 4.12), with VO>(R) increasing, and then becoming the majority phase.
By XRD, the VO2(M-R) transition is observed by a peak shift from 4.24° to 4.22°, corresponding
to the (011) and (110) planes for VO2(M) and VO2(R), respectively. The VO2(M-R) conversion
temperature range of 66-70°C is consistent with previous reports. %34 Tt is noted that when the
material is heated past the transition temperature and allowed to cool again; the VO2(M-R)

transition down-shifts slightly to 64-61°C.

100
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Figure 4.12. Relationship of weight percentage of VO: phases upon heating from
48-75°C.

Electrochemistry during phase transition

A main outcome of the VO2(M-R) transition is the reported change in material
conductivity and subsequent effects on electrochemistry. Initially, multiple types of cell
configurations were tested, including a one electrode cell (only containing the VO- electrode and
a Li* containing electrolyte) and a two electrode cell, containing lithium metal anode and VO, as

the cathode. As temperature increased, the semi-circle of the Nyquist plot decreased, with the
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most dramatic reduction observed at 65-68°C. The dramatic change in resistance at 68°C agreed
with x-ray diffraction data, suggesting a change from VO2(M) to VO2(R). X-ray diffraction
results also showed that the evolution of VO2(R) occurred over a series of temperatures as
opposed to an instantaneous conversion at 68°C, where it was noted that below 61°C, only
VO2(M) was present and at 75°C, VO2(R) contributed over 90% to the material present. The
impedance of a lithium-VO; two electrode cell was measured as a function of temperature to
determine the impact of the VO2(M) to VO2(R) transition on a full cell. As temperature
increased, the Nyquist plot semi-circle decreased, with a noticeably larger reduction at 65-68°C.
Changes in Ronmic and Ree were also noticeable, suggesting the VO2(M) to VO2(R) transition
occurred upon incorporation into a two electrode cell. Similar to the one electrode cell, the two
electrode cell demonstrated its most significant change in resistance between 65-68°C,
suggesting the VO2(M) to VO2(R) transition occurred at this temperature and was detectable in

the presence of a lithium anode.

Galvanostatic Intermittent Titration Technique (GITT) was employed to test the 50°C
and 70°C cells utilizing a smaller current and longer discharge time. Throughout the discharge,
the 50°C cell demonstrated a lower potential at each depth of discharge. The difference in
potential between the 50°C and 70°C cell was most significant early in the discharge. In addition,
the 70°C cell delivered more capacity (245 mAh/g) than the 50°C cell (194 mAh/g) upon
completion of the GITT test. GITT tests as well as additional pulse testing demonstrated that the
50°C cell has a lower operating potential (higher internal resistance) at each depth of discharge
relative to the 70°C cell. Thus, the pulse and GITT tests support the initial hypothesis that

conversion to VO2(R) can impact the functional electrochemistry of VOo.

4.4.4 Conclusions

Through a combination of synchrotron X-ray diffraction, electrochemical impedance
spectroscopy, and density function theory, the electrochemistry of the Li\VO, system as a
function of temperature has been rationalized. The percentages of VO2(M) and VO2(R) phases as
a function of increasing temperature were determined quantitatively using synchrotron powder
X-ray diffraction data coupled with Rietveld refinement. At room temperature VO2(M) is the
dominant phase present. At 70°C, VO2(R) was observed to be the dominant phase present and at

75°C it represented 94% of the total material. Electrochemical impedance spectroscopy was
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used to interrogate the material as a function of temperature where a dramatic decrease in
resistance was noted at 68°C consistent with the phase change from VO2(M) to VO2(R). The
impact of this phase change on the electrochemical function of lithium anode electrochemical
cells was determined through pulse tests at 50°C and at 70°C. Ohmic resistance determined from
the voltage drop at the leading edge of the pulse was used to compare the performance and
shows that the cells tested at 70°C demonstrated lower ohmic resistance than those tested at 50°C
consistent with the increased electrical conductivity associated with the VO2(M) to VO2(R)

transition.
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Chapter V
Examining the lithiation of potassium hollandite surfaces
5.0 Introduction

Theoretical calculations of materials can provide insight into identifying target materials
with particular properties that can then subsequently be tested experimentally. Additionally,
Density Functional Theory (DFT), can offer insight into repeated experimental observations that
may be challenging to explain by purely chemical means. By comparing the calculated energy
of a range of structures, trends can be observed in regards to thermodynamic stability, which can

provide insight when developing a particular synthetic material.

