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Rechargeable magnesiu(ivlg) batteries are an emerging electrical energy

storage technology proposed as an alternative to current LHbmuthi-ion) batteries.
Mg batteries have the potential to provide more energy than current gystems due
to the high volumetric capacity atwv reduction potential of Mg metal, in addition to
higher abundance and cheaper cod¥igfcompared td.i metal. However, there are
many challengesegardingMg battery chemistry and materials that must be resolved
before they can be successfully comnadized. The work in this dissertation addess
a few of these challenges, including pdtg?* diffusion inMnO2 cathodes, interfacial
limitations at the Mg anode amdinO: cathode surfaces, and the development of solid
state electrolytes as an alternatteeliquid electrolytes that passivate the Mg anode
interface. These issueare investigated from a fundamental chemical and
electrochemical standpoint to help improve future design of rechargeable Mg batteries.

In the first study, the electrochemical réans and charge storage mechanism

of electrodepositedMnO2 cathodes in watetontaining organic electrolyte are



explored using Xay photoelectron spectroscopy. These results demonstrate the key

role that water plays in enabling the reversible insertidraetion ofMg?* from the

MnOQO2. Second, a heterogeneous electrode structure, PEN@E/coaxial nanowires

is utilized to study the effect afonductive polymeisurface layers on thBInOsz,
specifically r egar diocyctpbilitylare pavérpesfamanceas t he c
well as the overall charge storage mechan/aditionally, to investigate the potential

for anode protection on Mg metal, ALBI20s is deposited on different Mg metal

substrates to determine whether it can improve Bjgpdition and stripping at the Mg

anode and prevent electrolyte degradation on the Mg su&bde it does not

demonstrate the ability to effectively protect the anode during cycling, the resalts her

can help inform further protection layer developmé&imally, the catalytic ability of

Mg?* salts is reported for the rirgpening polymerization of 1;8ioxolane,moving

toward exploringhis polyme6 potential to be utilized as a solstiate electrolyte. The

findings here give fundamental insightsont mat eri al s6 properties t

utilized to design Mg batteries with higloltage cathodes.
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ChapteriUnder st anding Challenges fo
i n Rechargeabl e Magnesium Batter

Parts of this chaptein Section 1.4vere publishedin Wang, Y,. Sahadeo, Eet al,
High-capacity lithium sulfur battery and beyond: a review of metal anode protection
layers and perspective of scbthte electrolytes]. Mater. Sci2018 54, 36713693
reprinted by permission fro®pringer Nature Customer Service Centre GmbH

1.1. Introductionto Rechargeable Mg batteries

Finding ways to efficiently store and provide energy is critically important in a
multitude of parts of everyday life. Whether it is in large scale grid storage for
intermittent renewable sources or shemlale rebhargeable batteries, electrochemical
technologiesre a versatile way to store energy. The most ubiquitous andtweied
electrochemical energy storage technology tadaye Lithium-ion (Li-ion) battey.

Most widely composed of a layered graphite ahaad metal oxide cathode (typically
layered LiCoQ)?with a liquid electrolyteLi-ion batteries are the most commercialized
systemin use todayHowever, the amount of energy that can be staréohited and

will soon reach the maximum energy density that can be stored based on the chosen
materials> As demand forlow cost andenergy denstechnologies is on the rise,
different systems are being investigated to replacemrii Some of thes include
chemistries based dn* but with different anode or cathode materials, such ageltal
systems, lithiunssulfur, and lithiumroxygen. Other chemistriggoposed for nglacing

Li* include sodium, aluminum, zinc, calcium, and magnesium based rechargeable

batteries



Among theseveral energy storage systems being investigated as alternatives to
current Liion technology rechargeablévig batteries(RMB) have sparked interest
because Mg is a more abundant element than Lgtincthe right electrolyteg does
not form harmful dendrites whichare an issue for Li metal anodédt has a low
reduction potential-2.37 V vs. SHE), and although it is not as low as-8id4 V vs.

SHE) thehigherpotentialcompared to Lmeans it is less reactive, a positive regarding
safety concernsAdditionally, Mg metal has a larger volumetric capacity (3,832
mAh/cm®) compared to Li metal (2,054 mAh/émand graphite (777 mAh/ch
Another advantage for Mg batteries is that for one cation that is inserted, there is a
potential for awo-electron transfer, whereas tWi" ionsneed to insert toompensate

for the storage afwo electronsDespite these many positiveésere are challenges in

all parts of theRMB that need to be addressed. Some issues that will be discussed in
this dissertation include pobtg?* insertionkineticsinto metal oxide cathode materials

and passivation of the Mg metal anode in+ompatible electrolytes, addressed in
detail in Seabns 1.4 and 1.5. To better understand the advantages of RMB, the
fundametal principles for understanding battery chemistry will be further elucidated

in the next section.

1.2. Metrics for battery performance

There are many metrics used to quantify the performance of batteries and help
identify the best systems. Foremost are éhergy and power densityhow much
energy can be stored, and how fast can that energy be delivered for the desired

application. Before investigating a battery chemistry, it is important to perform initial

2



calculations based on theoretical valuestodetenne t he batteryds thre:c
energy. One of the fundamental theoretical values that can be calculated for both
cathodes and anodes is the theoretical capacity, either gravimetric or volumetric.
Equationl.1lis used to calculate the theoretical specific capacity, whisréne number

of electrons transferred per mole of materals the Faraday constant, aktlis the

molecular weight of the active material.

. _ £0
Oinahy = =~

Equationl.1

The calculation for the energy density is showikquationl.2, whereVcel is
the cell voltage anq is the charge (Ah), also referred to as the capacity. This energy
is then reported as specific (Wh/g) or a volumetric energy density (Wh/L) when

noormalizd to the batteryds mass or volume, r es
QD= gy X N Equationl.2

The cell voltage is determined by the difference in potential between the anode and

cathode materials. This metric is why thetentials for the electrodes is critigaln

moving from Li to Mg, there israincreasen the reduction potential of ~0.7 V. This

inherently gives RMB a disadvantage regarding the voltage winBominstanceif

two batteries have the same cathode material, and one has a Mg anode and the other

has a Li anode, the battery with Mg will have an overall smaller cell voltayyeever

this loss can be compensated for by choosing cathode materials with sufficightly

capacities. The power of a system in units of Watts (W) is calculated Exguagion

1.3, wherei is the current.

0E0'Q = "OX Ggw Equationl.3



As mentioned previously, the pewdescribes how fast a battery can be charged and
discharged due to its dependence on the cur#hen assessing batteries, power
performance evaluations at varied current densities is usually coupled with testing the
cycle life or cyclability of the b&try. Cyclability test the battery over a long period

and large number of charge/discharge cycles to see how long the battery can be cycled
without losing capacityl' he above mentioned calculations will be used throughout this
dissertation to convey therqperties and performance of different electrode

configurations and battery systems.