The goal of many approaches in quantum chemistry is to approximate the solution of the

time-independent, non-relativistic Schrodinger equation, where:
Hy(r;,R)) = EY (1, R)) Equation 5-1

Where H is the Hamiltonian operator of a many-body system consisting of 7 nuclei and n
electrons in the absence of magnetic or electronic fields. 1 represents the wavefunction which
depends on both electronic coordinates, 1;, and nuclear coordinates, R;. The Eigenvalue is
represented by E, which provides the energy of the many-body ground state system. The
Hamiltonian operator, H, represents the total energy, by including several different terms,
corresponding to the kinetic energy (Terms LII) of electrons (I) and nuclei (II). The remaining
terms (III-V) represent the attractive electrostatic interactions between the nuclei and the
electrons (III), and the repulsive potential due to the electron-electron interaction (IV), and the

nucleus-nucleus interactions (V).%

Equation 5-2

I II I1I 1A% Vv
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Where terms A and B run over m nuclei, while i and j denote n electrons in the system,
and Ma is the mass of nucleus A in multiples of the mass of an electron. Then following the
Schrédinger equation (Equation 5-1), the Eigenvalue, Eiol is the sum of the energies of the

Hamiltonian, H operating on the wavefunction, 1, where:
Etota] :I (Te) + II (Tn) + III (Vee) + IV (Vnn) + V (Ven)

Due to the multiple components that make up the contribution to the total energy Eot,
approximations are implemented to enable solving the Schrédinger equation for a system that is

greater than an one atom, one electron system.

The Born-Oppenheimer approximation®? sets the nuclei to be fixed in space (due to the
nuclei moving slower than any electron), which yields a kinetic energy of zero, and a constant
term for the potential energy due to nuclei-nuclei repulsions. This reduces the total Hamiltonian
to the electronic Hamiltonian, as shown below:

H= —5 V-2, ,T1ZA + X7 1Z]>l Equation 5-3

Then the total energy, is then the sum of Eciectron, and a constant nuclear repulsion term
Enue, which is a constant. While the Born-Oppenheimer approximation reduces the degrees of
freedom from 3m + 3n to 3n, this still consisted of a multi electron problem that presented
challenges for computational purposes. To further simplify the calculations, further
approximations were developed. The Hatree-Fock approximation is based on the wave function,
where the basis of the approximation was to split the overall wave function, and to represent the
coloumb and exchange interaction by an average potential. However, this can lead to
overestimation of the total energy of a multi electron system is a multiple variable system

(consisting of 4n, where 3n is spatial, 1n is spin).

Density Functional Theory, (DFT) is a widely used theoretical approach for calculating
the ground state energy of a system.®? DFT provides the total energy of a system by relating the
ground state energy to the electron density, p resulting in the following equation, where, and in

Kohn-Sham formalism, the total energy, E, is given by:®?

=V2 4+ VulpM] + V(@) + Vxclp(MD:(r) = Epyi(r) Equation 5-4
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Where —V? represents the electron kinetic energy, Vy is the Hartree term which
represents the electrostatic energy of an electron moving in a mean electrostatic field due to the
presence of other electrons, Vy represents the energy due to the nuclei, and Vy is the exchange-

correlation energy.®*

While the first three terms in Equation 5-4 can be found to an exact value, the exchange-
correlation term cannot be computed, so a variety of reasonable approximations have been
developed, each of which can be applied depending on the requirements of the system and
impacts on calculation time. The Vienna ab initio Simulation Package (VASP) uses all plane-
wave, all-electron code, that includes the projector-augmented wave (PAW) method to describe
electron-core interactions.*>! The PAW approach allows for DFT calculations to be run with
greater efficiency by transforming rapidly oscillating wavefunctions that consist of a very fine
mesh into smoother wave functions that are less calculation intensive. The PAW approach
enables all electron properties to be calculated from these wavefunctions.>>> VASP code enables
obtaining total energy calculations and structure optimizations for larger systems (containing up
to thousands of atoms), and ab initio molecular dynamics simulations (containing up to a few

hundred atoms).