1.3. Materials for Magnesium batteries

There are three main components of rechargeable baftees electrodes, the
anode and the cathode, and the electrolyte wisiclates them from one another
Regardless of theelectrode or electrolyte materials chosen, the underlying
electrochemical processes at each electrode during charge and discharge can be
described in a similar manner. The convention for batteries is that tleleaththe
electrode which undergoes reductiancompaniedby cation movement into the
electrode (either via insertion or conversion, further discussed in the next section) when
the battery is used to provide energy, or discharged. The discharge process is
demonstrated by the red arrows kigure 1.1. The anode is the electrode which
undergoes oxidation upon discharge, and releases cations into the electrolyte. The
discharge processmuseglectrongo flow through the external circuit to provide usable
energy, while ions migrate from the anode to ta¢hode. The opposite process,

charging, requires that external current be appliedrewverse the reactions,

4



discharge

Mg metal A MnO, cathode Bismuth B Sulfur (9 cathode
anode anode

Figure 1.1 Different battery configurations demonstrating the 4 major typt
electrodes, a) metal anode paired with metal oxide intercalation cathode and b)
anode paired with a sulfur conversion cathode. The blue colored sg@a@ting tr
electrodes represents the electrolyte.

demonstrated by the green arrowsFigure 1.1. In the following sections, the four
major types of cathode and anode materials, as well as important characteristics of each,

will be discussed.

1.3.1. Cathods

A variety of battery materials exist whiatan be utilized as cathodes and
anodeseach with a different type of electrochemical readtatprovidesenergy.The
first group of materials widely utilized in energy storage atercalationmaterials.
The most well know Lion battery, graphite and LiCeQcontains intercalation
materals as both the cathode and ano@eaphite and LCO are both layered materials,
but other compounds, including metal oxides and sulfides, can also be composed of
tunnel structures where tlvaions are able to insert in open sites within the crystal
lattice® The electrochemical oxidation and reduction reactions occur at the metal

centers of the compoundsjch as Co in LCGynd theLi* (or Mg?*in the case of RMB)



ions are retracted or inserted depending orrélaetion occurring at the electrotie
maintain charge neutralitCommon intercalation materials of interest for Mg battery
chemistries, particularly metal oxides, will be discussemte thoroughly irSection
1.5 Further, the most relevant material for this dissertamO., will be addressed
in detail in Sectior2.1

Another important reaction utilized in battery systemsarg/ersiorreactions.
Different thanintercalation electrodenateriat, these reactions involve a chemical
conversion uporthe elementala&t h o d e meadtian rwithatHe doa in solution
Prominent conversion materials include sutféiand oxyger?, while halides such as
bromine!®and iodiné! have also been studied as potential materials to utilize in RMBs.
An example of thesolid-state cathode reduction reaction fdig-S batteries is in
Equationl.4, demonstrating the reduction of sulfur and subsequent reactioMgith
to form a new producThis chemical equation is a simplifiddscription of the reaction
occurring at the S cathodgoon a full tweelectron transfer reactipras the exact
electrochemical reaction mechanism and species formed during the reaction is
currently a significant focus in the Mg battery communit§. The mechanism is
suggested to be @mplexcombination of the solidtate mechanism iBquationl.4
and amulti-step solutionmediated mechanism involving dissolved Mg polysulfide

species in the electrolyté®®

Mg?* + %58 +2Q © MgS Equaion 1.4

Conversioncathodesare favorable for RMBs due ttheir high theoretical
specific capacity, which for a sulfur cathode is 26vAh/g2 Although the voltage for

this chemistry is limited, a theoretical voltage of 1.7¥sV Mgwhich in experiments
6



is generally lower, the theoretical energy densities for this chemistry are 1700 Wh/kg
and 3200 Wh/L2 Despite the high theoretical energy density valtiesre are a few
critical issuedor sulfur battery systems. One such problemalysulfide dissolution

into the electrolyte, which can cause material loss at the cathode and thus capacity loss
as well & degradation products formed at the Mg metal afddelditionally, the
electronically insulating nature of sulfur means it must be paired with an electronically
conductive scaffoldtraditionally an activated carbon material, provide electronic
pathways, which adds material weight that does not significantly contribute to the
capacity of the cathode. While solutions to these problems are under investigation,
intercalation materials agefavorablechoicedue their higher Mtage and intrinsically

higher electronic conductivity.

1.3.2. Anodes

While insertion materials can also be anodes, such as graphite, charge storage
reactions at the anode beyandertionpredominantly involve mtals that form alloys
uponioninsertionandpuremetal electrode®r the chemistry of interest, such as Li or
Mg metal The metals that have been most consistently stiadiedloy anodem the
literature for RMB are bismutf'® and tin?>?2 as well as mixed phases of these
materiat®> 2*and otherg? while computational studies have looked into the possibility
of using germanium and silicdA These alloy anodes are attractive because they still
have a relatively low potential vs. Mgieasured ~0.15 V for Sn, ~0.23 V for Bi)
which means there will not be a significant sacrifice in the voltage of the battery.

Further, these metals are more stable in conventional electrolytesharedore



passivation layers do not hinddg?*insertion, which is major probin for Mg metal
electrodes.These alloying materials also havke potential to contributdigh
capacities, with tin and bismuth having theoretical capacities of 903 mAh/g &nd 38
mAh/g, respectively, although they are less tin@ntheoretical specific pacity of Mg
metal, which 12206 mAh/g. Another drawback of these anodes is that t@yhave

a significant volume change updfg?* insertion?® which means thie cyclability is

very low due to significant breakdown of these anodes over. tkdditionally, Mg?*

still needs to intercalate into the metal structure for the alloy to form, whicltatso

be plagued by slow insertion kinetics ®fig?*. These drawbacks are whyost
researcherare still focusing on finding ways to utilize Mg metal anodes.

Mg metal anode are the mogiromisinganode for RMB, with high theoretical
specific (2206 mAh/g) and volumetric capacitie8833 mAh/g) and they are not
hindered by slowMg?* insertion kinetics. The redox reactions that occur at the Mg
metal anode are simply the oaitbn of Mg metal tdig?* upondischarging, called Mg
dissolution or strippingUpon charging of the battgrivg?* ions migrate from the
cathode to the Mg anode where they are reduced back to Mg neétaled to as Mg
depositionMg metal is also welknown to deposit in nodendritic morphologie$3?
though a few recently published papers have demonstrated Mg may have the capability
to form dendrites under certain conditichs3However, Mg largely deposits in a ron
dendritic manner which is a major advantage over Li metal anpwtiéesh are notdous
for the formation of dangerous-hietal dendrite8.Dendrites ardazardousecause
they can grow from the anoderough the separator and electrolgited make contact

with the cathode, shorting the battery.
8



The mostcritical issue foiMg metalanodes is thahey are easily passivated
through reactions with conventional electrolyfe®and contaminants such as waker.
The term fipassivati on dgarding these laysrs fonmeslbn ¢ o mmo
the Mg anode interface because it is different from the solid electrolyte interphase, or
SEI, which forms in Li metal anodes due to the fact Mgt*ions cannot diffuse
through this layer to be oxidized or reduetdhe My metal surfacelhese passivation
layers inhibit the electrochemistry on the anode side, whereas the Skbmlatteries
is not passivating because€ ioans can move throughetSEllayerand electrochemical
reactions can still occurhis issue will be discussed further in Sectlofhand Chapter
4, which will discuss possible solutions for passvati

The electrodes discussatk only 4 types of materials, though others exist such
as organic molecule based cathodes and ariééfeand new materials are synthesized
and investigated all the tim&8he work in this dissertation will include studies
specifically focuse@ntheinsertionbased materidinO2 as well as Mg metal anodes.
While the electrodes are critical for battery performancelastgoart of this chapter

will briefly address the final part of the battery, the electrolyte solution.