The Local Density Approximation (LDA), was one of the first approximations
developed, by Kohn and Sham?> where the exchange-correlation potential is estimated based on
the treatment of the electron surrounded by a uniform electron gas of density, n, at each point.
While this was found to be effective for pure metals, when applied to other systems, it has
setbacks including overestimation of binding energies and underestimation of crystal lattice
parameters.’? A different approach, referred to as the Generalized Gradient Approach (GGA),
where a density gradient is applied to the spatial variations of n(r)’°# 3’ and has been shown to
reduce the errors obtained by LDA by a factor of approximately 4.3%¢ In addition to expanding
on the exchange correlation term, additional methods, such as DFT + U allowed for greater
accuracy for other systems involving transition metals. U is defined as an on-site Coulomb
interaction parameter, which is derived by either fitting to experimental data, or by running self
consistency calculations. This parameter has been incorporated into many battery material

related calculations, such as calculations addressing metal oxides.
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Metal oxides with the Hollandite structure, and chemical formula of AxM3gQO16 have been
widely reported as materials of interest for energy storage applications.?8!-357-361 With the
chemical formula of 4xM3gO¢, A refers to the tunnel cation, and M refers to the transition metal
that forms the backbone of the tunnel structure, which can exist in a mixed valence state, such as
the Mn*" and Mn*" mixed valence state that exists when M= Mn.?*> Hollandite, a-MnQO,,
consists of MnOgs octahedra, in the parent structure of @-MnO: structure (14/m), with minimal
variation between the six Mn-O bond length (varying 0.02A near a value of 1.90A).3¢* Jahn-
Teller distortion can arise from the 4" electron in Mn3" in the e, level, leading to possible
distortion that can lower the electronic energy. Additionally, other factors including ionic radius
ratio, local Coulombic interactions, and magnetic interactions from varying the metal cation, M,
and the tunnel cation, 4, can influence structural distortions as well.*?> Experimentally, the
effects of this strain have been observed in situ by synchrotron-based X-ray diffraction,*** and
degradation in symmetry has been observed in situ by transmission electron microscopy
(TEM).3%%> Additional insight into the oriented attachment has been described by in situ liquid
cell TEM and first principles studies that showed that nanowire growth is driven by lower
stability of the (1 1 0) surface (compared to the (1 0 0) surface), and that saturation of Mn atoms
at the (1 1 0) edges that leads to generated nanowire growth.3®¢ On the electrode scale, the
structural changes can be correlated to observed dissolution of Mn** leading to capacity fade,

coupled with additional destabilization during cycling. 3¢7-368

Previous bulk theoretical approaches for hollandite and cryptomelane in energy storage
applications have utilized Density Functional Theory to predict and rationalize structural and
electronic phenomena. For example, a previous study focused on the treatment of the physical
properties that resulted from the mixed valence state of Manganese, namely between Mn** and
Mn?** 392 Initially starting with the Generalized Gradient Approach by Perdew, Burke, and
Ernzerhof,*%° the impact of van de Waals interactions were evaluated using the Opt-B88

functional,”°

and then a Hubbard correction (DFT+U) approach was incorporated for the Mn 3d
electrons.?’!-372 In a separate study, the electrochemical properties of @-MnQO, were reported
using Density Functional Theory with the Hubbard U correction (DFT+U) to determine
favorable insertion sites for the Li-ion and Na-ion insertion. The observed tetragonal structure
was reproduced, and the calculated lithium intercalation voltage (of 3.36V vs Li/Li") was

consistent with experimental measurements. Insertion sites for Li insertion showed that the oft-
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center 8h site was the preferred site by Li ion, but it was observed that there was a shift to the
8h’ site (Figure 5.1) at the lithiation amount of a-Lio75sMnQO>. In addition, there was a structural
distortion with a-Lio.7sMnO: and a-LiMnO», which was noted as being a likely contributing

factor to degradation observed with @-MnO> during cycling.3”?

The above followed previous work that considered Li-ion and lithium oxide insertion into
a-MnO», where structural distortions upon lithiation and the thermodynamics of insertion were

evaluated. For Li insertion, it was associated with a particular order of the reduction of Mn ions,

Figure 5.1. MngO16 showing positions of 8h site (blue) and 8h’ site (red).

where asymmetric changes of the lattice parameters (a and b) were observed, along with a
lowering of the symmetry of the structure from tetragonal to orthorhombic. 3’* Additional DFT

studies have looked at magnetic and electronic structure properties’’>

and Li-ion, lithium
peroxide (Li2O2) and Lithium oxide (Li2O) insertion in the tunnels of @-MnQ, 3¢ More recently,
a mechanistic understanding of the lithiation pathway of @-MnO; has been proposed utilizing
first-principles calculations, both in @-MnO- described by a MngO16 supercell, and by evaluating
the role of a transition metal substituent for one of the eight Mn.>”” It was found that the addition
of a substituent can tune multiple variables and lead to diversity in charge ordering, and
structural stability, which in turn effects lithiation behavior. Results of the DFT study on Mn
substitution, showed that Cr was the most effective substituent in retaining the tunnel structure
up to lithiation of 0.625, compared to unsubstituted a-MnO- tunnels that had breakage at

lithiation amounts of 0.5.377

The above work on hollandite utilized DFT models representative of the bulk material.

However, moving from bulk material investigations to evaluating the surface properties of a
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material requires alternate approaches and models. Previously, the lithiation mechanism of zinc
ferrite had been studied by DFT, which provided insight into the lithiation of ZnFe;O4 to
LinZnFe;O4 up to n < 2.37® Zinc ferrite has a spinel structure with Fe3* located in octahedral 16d
sites, Zn?" in tetrahedral 8a sites, and O* located in octahedra 32e¢ sites. The vacancy sites,
which are sites that will accommodate lithiation include the octahedral 16c position, and
tetrahedral 48f and 8b sites.>” This study proposed lithiation intermediates, and was similar to
experimental observations in predictions of measured open circuit voltages above LinZnFe;O4
(where n > 0.5). However, with the smaller amounts of lithiation (n < 0.5) in the initial lithiation
stage, the predicted OCVs were lower than corresponding measured values.*8% 3! This difference
was subsequently addressed by evaluating the role of the surface in this initial lithiation stage.
Based on initial High Resolution Transmission Electron Microscopy (HRTEM) data, the bulk
material had terminations of several facets including the (2 2 0),25% 382,383 (] 1 1)238.383-386 and (3
1 1)%°8. 382,385,387 \where upon lithiation the (1 1 1) facet was found both to be the most stable and
have the highest rate of Li interaction,*? but the mechanism was still unclear. DFT calculations
provided insight into the experimentally observed stability of the (1 1 1) phase by analysis of
surfaces of both high index and lower index planes, whose selection was informed by XRD and
TEM studies. The surface slab model utilized was constructed with symmetric terminations on
both ends of the slab perpendicular to the vacuum layer, which provides a more representative
approach to comparing slab energies compared to slab structures with asymmetric
terminations.’”® The calculated surface energy of slabs of various terminations were defined as a
function of the chemical potentials of Zn and Fe, for determination of the primary facet(s) over a
range over chemical potentials. This follows previous reports using a similar method of utilizing

chemical potential diagrams for a multi-component system,388-3!1

DFT studies on the surface effects of hollandite structures, a-MnO- have been more
limited.*% 3% For example, the surface properties of hollandite, @-MnO; have been studied
using the ab initio method to identify the relative surface energies that predict the relative
morphology and the tendency for the material to form in rod-like morphology along the ¢ axis.?*?
Initially, a screening method was utilized to identify low energy surfaces. Once the low energy
surface candidates were identified, then Density Functional Theory was utilized to describe the
electronic effects of the system. Selected candidate lower energy surfaces were treated using

Density Functional Theory using VASP?%*, with PAW potentials. The Generalized Gradient
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Approximation (GGA) from Perdew, Burke and Erzenhof**® was used with a Hubbard U
correction (PBE + U), which has provided previous descriptions of metal oxide systems.**> The
value of the U parameter was initially determined using Wien2k*%3°7 where a parameter of Uesr
= (U-J)=5.2eV was used, and J = 1.0eV. Using the parameters, the calculated results of @-MnO»
were within 2.5% of experimental lattice parameters, which was shown to be consistent with the

use of PBE + U to overestimate the cell volume.3*®

The surface energy was calculated by taking
the difference between the energy of the constructed slab and the equivalent number of @-MnO>
formula units in the bulk®®*:

__ Es—nEy

Equation 5.5
28

Where, Es = Energy of the slab containing » formula units; £, = Total energy per formula unit of

bulk- -MnQO,, 25= Twice the surface area of the slab (accounting for two surfaces per slab)

The predicted morphology of @-MnO> was visualized using a Wulff construction from
the calculated surface energies. It was noted that the surfaces of the (100) and (110) planes were
the most stable, having surface energies of 0.64 and 0.75 J m 2, respectively, as shown in Figure

5.2, reproduced from Ref.?** with permission from the Royal Society of Chemistry. All other

Figure 5.2. Predicted equilibrium surface energies of surface planes of
a-MnO>. Reproduced from Ref. 394 with permission from the Royal
Society of Chemistry.
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surfaces, had surface energies greater than 1. Following the Wulff diagram, it was proposed that
the (100) surface represented 54% of the crystal surface area followed by the (110) surface that
made up 20%. It was noted that the surfaces that make up the end caps of the crystal were >
45% higher in energy than the (100) and (110) planar surfaces, explaining then tendency of the

crystal morphology to elongate preferentially along the c-axis.>*?