1.3.3. Mq dectrolytes

As discussed in the prious section, the passivation layer that forms on Mg
metal when using conventional carbonate electrolytes is a layer through which Mg ions
cannot pass, thus no electrochemical reactions occur after it forms. Due to this issue,
research has focused on depéeng new electrolytes to circumvent the issue of a

passivation layer forming on Mg metal anod#e4? This research has been successful



in the development of electrolytes and complex Mg salts that can be paired with a Mg
metal anode, however their synthesis is often-timresuming The field of electrolyte
development for RMB has been prolifend a detailed history and anatysif these
discoveries is beyond the scope of this dissertation. However, we have published a
perspective paper on this togicand a brief overview of the important issues and
properties related to electrolytes aminerecent findings will be included here.

ForRMB, there are different properties and mettizg are usetb characterize
the effectiveness and utility of an electrolyte. The first thing an electrolyte must be able
to do is reversibly deposit and strip Mg metal with a high coulombic efficiency.
Coulombic efficiency is the ratio of chargstripped during oxidation to charge
deposited during reductioto Mg meta] shown inEquation1.5. This metric is a
measure of the reversibility of the deposition and stripping reactianmw coulombic
efficiency indicates that neatll the Mg being deposited can be removed, which is often
an indicator that passivation or some other process is hindering the reaction. High
coulombic efficiency is a good indicator that an electrolyte is compatible with the Mg

metal interface.

chargestripped
~ chargedeposited

X100% Equationl.5

Another important property for electrolytes is their oxidativenarcic stability.
The anodic stability determines the upper end of the voltage limit of the electrolyte
before it begins to oxidatively degrade at the cathode surface. This upper voltage limit
determines what cathodes can be utilized with different elgt#sl Recently

synthesized electrolytes generally have a low anodic stability window, < 3 V vs.
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Mg/Mg?*, which is below what is needed for most high voltage cathodes (3 V or
greaterf! While anodic stability influences what cathodes can be used, so does the
reactivity of the electrolyte salts themselves. Many of the-sffatiee-art electrolytes

are nucleophilic, which is an issue for cathodes such as sulfur which is electrophilic,
meaning the electrolyte would react with the cathiod¢éead of the electrochemical
reactions needed for energy storage.

Recently,many studies ofelectrolytes have foced on Mg salts containing
weakly coordinating aniondoping to decrease the reactivity of the anions in the
electrolyte at the Mg anode surfattevas demonstrated by soreemputational work
that some contact ion pairs, such[MgTFSI]" have decreased reductive stability
which enables degradation on the anode inteffaBg.decreasing the ion pair ability,
the goal is to increase the reductive stabitifythe anion.Further, many of these
electrolytes have demonstrated higher oxidative stability, including carborane anions,
such as Mg(CBH12)2** **and Mg(CBH1o0)2,* and fluorinated alkoxyaluminaté.*
Another promising discovery is thatectrolyte additivefiave improvedeversibility
and coulombic efficiencin some wellstudied systems such as Magnesilumanum
chloride complex (MACC'f and Mg(TFSIYMgCl2.#° While these properties are great
strides forward, many of them have not been demonstrated with high voltage cathodes,
due in part to a lack of sufficient materials with gdag?* insertion kinetics.

One of the goals of this dissertation is to work towards finding a route to utilize
a high voltage cathode in a RMB with a conventional electrolyte through the use of
creative strategies to increabtg?* insertion the focus of Chapters 2 and Bhis

apprach would bypass the need for complex electrolytes, but would then require a
11



different solution for the incompatibility of conventional carbonate solvents and simple
Mg salts with the Mg anode, discussed in Chaptandlternate strategy to completely
remove the incompatibilities of liquid electrolytes is to move to a ssikidie electrolyte
system, which will be further elucidated in Chapter IB. order to understand the
possibility for utilizing electrolytes that are not completely compatible withMbe
anode, meaning they traditionally form passivation layers, it is important to analyze the
current knowledge of the Mg anode interface in conjunction with the different available

electrolytes present in the literature.

1.4.Progress in Understanding the Mdetal Interface

With conventional electrolytes that contain carbonate or acetonitrile solvents
with simple salts such as Mg(Ci@ these components are easily reduced on the Mg
anode surface which forms a passivating film that blocks Mg deposition and
dissolution3* Upon this discovery, the focus of much research became the synthesis of
electrolytes that did not degrade on the Mg anode surface because it was believed Mg
needed to be pristinfer reversible deposition and stripping. However, over the past
few years electrolytes such as those based on Mg(@&88 Mg(BH.): in ether
solvents have demonstrated reversitiectrochemistry at the Mg anodeth some
degree of electrolyte degradation the Mg surfagealthough the overpotentialsr
Mg deposition and stripping are much higher than compatible electrétyéeBhese
observations draw attention to the importance of understanding the types of different
interfacial phenomena that may be occurring and discerning what properties make a

layer truly passivatingOther interface layers may aimilar toan SEI layerthat does
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not block Mg?* ions, and layers of adsorbed specidsave been observed thate
removed from the surfaeender a bias?

Multiple studies have demonstrated the sensitivity of Mg interfaces to trace
impurities, especially water. Water can create MgO and Mg{@bthpounds at the
Mg surface® Additionally, water camlter the intrinsic solvation of Mg with the anions
in the electrolyte or disturthe distributions of ions in the double layer formed at the
Mg surface’® Water can also enable both solvent and salt decomposition by introducing
OH species which can act as a nucleoplaitelin one study OHwas shown tattack
both diglyme and the [MgTFSt]contact ion paif® It has been demonstrated that Cl
can help prevent some level of Mg anode surface passivation, but Cl corrodes common
cell components suchsastainless steel, which make electrolytes containing chloride
less than idea® >" ®8Specifically regardig Mg-S batteries, reports of chemistries
using HMDSCI and Mg(TFSIYDME electrolytes have demonstrated the feasibility
of the system despite a visible presence of reduced sulfur and other species on the
magnesium anod& **The ability of Mg to deposit and strip reversibly and for-Big
batteries to function even witBEI layers on the surface gives promise to the idea of
protection layers, and indicates that a completely pristine Mg surface may not be
necessary for Mg batterieBhese results provide evidence that if a layer with favorable
properties for Mg diffusiorand therefore deposition and stripping, is present at the Mg
anode interface then purposeful surface engineering of the Mg anode may be possible

with an artificial SEI layer or protection layer.
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1.4.1. Prospects for Protection in Mg batteries