A subsequent study looked at the changes in electronic structure in bulk and nanorod
MnO:; to evaluate the surface effects of the nanomaterials. Several models were generated that
considered the bulk material, crystal configurations, and the nanorod.**?> Based on the
aforementioned report that evaluated a-MnOs surfaces,*** only two prominent and stable Miller
index planes (100) and (110) were considered in the constructions. Extending the evaluation of
surfaces, nanorod models were constructed following experimental results reported by Zhang et
al.**® A microfacet structure was built that was only composed of (100) and (110) Miller indices,
to link the properties of the bulk structure with the nanorod morphology. This was generated to
act as a structure that would link the bulk surface and the nanorod morphologies. It was shown
by partial density of states (PDOS) that the stability of the bulk surface was different from the
electronic structure of nanorod models generated with only the (1 0 0) and (1 1 0) surfaces,
where the (1 1 0) surface facet acted as an electron donor, and the (1 0 0) surface acted as an
electron acceptor. The above reports evaluated relative surfaces of a-MnO», without a central
cation, or substitution of a transition metal for one of the Manganese atoms. In specifically
addressing surface stability, DFT calculations employ the slab method, where planes are cleaved

from a bulk calculation of the material at a specified facet.

Herein, this study evaluates the surfaces of potassium hollandite, KMngO1¢. Following
the reported literature on a-MnQO;, surfaces of the (0 0 1), (1 0 0), and (1 1 0) facets were initially

investigated corresponding to the unstable end plane (0 0 1), and majority facets (1 0 0), (1 1 0).

To investigate and compare the relative surface stabilities, two methods are utilized here to
evaluate the converged surfaces. This includes a comparison of the cleavage energies and
evaluating the surface energies over a range of chemical potentials of Manganese and Oxygen
following an approach outlined in previous reports.’”®- 400 Cleavage energy determinations will
provide the relative stability of the surface slab with respect to the KMngO16, where the more

negative the cleavage energy, the more stable the surface. The phase diagrams will provide
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insight into the predominate facet(s) over a range of chemical potentials (for Manganese and
Oxygen). Utilizing a range of chemical potentials to generate phase diagrams enables the
comparison of different surfaces that are not specifically repeat units of the bulk, and allows for a

variety of surface constructions to be compared.
5.1 Experimental

DFT Calculations. DFT calculations were performed using the Vienna ab initio Simulation
Package®”* %! using spin-polarized DFT +U calculations employing the projector augmented
wave potential (PAW)*>? using the Perdew-Burke-Ernzenhof exchange-correlation functional 3¢
A kinetic energy cutoff of 415 eV was used, along with a Hubbard U-J correction, Uesr= 5.1 —
1.2 eV applied to Mn d orbitals following previous studies.*®* 377 The Gaussian smearing method
was used with the total energies converged better than 10~ eV, and the final force on each atom
was less than 0.01 eV A''. The first Brillouin zone was sampledona2x 7 x 1 or 2 x 2 x 2 k-

mesh (depending on the supercell lattice parameters).

Surface Stability Calculations. The slab model was generated from converged bulk structures of
KMngO16. The number of layers varied depending on the termination, and tunnel type (partial
tunnel or full tunnel on the surface). A 15 A thick vacuum layer was included along the axis
perpendicular to the surface to prevent interactions between the slab surfaces. For optimization
studies, the first three layers (both on the top and bottom of the surface construct) were allowed

to relax (denoted as free atoms), and the remaining atoms were fixed in their atomic positions.

Following previous reports on determining the relative surfaces energy of ferrites for Li
ion battery studies®”®- 4%, the stability of the hollandite surface energies can be defined as the

following:

Surface energy, ¢, for unsubstituted KMngO1e surfaces :

( — Eslab — XUg — YUmn—ZHUo
2S5
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Where:

Eqap = total energy of the hollandite surface, and g, Uyn, Ko are the chemical
potentials of Potassium (ug ), Manganese ((y,), and Oxygen (¢p).

2§ = 2 times the surface area of the slab, accounting for both the upper and lower surfaces

The chemical potentials can exist in a range where the sum of the chemical potentials of the
constituent elements (accounting for stoichiometry) is equivalent to the energy of the surface
slab, where, for the undoped structure:

UkMngo.s = Mk T BUpnt 16Uo = Exyngo,,
The range of ug, Uyn, Uo Where hollandite (KMngOie) is stable:
Apg = ug —Ex <0
Aptyn = tmn — Evn <0
Apo = po —Ep <0

Since Mn and O are dominant by stoichiometry, the surface energy can be expressed in terms of

Mn and O.