Not only have stdies of the Mg interface indicated promise for Mg protection
efforts, but there have also been a few studies demonstrating the success of ion
conducting layers at the Mg surface. It has been demonstrated that by adding iodine as
an additive in an Mg(TFSI)DME electrolyte, dunctional SEforms containing Mg
which can conduct Mg iorf§. This layer enabled a significant decrease in the
overpotential for Mg deposition and stripping demonstrated iAMdgsymmetrical
cells, and a decreased charge/discharge voltage hysteresis observedSaiMgll.
Further, potection usinga cyclized polyacrylonitrilepolymer with Mg(CRSQGs)2
enablel use of M@TFSI)2/PC electrolyte containing water in a full cell with aOg
cathodé&' Unlike monovalent Na and tbased energy storage systems, physical
deposition methods have not been demonstrated irR&MB technology thus far.
Methods such as ALD are promising for Mg protection due to the ability to precisely
control the thickness of thertificial SEI layer downto angstrom scale, although the
lack of materials with high Mg mobility available using ALD or other deposition
methods is an important issue. There is a great amount of room for investigation and
development of both old and new materials for Mg batteespecially in the
application of protection layers.

For future protection efforts, sometbe ideal properties of a functional SEI or
protection layershould include Mg ion conductivity while also being electronically
insulating. Further, due to the pot&l for breakdown of the SEI or protection layer
if it is rigid, it may be favorable to use flexible layers like polymers to accommodate

any volume change. The use of electrolyte additives to form an SEI is also promising
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because if Mg metal is exposéde to SEI degradation during cycling, the layer can be
re-formed by the additives instead of having the newly exposed or deposited Mg be
immediately passivated. Interfacial properties of Mg anodes and the potential for Mg
protection is an open field forxamination of different materials, chemistries, and
electrolyte systems with a goal to try and solve the issue of Mg anode passivation, thus
enabling a wider range of electrolytesbe utilized This dissertation will discuss the

potential for ALDAI20s as a protective layer for Mg anodes in Chapter 4.

1.5. Status of intercalation cathodes for Magnesium batteries

Utilizing intercalation cathodes in RMB is a major goal for many researchers,
although these materials have challenges associated with them. E&xa@aety of
structures that could be utilized in batteries, many of whicle baen extensively
studied in Ltion batteries. However, moving from-lan to magnesium based batteries
is not as simple as changing the ion in the electrolyteciiathginggraphite to Mg
metal. Part of the difficulty was discussed in the previous chapter Mg interface is
passivated by the layers formed upon reactions with conventional electrolytes because
Mg?* ions cannot diffuse through theterphasdayer. A relatedissueunderlies the
difficulty with intercalation cathodeisMg?* ions have stronglectrostatiénteractions
with theions in the metal oxide lattices due to its large charge deasititherebre
high diffusion barriers in mamyell-studiedmaterials®> Mg?* is similar in size to the
Li* ion %3 but it has twice the positive chargehe following sections will introduce
some common cathode materials for RMB, as well as some strategies to overcome the

limitations for intercalation cathodes in magnesibased systems.
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1.5.1. Overview ofcommonintercalationcathodes

In addition to synthesizing electrolytes compatible with Mg anodes, research in
the RMB field has focused on finding and developing cathodes that reversibly
(de)insertMg?* ions, especiallythose with high voltage and high capacitiost
potential intercalation matergdall under two categories: chalcogenide materials and
oxides. The goal is to make a fudlell RMB that contains a cathode, electrolyte
compatible with Mg metal, and a Mg metal dpro Fultcell batteries containing
intercalation cathodes have not bdémquentlydemonstratedand none with metal
oxides to our knowledgé&.he first cathode utilized in a preof-concept RMB was a
chevrel phase material, MEs (T = S, Se)in 2000%* MoeSs is the standard cathode
used to demonstrate viability of abist all new electrolytes synthesized in the literature,
as it has the be#lg?* insertion and reversibility to date, despite the 20 year period of
time since it was first introducetlowever, this cathode has a relatively low capacity
of 120 mAh/g with dow voltage of 1.2 Ws. Mg®®

In addition to the higivig?* mobility, the chevrel phase cathodes have a unique
ability to aid thedissociationof ions from complex electrgle salts common in
electrolytes compatible with the Mg andfelhe difficulty of desolvation from the
electrolyte and dissociation bfg?* from complex anions is the other reason why metal
oxide cathodes have not been successful iackils. The undecoordinated Mo in
MoeSs can aid in the dissociation dMg?* from anionsto which it is ionpaired but
most other metal oxides do not have this catalytic ability meaning complex electrolytes
do not enable reversibMg?* insertion and extractiofror example, Mo@ while also

containing a Mo metal center, is not undepordinated and has relatively high
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calculatedhctivation energy barrierg .1 eV and 0.9 eV for dissociationfy?* from
both Mg® Cl and M@ TFSI ion pairs, respectivefy.

Theother insertiorcathodeslemonstrated in a futtell RMB thus farare other
chalcogenide materi@l such as layerediSz and spinel TiS.%% © These studies
utilized a slighly elevated temperature of 6@ andreportedperformance at low
current densies but it is important to demonstrate that other cathodes beside the
chevrel phase show promis@ther materials being investigated include M&S
MgxZr2Ss," and MX%e (M = Ti, V; X = O, S, SeY?and others§> 7*While chalcogenide
materials generally have lower barriers for Mg diffusion, they have lower voltages
which meangdecreasedaverall energy density of these systecosnpared to metal
oxides The prospect of higher energy densitgne ofthe maindriving forces behind
the continued study of metal oxides for RMB.

The most abundantly studied metal oxides thus far are those that are also
common in Liion battery studiesuch as/20s andMnOz. As MnOz is the structure
of interest for this dissertation, a mome-depth analysis of its background and
properties will be given in Sectighl There has been a significant amount of research
in investigating how to make metalidgs viable in RMB, and the work &fOs gives
a good overview of how scientists are approaching the issue. EaNyg@nwas first
demonstrated as a potential cathode material by demonstratindgfiansertion was
possible in an electrolyte that coimed water’* The addition of water was proposed
to create a solvation shell around #g?* ion that helped shield the positive charge
and decrease its interaction with thleOs lattice. This strategy has been further

explored in other materials such asmnganese oxid€s’ and VOPQ,’® ™ and
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others®®and extended to include the investigation of hydrated mat&ti&tsvhile this

is one solution to the insertion kinetics issue, having watire electrolyte or even in

the cathode structure may cause watdeach into the electrolyte andact with the

Mg anode and passivate the surface. Work is alsgoamg to investigate some of the
desolvation issues at theOs interfacé® 84to determine compatible electrolytes and
favorable properties fdvig?* insertion. Computational studies have been domelip
determinethe best phase &f20s for Mg insertion®> 8as well as to calculation some

of the diffusion barriers to helflustratet he mat er i & WhilsVaPsfoo per ti es
any other metal oxide, has yet to been demonstrated ineefURMB, the collective
efforts by scientists in the literature are moving the field closer to the answer. An
alternate route to a futlell RMB with a metal oxide cathod&inO: specificaly, will

be addressed through the research reported in this dissertation.

1.5.2. Effect of nanostructures and thin films

While the intrinsic properties of many cathode materials are the cayseofor
performance in RMB, this can in part be mitigated byriaigestructural parameters of
the cathodeDifferent common electrode structures are illustrateigure1.2. In all
these electrodes, the critical transport propgfietake into consideration are the ion
and electron pathways. In all cases, the electrons will be supplied or removed through
the current collector, while the ions will be coming from the electrolyte and interacting
with thecathodematerial shown in gsein each image. In the bulk electrode, both ions
and electrons would need to travel a longer distéordbe material to be fully utilized.

In materials with good electronic conductivity, such as LCO, the ion diffusivity often
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becomes the limitingroces if the bulk electrode is too thiékin many Mg cathodes,
the poorMg?* diffusion kineticsare worse than ['/*? mearing bulk electrode®ften
show little to no electrochemical activity so other structamesneededo study the

mat er iparties™®® pr o
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Figurel.2 Schematic illustrating different types of electrodes utilized in battery
studies and their varied structures.

The alternatives to bulk electrodes includemposite thin film, and
nanostructured electrodes. Composite electrodes are the most widely used for
commercial applications, and the particle sizes are smaller than bulk electrodes. This
decrease particle size means ion diffusion into the materials is bettar the bulk
electrode, and there is also more surface area exposed. The composite electrodes are
good for testing overall battery material performance, however trying to determine
specific limitations of ion or electron transport may be difficult if theigi@s are not
of uniform size Further, the distance ions need to travel between particles or electrons

from the current collector to the particles vary widely within the electrode, meaning
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their contributions to performance cannot easily be deconvolétdditionally, these
composite electrodes contain both conductive additives and polymer binders whose
properties may obfuscate what properties of the material itself may be enhancing or
limiting performance.

Thin film and nanostructured materiadse controllable structuresvhich can be
usedto studythe inherent ion and electron transport properties of energy storage
materials.In thin films, the thickness of the film itself is the only variable to change,
assuming it is a system where the ionic or tetexc properties are known. The
downside to thin films is they are not generally practical from an energy density
standpoint, as they do not have much active material from which to derive usable
electrical energyHowever, they are useful to study fundantad transport properties.

Another way to shorteion and electronliffusion pathways is by nanostructuring
the material. The schematic iigure 1.2 only illustrates a array of onadimensional
(1D) nanowireswhich will be studied in this dissertatiddowever, there are other 1D,
2D, and 3D materials that have been investigitealthough going through the
properties of each is beyond the scope of this dissertation. Using the nanowires as an
example, the ions can diffuse through any point along the length of the nanowire,
meaning the diffusion path length into the bulkthe material at the core of the
nanowire is much shorter than a thick bulk electrode. However, there is much more
material in the same area when compared to the thin film electrode, meaning more
energy can be stored than a thin film while still hawvimg improvement of decreased

ion diffusion lengthHaving this type of controllable structure means properties like
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the length of the nanowire can be changedetectivelystudy the effect of electron

transportor the diameter of the nanowire could bermdped to study ion transport.

1.6.Overview of Dissertation

The work included in this dissertation focuses on fundamental properties of both
anode and cathode materials for RMB, specifically investigating the importance of
surface properties of these electrodes. In particular, the effects of engineering surface
layers and precision nanostructurase systematically utilized to shed light on
important properties of these interfaces and how both mesostructure and surface
chemistry can affect the charge storage mechanisms.

1 Chapter 2 will present idepth XPS analysis of the surfaceMO: thin
film cathodes to demonstrate the effect of adding water into organic
electrolyte and elucidate the charge storage mechanism.

1 Chapter 3 will introduce PEDOWINO: coaxial nanowires as tstbed
structure to investigate the effect of electronic conductivity and physical
conductive polymer layers on the surfaceMsfO2 nanowires and how it
affects the diffusion and surfac®minated reaction processes.

1 Chapter 4 will discuss the potentiat ALD Al20s as a protective layer for
Mg metal and present methods for testing the effectiveness of these layers
in a RMB system.

1 Chapter 5 will present results on the polymerization of a common battery
solvent, 1,3dioxolane, via the addition of avig®* salt catalyst and some

electrochemical propertiend applicationsf this polymer.
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Spectroscopy

Portions of this chapter have been published in Sahadeo dhwastigation of the
waterstimulated Md" insertion mechanism in an electrodeposited Mr@thode
using Xray photoelectron spectroscohys. Chem. Chem. PhyQ18 20, 4, 2517
2526, reproduced with permission from the Royal Society of Chemistry.
(https://doi.org/10.1039/C7CP063128pme of ta work was started by Dr. Jaehee
Song and included in her dissertatiinAdditional experiments and results were
completed as a part of this dissertationcluding repeating Dr.S o n gtadses,
designing experiments for depth profiling and anglsolved XPS, air exposure
experiments, andlectrochemical and SEM analysis.

2.1.Introduction

Manganese oxidesome ina variety of crystal structures that have been studied as
cathodes in different energy storage technolog#bough arguablyhey have been
most thoroughly studied for ion batteies®? Manganese oxigs are attractive due to
their low toxicity and wide abundance, in addition to the array of strudterasvhich
to choose. The utility of these materihkssled to their application in beyorddhium-
ion systems, including both #h°*and Mg chemistries, to name a feWhile different
stoichiometric compositions of manganese oxides are available, manganese dioxide
(MnQOy) is one of the prevalent materials imeegy storage applicationslnO2z can be
synthesized using different methods, includingga > °° hydrothermal synthesf,
and electrodepositiott; *®and different phases can be synthesized using these methods
with alterations to the synthesis conditions. Sa@oeimon polymorphstudied in
RMBs include tunnel structussuch asollandite (), the layered birnessite structure
(Upyrol uantes pBwhideach ef fhese structures is composed of the
same Mn@ octahedral unitin different crystallographiccorner and edgsharing
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arrangementghey do not all support reversible insertion of multivalent ions and can
have diferent charge storage mechanisffis.

Of the synthesis methods mentioned ab@kectrodeposition provides many
advantages for studying the fundamentalneiséry of MnOz. Electrodeposition is
versatile in that it can be performed either potentiostatically (constant voltage),
galvanostatically (constant current), or using CV. Furthiece#t requires a conductive
current collector for the deposition, theusture of the material can be modified based
on the structure of the current collecttw study different morphologies and
mesostructure¥ Controllable nanostructures can also be synthesized using templates
such as porouanodized aluminum oxid@AAQO). AAO consists of vertically aligned
pores, and in order to deposit within the pdhescurrent collector is deposited the
bottom of the pores and 1D nanowire arrays are formed as the electrodeposited material
grows inside the welllefined pores?® AAO has been widely used by our group for
many different studies of structural effects on electrochemistry, as the pore size and
nanostructure lengtban be systematically controlled to study different aspedtseof
material properties, ion transport, and electron tran$ptff Electrodeposition also
removes the need for any conductive additives or binders common in composite
electrodes, making them ideal for studying the true mataxglgoties oMnOs.