The surface energy is expressed as a function of Auy,,, and Ap,, where potassium (K) is held
constant:

For KMngOjis:

(y — 8x)Appn + (z — 16x)Ap,
2S

=19~

Where, 9 is a constant for cleavage energy, and is utilized to determine the relative surface
stability with respect to the KMngO1¢ bulk :

B Ex mn,0, =~ XExmngo,s ~ (y = 8x)Ey, — (z — 16x)E,
B 28
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Based on the above equations, phase diagrams of various surfaces with different configurations
were generated. Additionally, calculated cleavage energies, ¥, were compared to compare the

relative stability of surfaces, including all surfaces tested.

5.2 Results and Discussion
5.2.1 Comparison of Cleavage Energies of KMnsO s Surfaces

Initially, the unsubstituted surfaces were evaluated and cleavage energy, 9, was
determined by comparing termination, and/or full or partial tunnel constructs on the surface. The
cleavage energy is a measure of surface stability with respect to the KMngO16 bulk and metallic
K, Mn and O gas. For the (0 0 1) surface, termination of the surface was varied, since the tunnel
structure for (0 0 1) was not visible from the side view of the surface slab. The Mn-O,-K
termination had Mn atoms located on the plane corresponding to the surface layer that were in a
lower coordination environment compared to full MnOg octahedra, where each of the four
surface Manganese atoms were coordinated to four oxygen atoms, as shown in Figure 5.3A, B.
Alternatively, a separate surface representing the (0 0 1) facet was tested with full MnOs
octahedra representing the surface termination, and potassium atoms located in what would be
representative of the bulk layers of the structure, Figure 5.3C, D. In comparing the cleavage
energies of the two surface structures, the (0 0 1) surface with Mn-O»-K termination had a
slightly higher cleavage energy (0.28 J/m?) compared to the cleavage energy of the (00 1)
surface with Oxygen termination (0.26 J/m?). The cleavage energy reported was reported for the

whole surface slab, where the surface areas of the two slabs were both 98 AZ.
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The lower cleavage energy of the O-terminated (0 O 1) surface could potentially be
contributed to the increased coordination of the surface manganese.

(0 0 1) Surface

Mn-0,-K termination O termination

Side View 5

Y =0.28 J/m? 9 =0.26 J/m?

Figure 5.3. Comparison of the (0 0 1) surface constructions, with: (A,B) Mn-
0,-K termination, and (C, D) O- termination.
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Next a comparison of the (1 0 0) and (1 1 0) surfaces utilized models that varied the
arrangement of the surface octahedra along the area that was surface adjacent. Initially, two
constructs of the (1 0 0) surface were evaluated comparing termination of a full tunnel and partial
tunnel making up the surface (Figure 5.4, A, B). Comparing the two configurations of the (1 0
0) surface, the full tunnel construction (Figure 5.4A) had a lower cleavage energy (-1.01 J/m?)
compared to the partial tunnel on the surface (-0.49 J/m?), which would be consistent with
expectations of an extra dimer configuration on the surface, compared to a fully coordinated
intact tunnel. However, despite the lower cleavage energy of the full tunnel compared to the
partial tunnel, the partial tunnel cleavage energy was still low compared to the other (0 0 1)
surfaces. To compare the relative stability of the surface Mn on the full tunnel and partial tunnel
constructs, projected density of states (PDOS) was obtained for the 3d orbitals of two Mn atoms
either on the surface (Figure 5.4,A, B, or sublayer (B) of full and partial KMngO1s tunnels.

Initially comparing the surface Mn of the full tunnel structure (5.4A- green), to the surface dimer

(1 0 0) Surface

Y =-0.49 J/m?

—Sublayer Mn partial
—Surface Mn partial
—Surface Mn full

Density of states/atom (a. u.)
w

-20 -15 -10 15 20

5 0
Energy (eV)
Figure 5.4. Comparison of cleavage energies of (1 0 0) surfaces with (A) full tunnel

structure, (B) partial tunnel structure, and (C) comparison of electronic structure of
surface and sublayer Mn 3d partial density of states.

108



MnOgs octahedra on the partial tunnel structure (B-blue), there was a downshift in the energy of
the surface Mn on the full tunnel compared to the dimer surface Mn on the partial tunnel, noting
increased stability in the full tunnel construct. Additionally, when comparing the sublayer the
structure in Figure 5.4B, there was an additional downshift observed, noting that the relative
stability would be: Mn partial tunnel sublayer > Mn full tunnel surface > Mn partial tunnel dimer
surface.