The electrochemical reaction that will be used to depds®: in this work is
anodic electrodeposition. It is a estep deposition process where the Mn species in

an aqueous solution is oxidized to foMmO2, demonstrated iEquation2.1.

Mn?* @ + 2H,0 4 © MnG, i + 4H" @) + 2Q Equation2.1
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This electrodeposition reaction provides amorphbue). which does not possess
long-range crystallographic order; however, it may contain smaller crystal domains.

When examined using Raman spectroscopy, the electrodepdsi@dstudied in this

dissertation contains peaks whipbssesy i br at i on al mo-MnOs™ i ndi

Amorphous materials can be beneficial due to less rigid interstitial spacing and sites
for ions to insert, where wetlefined crystal structures may be limited by strict tunnel
sizes and intelayerspacings 1 |f the sites in these structures are not favorable for
Mg?* insertion, then some structures are not viable as cathodes withthr fur
structural modification iootherstrategies to help aid ion insertion. Structural influences
and strategies will be further addressed in Chapter 3.

The work in this chapter is a folleup to previous work published by our
group’® It was demonstrated that electrodeposh&tD, was only able to reversibly
insert/retractMg?* ions when water was present in an organic propylene carbonate
electrolyte and theVinO2 was in a nanostructure morphology. The capacity and
cyclability of this electrode in wataontaining electrolyte wasé highest reported at
the time and an interesting effect was observed thatth@: could be cycled in water
containing electrolyte and then transferred into dry electrolyte and still demonstrate
reversible Mg (de)i ns-activkii mm,0 wlhioxch swe

Other reports oMnOz polymorphs and their electrochemistry are important to
consider when evaluating possible cathode matewdiisough a different structure
than the electrodepositenOsz, comput at i o+Mad: indicatad dhate s
conversion reactions forming MgO and MnO upon insertioMgf* into the metal

oxide structure were thermodynamically favorable, and wiitg* insertion was
24
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determined to be kineticallgossiblein small nanostructuresonversion could still

occur above a critical Mg concentration of 0.125MgMe: unit.t%’ This result was
supported by experiments showing that-Kt a b i IMhQ éotnedUa shell of
conversion products upoMg?* insertion®® With these works in mind, it was
important to determine what the charge storage mechanism was in our electrodeposited
MnO2 cathode, especially due to its cyclability in dry electrolyte. A study published
within a few months of our own alsonfirmedthat crysal waterand watefrcontaining

organic electrolytegor G-MnO: indeed helpto improve Mg?* insertion, andtheir
cathodedemonstrated over 60% capacity retention over 10,000 cycles in an aqueous
electrolyte!®Anot her study demonstrated that the
MnO2 was more insertioased in aqueous electrolytes, while in organic elgté®
conversion was favore@.

To follow-up on our previous study, the work in this chapter utilized XPS to
investigate the charge storage mechanisnMgf* insertion in a watecontaining
Mg(ClOa4)2/PC electrolyte. AInO2 electrodes in the literatuteemonstrate different
mechanisms depending on either organic or aqueous electrolyte, it was critical to
determine whathe charge storage mechanism washe mixed electrolyte system.
Further, we wanted to confirm the origin of the wsadetivation effet to help
determine the feasibility of using this cathode in a-éell RMB. The work herein
utilizes different XPS capabilities, such as arngieolved XPS and depth profiling
XPS, to investigate the charge storage mechanism of electrodepdsiedn water

containing organic electrolyte.
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2.2 ExperimentaMethods

2.2.1. Synthesis of Thin Film Mn&Electrodes

To perform XPS analysis on the electrodeposited MaQhinfilm structure
was necessary as opposed to a nanowire morphology. The thin filna &edrode
was prepared using an electrodeposition method. First, 150 nm thick platinum (Pt) was
sputtered on the branched side of a Whatman anodized aluminum oxide (AAO)
template as a current collector using a Denton Desk Il sputter cGagrer tape w#h
conductive adhesive (3M) was then attached to the Pt sputtered side of the AAO as a
contact for electrodeposition. The electrode was sealed between two layers of parafilm
with an exposed circular area punched out to define the electroactive areent).32
and sealed using a heat gun. The electrodeposition was performed inedhtemie
cell, with Ag/AgCl as the reference electrode, Pt foil as the counter electrode, and the
AAO as the working electrode. The deposition solution was 100 mM manganese
acetate tetrahydrate in Millipore water, and the oxidative electrodeposition was done at
a constant voltage of 0.60 V vs. Ag/Ag®&hkrying the amount of charge passed enabled
the thickness of the MnQOayer to be precisely controlled. The-m®pared Mn@
working electrode was carefully rinsed with Millipore water, dried, and then soaked in

the electrolyte solution prior to testing.

2.2.2. Electrochemical Measurement

For electrochemical studies, both dry and watertaining electrolytes were

made. The watecortaining electrolyte was 0.1 M Mg(CKp - 6H20 in propylene
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carbonate (PC), while the dry electrolyte was 0.My(ClO4)2 (anhydrous) in PC. All
electrolytes were purged using Ar gas before measurement-d@leamde cells were
employed with Mn@Qon AAO as the working electrode, Pt foil as the counter electrode,
and Ag/AgCl as the referencell voltages reported are vs. Ag/AgClI unless otherwise
indicated. The Mn@ samples were electrochemically tested using a few different
techniques. Chronoamperomet(€A) experiments were employed to discharge
electrodes by holding potential .4 V for 5 minutes, and charged electrodes were
held at 1 V for 5 minutes following an initial discharge. The cyclic voltammetry (CV)
technigue was used with a potential windof -0.4 to 1.2 V, and the CV was stopped
in either charged (dmagnesiated) or discharged (magnesiated) state by ending the
scans at either end of the potential window. To further drive reactions to completion,
the CV was followed by a CA potential holdither-0.4V or 1V) until a negligible
current was observed, driving the reaction at the electrode nearer to a fully charged or
discharged state. The treatment of specific electrodes will be identified in the text.

To determine the effect of petivatirg electrodes by cycling in water
containing electrolyte, Mng&xhin films were activated using cyclic voltammetry and
left at different stages of magnesium insertion andndertion. The first type of
electrode was cycled and left in tthecharged, or Mg inserted, state referred to as AD
MnOz. The second electrode was cycled and left in the charged, Mg retracted, state
referred to as AnOz. The precycling of MNnG electrodes was done by cycling the
electrodes for 10 cycles betweéndand 1.2 V in 0.1 M of Mg(Cl@)2A 6:6/PC.To
assess the electrodes in dry electrolyte after activation, the electrodes were rinsed with

dry PC and moved into a cell withry 0.1 M Mg(CIOQy)2/PC. For XPS analysis of the
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activated electrodes, both ABINO2 and AC-MnO:z electrodes were cycled in dry

electrolyte for 3 CV cycles then the potential was hel@ 4tV for 5 minutes.

2.2.3. X-ray Photoelectron Spectroscopy (3PS

Ex-situ XPS analysis was performed by using a Kratos AXIS 165 spectrometer
operating in hybrid mmde using monochromatic aluminunrays. Survey spectra and
high resolution spectra were collected with pass energies of 160 eV and 40 eV
respectively. Charge neutralization was required for all samples. A differentially
pumped monoatomic argon ion sgutsource operating at 4 KV and 20 mA, with a
beam diameter of ~1 mm and beam current of ~3.1 pA (measured at the sample holder)
was employed for depth profiling. The sputter gun was calibrated using a standard Ta
sample with 1000 A of T®s, and the bearourrent of 3.1 pA used in our sputter depth
profiles is equivalent to a sputter rate of 1.7 nm/min ai®©d.aThe sputter source was
rastered resulting in a crater of ~7 x 7 mm. For angle resolved measurements the iris
was reduced to 5 mm to improve angukesolution. All peaks were calibrated to the
hydrocarbon peak at 284.8 eV, except for the depth profiling studies which were
calibrated to Cl 2p at 198.8 eV upon disappearance of adventitious carbon after ion
etching. The curves were fitted using Cas&X¢®ftware. Spectra were processed using
a 70%30% Gaussiathorentzian product function and a Shirdggpe background®.

While samples were analyzed-sixu, steps were taken to ensure minimal air
exposure. Samples were electrochemically treated so that they were fresh before XPS
analysis, and not allowed to sit air for extended time. They were kept wet with PC

after rinsing, and then transferred directly into a vacuum desiccator that was vacuumed
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and then purged with Ar gas three times to minimize contact with the atmosphere.
Samples were only exposed to air &bout 5 minutes during transfer into the XPS

vacuum chamber.

2.3.Results and Discussion

2.3.1. Characterization of Mng&xhin films

For this studya thin film morphology was essential to make clear observations
using XPS. The high aspettio nature of nanowires does not give a uniform surface
upon which small changes in surface chemistry can be easily identified. However, very
thick (>1-2 >m) eledrodeposited films cannot be magnesidfe@onversely, when
films are very thing.g.tens of nanometers, and deposited on planar substifzgs,
cannot be cycled extensively before degradation occurs. To get enough nanostructure
to extend the cyclability while keeping the filntgrt, a nanostructured substrate was
chosen that also was uniform and flat enough for the sustatstive XPS technique
On the back side of Whatman AAO, when Pt or other metals are sputtered small
nanometer grains form on the walls of the AAO as seé&igure2.1a. WhenMnOz is
electrodeposited, it conforms to the Pt grains as illustratedjure2.1b. The thickness
can be altered based on the amount of charge passed, with a 15 mC deposition giving
a thickness of ~50 nm irrigure 2.1b. Also, it is important to note that the
electrodeposited Mn£ls amorphous, although it has vibrational modes characteristic

of deltaphase, layered Mn{as indicated by the Raman spectrarfigure?2.2a.

29



C) Voltage (V vs. Mg/Mg**)
2.2 2.6 3.0 34 3.8

——0.1 M Mg(CIO,),/PC
{1 ——0.1 M Mg(CIO,),*6H,0/PC

N W b

Specific current (A/g)

04 00 04 08 1.2
Voltage (V vs. Ag/AgCl)
Figure2.1 SEM images of a Pt sputtered AAO electrode (a) prior to electrodep

and (b) after 15 mC of Mnfvas electrodeposited. (c) Cyclic voltammogram of Iy

cycled at 0.5 mV$in 0.1 M Mg(CIQ:)2AH:0 in propylene carbonate electrolyte,
dry 0.1 M Mg(CIlQ)2/PC electrolyte.

2.3.2. Confirmation of watesmctivation in MnQfilm

To confirm the wateactivation effect from our previous stuflyin the thin
film MnO2, MnO; cathodes were electrodeposited until 15 mC of charge was passed.
One electrode was cycled using CVin dry 0.1 M Mg(J4#®C electrolyte as a control,
while a second was cycled in electrolyte containing 0.M§{CIO4)2:6H20 in PC,
which was the optimal ratio determined previousSiRepresentative CV curves can be
seen inFigure2.1c. There is increased capacity observed in the CV ddMn wet

electrolyte as compared to the dry electrolyte, indicating the positive effect resulting
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from the addition of water previously observed in MiM@Ws is also observed in the
nanostructured film. Two peaks are present, one at 0.5 V in the anadi@asdaabout

0.1V in the cathodic scan, which we assign as indicative for the oxidation®tdin
Mn**and reduction of Mif to Mn**, respectively!* However, the exact valence states

of Mn during the discharge and charge process were not able to be further confirmed
via XPS in the current study due to the fact that tlaeeelikely multiple manganese
oxide species present throughout the sample after cycling, which severely complicates
the oxidation state determination via XP&Some evidence of Mreduction can be
deduced from increased contributions at lower binding energies in the dp&ak

upon dischargeshown inFigure2.2b. The contributions from lowevalent Mr?* shift

the peak center to lower binding energy, which then shifts back to the pristine binding

energy upon charging, confirming the reversibility of the reaction.
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Figure2.2 a) Raman spectrum of aeposited Mn@on the Pisputtered AAO b) M
2p XPS spectra for pristine Mn{Qand electrodes charged and discharged after :
cycles in 0.1 M Mg(Cl@)2-6H20/PC electrolyte.

2.3.3. Surface analysis of Mn{&ycled in watercontaining electrolyte

First, the initial positive effect of water during the activation process, depicted in

Figure2.1c, was investigated to determine what chemical changes are occurring during
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the cycling in watecontaining PC electrolyte. A serieseésitu XPS measurements

with the MnQ electrodes was cocted to examine the evolution of chemical
speciation on the electrode surface upon discharging and charging af MarQhis

study, electrodes were charged and discharged using the CV and CA methods described
in the experimental section. It is importdaatnote the XPS is probing solely the first

few nanometers at the surfaicelepth profiling studies were alsonducted anavill

be discussed later.

Figure2.3 shows the O 1s XPS spectra of Mr&lectrodes at varying charged and
discharged states. For reference, control samples-eleesodeposited Mnfand
MnO2 discharged in dry 0.1 M Mg(CK)/PC are depicted irFigure 2.3a and b,
respectivelyFor all O 1s spectra collected in this work, there were three major peaks

which appared at binding energies 680 eV, 531.7 eV, and 533 eV, with error of
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Figure 2.3 O 1s XPS spectra for MnQhin film electrales.(a) Pristine MnQ@, (b)
MnO: dischargedn dry electrolyte after 2 CV cyclgs) MnO: in charged state af
10 CV cycles(d) MnOz discharged after 10 CV cycldg) chargedusing CA (f
discharged using CA.
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+0.2 eV.The lowest binding energy peak at 530 eV is generally due to%Heo@
metal oxides?which is most apparent in the pristine Mrddd charged electrodes in
Figure 2.3a and e, respectivelyThe middle peak at 531.7 elg attributed totwo
functional groups that tend to overlap, whichfardroxide (OH) and carbonyl-C=0)
specied!® 114Examining theD 1s region of thasdepositednO: electrode irFigure
2.3a, the presence of a peak at 531.7ilkedly indicates some manganese oxyhydroxide
(MnOOR) is present on the surface due toayeeous electrodeposition, and also there
may be some carbon species from adsorbega®D present in the same regidhe
peak at 533 eV also may have overlapping species, and in-tlepasitedVinOz it is
believed to be water adsorbed on the surfaceithin the metal oxide structuré?
However, vhen examining cycled electrodes, the peaks at 531.7 an@\b3&ve
contributions from carbon species with C=0 eOonds that are part of carboxylic
or ester functional groups, or other species resulting from decomposition of propylene
carlonate electrolyté!® Table 2-1 contains the detailed quantitative results of the
componentsn peak fitted O 1s and C 1s spectra of Mrelectrodes to emphasize
important differences.