Following observations of the surface configuration of the MnOg octahedra, two
constructs of the (1 1 0) surface were generated that varied the architecture of the partial tunnel
surface (Figure 5.5, A, B) in addition to the full tunnel structure (Figure 5.5C). When
comparing the cleavage energies, the structure with a partial tunnel on the surface consisting of
two layers of MnOgs octahedra (Figure 5.5A) had the lowest cleavage energy within the series,
followed by the partial tunnel structure with a single MnOg octahedra on the surface (Figure
5.5B). In contrast to the (1 0 0) surface, for the (1 1 0) surface, partial tunnels were shown to
have lower cleavage energy compared to the full tunnel surfaces. To compare the effects of the
MnOgs varied surface architecture, projected density of states (PDOS) for Mn 3d was compared
for the full tunnel (Figure 5.5C), and two partial tunnel structures (Figure 5.5A,B). As shown in
Figure 5.5D, there was a notable downshift in energy and increase of intensity (of the states per

surface atom for Mn 3d) with the addition of levels of MnOs octahedra on the surface.
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Figure 5.5. Comparison of terminations and cleavage energies of KMngO1s
(1 1 0) with (A) 2 layers of MnQOg surface octahedra,(B) single layer of MnOg
surface octahedra, (C) full tunnel structure; (D) Projected density of states for
Mn 3d or surface Mn atoms comparing all three surface types.
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An additional set of structures evaluated the location of the surface K* in location in
either a hollow site or bridging site. To eliminate discrepancy between the number of and
placement of K atoms, the binding energy (Ey) was calculated comparing the location of the K
ion as either “hollow” (Figure 5.6A) or “bridging” (Figure 5.6B) sites, following notation used
in a previous report on lithium ion placement on a cleaved surface, where the hollow site has an
environment with additional oxygen atoms compared to the bridging site.’”® Binding energy for
the bridging and hollow sites were quantified and compared as shown in Figure 5.6C. The
hollow site, which correlated to the natural position of the K ion after convergence of the bulk
KMngO16 material, had a reduced binding energy (-8.82 eV), compared to the bridging site,
which had a binding energies of -7.68eV, respectively.

In the bridging site, the K ion was situation between two O-O atoms, acting as a bridge, whereas

in the hollow site, the K ion was positioned to be in an O-O-O environment.
Binding energy was determined from the following equation:
Eb = Enkssurface — Esurface — nEk-buik

Where Enk/surface, Esurface and nEx* correspond to the total energy of K-adsorbed surface, bare

surface and Kpuix, respectively.

(@]

Binding Energy (eV)

e Holl Brid
Bridge Site orow riage

Hollow Site

Figure 5.6. Comparison of position of K" in A) Hollow site, B) Bridge site and C)
Comparison of binding energy of each (compared to Kpuix).
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The cleavage energies of all unsubstituted surfaces previously discussed are shown in Table 1.
In comparing only the full tunnel structures, (1 0 0) had the lowest cleavage energy, whereas
when both full and partial tunnel structures were compared, (1 1 0) partial tunnel structure had

the lowest cleavage energy.

Table 5.1. Comparison of cleavage energies of KMngO1¢ surfaces

Crystal Surface slab | Termination | Cleavage Energy to Mn-O (J/m?) Tunnel
-0 0.26 Full
001 -Mn-02-K 0.28 Full
-0 -0.49 Partial
(100) -0 -1.01 Full
-0 0.01 Full
KMnsO16 -0 3.37 Partial
(110) -0 -3.79 Partial
-0 -1.89 Partial
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5.2.2 Phase Diagrams of Unsubstituted KMnsO s Surfaces

After determination of cleavage energy to compare the relative stability of a variety of
surfaces (00 1), (1 00), (1 1 0) of the KMngOi crystal, phase diagrams were generated showing
the dominant facet over a range of chemical potential based on Manganese and Oxygen. The
range of chemical potential notes which phase would exist in Mn rich, Mn poor, or Oxygen rich
and Oxygen poor structures, as shown in Figure 5.7A Two comparisons were conducted, first,
all of the structures containing full tunnel structures were compared, and there was one single
primary facet obtained over the range of chemical potentials, the full tunnel structure of the (1 0
0) surface. This corresponds to previous literature reports on a-MnQO; surface studies, that
reported the (1 0 0) surface to have the lowest surface energy, and therefore be the most stable
facet.> Following comparison of the full tunnel unsubstituted surfaces, all of the unsubstituted
surfaces reported in Table 1 were compared to determine the primary facet to generate phase
diagrams. When the partial tunnel structures were included, the partial tunnel structure of the (1

1 0) surface with two MnOs octahedra layers became a primary facet over a small range of

Mn-poor Mn-rich

O-rich

Mn Chemical Potential Apy, (eV) O-poor

-1.4

(A3) °rly [enuatod [eaiwayd 0

Mn Chemical Potential Apy,, (eV)

o

-2.8 -1.4

(1 0 O) (1 1 0-Partial)

(A3) °riy |enuaod [ed1wayd O

Figure 5.7. Phase diagrams showing (A) Mn- and O- rich and poor regions in schematic, (B)
Comparison of only full tunnel structures, (C) comparison of both full and partial surfaces.
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chemical potentials corresponding to the area of Mn-rich and O-rich. Calculated results and
subsequent cleavage energies and phase diagrams agreed with prior literature reports that showed
the (1 0 0) surface to be more stable compared to the (1 1 0) or the (0 0 1) surfaces.**> 3% The
difference in methods by calculating cleavage energy and utilizing a phase diagram approach to
compare tested facets, allows for the expansion of structures to be tested outside of
stoichiometric equivalents of the bulk (i.e. KMngO16). An interesting benefit to expanding the
type of supercell to outside of a stoichiometric repeat is to incorporate the termination of the
surface in terms of partial or full tunnel structure, where the (1 1 0) surface was shown to be the

primary facet over chemical potentials ranges rich in Mn and O.
Summary

A comparison of unsubstituted KMngO1s surfaces showed that chosen termination (partial
or full tunnel) of the selected surfaces can affect the observed facets observed in a phase diagram
across the chemical potential range for Mn and O. Additionally, the addition of MnOg octahedra
layers on the surface plane either generated a higher cleavage energy (1 0 0) or a lower cleavage
energy (1 1 0) depending on the surface plane. The addition of utilizing cleavage energy and
chemical potential provides opportunities to alter the supercell outside of stoichiometric repeats

of a unit.

5.3 Outlook and Future Directions

Previously, a series of structures containing substituent atoms, M= Ti, V, Cr, Nb, Ru,
were examined using DFT to substitute one of the Mn atoms in the tunnel wall, yielding
Mno g75Mo.12502. Substitution was conducted in an effort to improve the structural stability of the
tunnel, which is prone to Jahn-Teller distortion leading to expansion of the unit cell in the
reduction of Mn** (d*) > Mn** (d*) upon lithiation.?”” Results of the DFT study on Mn
substitution, showed that Cr was the most effective substituent in retaining the tunnel structure
up to lithiation of 0.625, compared to unsubstituted a-MnO- tunnels that had breakage at

lithiation amounts of 0.5.377

114



More recently, reported experimental studies examined Vanadium substitution in a series
of Vanadium-substituted silver hollandite samples, (Agi.2VyMns.yO16, y = 0 — 0.8) which showed
that upon Vanadium substitution, there was a decrease in the length of the nanowires with an
accompanying reduction in the diffusion path length along the c-axis.**> The above examples
highlight the potential impact of metal substitution into a-MnO3, and highlight the need to
continue to link experimental observations to theoretical predictions to be able to understand
observed trends, such as developing explanations for the change in nanowire length upon
Vanadium substitution of silver hollandite surfaces. Various locations for vanadium substituents
will be considered. Based upon the initial results with unsubstituted KMngO1 surfaces, it is
anticipated that upon introduction of a Vanadium substituent for Mn, the location of the

substituted Vanadium (on surface versus within the bulk) may impact the cleavage energy.
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VI. Summary

The above work describes a multi-pronged approach, both in correlating structure to
function relationships in energy storage systems by characterizing the material and subsequent
electrochemistry, and by addressing a variety of systems that are ultimately linked to
requirements of a particular application. For example, work on the solid state, self-forming
rechargeable battery eliminates the use of flammable organic electrolytes, and begins with a
single composite that has the potential for a longer shelf life due to the nature of the development
of anode, cathode, and separator components upon charge. Work on the lithium sulfur system,
has demonstrated two distinct approaches for improving capacity retention after sustained
cycling either by tuning synthetic methods to develop additives that can directly be incorporated
into a composite cathode, or by demonstrating a single facile approach for larger scale
electrodeposition. Future studies can build on the above work, by incorporating theoretical
models, and implementing a multitude of characterization techniques that can evaluate the
electrode scale, including the inclusion of scanning probe techniques to provide insight into the
conductive or insulating behavior of electrodes. This approach will facilitate the future of

research into expanding into beyond Li systems for the future of energy storage.
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