The electrodes activated using CV were examined first, as CV is the method
utilized to activate the Mn£n both this work and the previous study. The charged and
discharged samples are shownHigure 2.3c and d, respectively. The higher Mg
content in the discharged sample is showiiable 2-1, and the Mg/Mn ratio of the
discharged sample is 0.56 compared to the charged sample which is 0.20. This result
confirms the insertion of Mg upon discharge, and the reversibility of the opasti

supported by the disappearance of Mg upon charging. However, there is a significant
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peak around 533 eV in the O 1s region for both samples, with the charged sample
having the largest contribution of 53.8%. This peak indicates that a significanttamoun
of carboroxygen and perchlorate species are likely present osutti@ce anéppear

to be covering much of the signal from oxide or hydroxide species. To determine what
is occurring upon Mg insertion, CA experiments were done to minimize the amount of
this layer formation which is present over longer electrochemical tests.

Table2-1. Atomic composition results determine from XPS analysimD:
electrodes in various states of charge and discharge

% Composition

O 1s C 1s

Mg 1s Mn 2p H>O/C-O/CIOs OH/C=0 0% C-C/CCH COOR C-O
Pristine - 30.3 0.5 18.6 26.2 14.2 5.3 3.4
Discharged,
dry PC (CV) 2.8 16.3 4.7 21.7 17.2 27.2 4.6 4.8
Discharged,
wet PC (CV) 6.1 10.8 25.2 21.6 10.6 12.1 25 5.9
Charged, wet
PC (CV) 1.0 4.9 53.8 9.7 4.2 12.7 2.3 5.9
Discharged,
wet PC (CA) 144 1.3 21.0 32.0 15 12.2 4.3 7.3
Charged, wet
PC (CA) 0.5 22.9 3.0 17.1 22.7 20.3 4.9 7.5

The O 1s spectra for MnGamples charged and discharged through holding the
potentials are depicted Figure2.3e and f, respectively. The reversibility of the Mg
insertion process in theatercontaining electrolyte can again be seen by analyzing the
atomic composition of Mg obtained by XPS in the discharged and charged MnO
electrodes Table 2-1). The results show that about 97% of the Mg detected in the
surface of the discharged Ma@14.4 %) is retracted upon the charging (0.5 %)

revealing highly reversible charge and discharge process of MnOfilm electrode
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with Mg?* ions. Analysis of the higheslution XPS spectra is presented to further
elucidate the chemical changes.

WhentheMnOz is discharged in wet electrolyte, depictedrigure2.3f, the oxide
peak at 530 eV decreases significantly while the peak at 531.7 eV increases. This
middle peak indicates an increase in either @Htarbonylspecies Comparing the
atomic percentarbon inTable2-1 and the high resolution C 1s spectrédigure2.4e
and f, thee is not an increase in carbon content or a significant change in the species
detected.To give a more irdepth analysis of the O 1s region of the discharged in wet
electrolyte sample via CA=(gure2.3f), we have quantitatively considered all possible
contributions. If it is assumed that the entire 4.3% of C=0 species in the COOR

overlaps with the OHegion, there would still be 22.5% total OH after subtraction of
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Figure2.4 C 1s spectra for samples illustrated in Figure 2 of the main(ggX®ristina
MnOz, (b) MnC: discharged in dry electrolyte (c) Ma@ischarged using CV (d) My
in charged state after CV (e) discharged using CA (f) charged using CA. The thr
compaments consist of € and GH at 284.8 eV, €0 species at ~286.5 eV, ¢
carboxyl species at 289 eV.
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the C=0O contribution. In the Mg 1s, we can attribute a further 1.9% to leftover
Mg(ClOa4)2 contamination, which by process of elimination leaves 12.5% Mg that can
only be Mg(OH). The ratio of Mg:OH suggested by this atomic percent (1:1.8) is close

to the 12 Mg-to-OH ratio expected for Mg(OH) Therefore, the increase in the peak

at 531.7 eV with respect to the peak for oxide species is mostly attributed to the
formation of a hydroxide species. This species forms a thick surface layer that is greater
than Or at least comparable to) the sampling depth of XPSL0~Bm), such that the
manganese oxide component presumed to exist underneath the hydroxide layer was
only minimally detected.

While the observed hydroxide layer can potentially be attributed toipheult
species, such asg(OH)2, Mn(OH), or MnOOH, it is important to note that the atomic
composition of Mn (1.3%) is significantly reduced proportional to the amount of
magnesium (14.4%7his evidence supports the assertion that the hydroxide sjpecies
Mg(OH)z, not any manganese associated hydroxide compound. Further, this Mg(OH)
is likely covering the Mn species undernedthis also possible that some carbon
species are contributing to the signal at the same binding energy as the hydroxide
species, bwever as shown iifable 2-1 the amount of contributions from carbonyl
species (COOR component) overlapping the hydroxide is the same wRbrfdr all
samples. Therefe, the change in the 531.7 peak is attributed to hydroxide species. The
Mg content increases significantly upodischarge also supporting the claim of
Mg(OH). formation. In the charged MnCelectrode, shown irFigure 2.3e, the

hydroxide componentdecreasesand Mn and oxide compositions are restored,
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indicating reversible behavior of the Mg(CQHdrmation. The reversibility is further
supported by the observed decrease in the amount of Mg after charging.

It is also critical to note thatater is required for the formation of tihg(OH)z,
and the water can come from either watentaining PC oaqueous electrolyte. When
theMnOz is discharged in a dry electrolyte without significant water content, there is
only a small increase in the amount of hydroxide species visible in the Ol1s XPS in
Figure 2.3b. Most of the experiments performed here were done in veat@aining
PC, however electrodes discharged in aqueous electrolyte show similar chemical
speciation when analyzed using XPS.Higure 2.5, MnO: fist discharged and then
recharged can be seen in (a), while iheO: discharged in aqueous electrolyte is
shown in (b). The decreased oxide component is still seen in aqueous electrolyte similar
to wet electrolyteand the reaction iaglsoreversible upon charginglowever, there is
more Mn still visible upon dischargetime aqueous samplés 3%) listed inTable2-2,
compared to in the wet PC.3%)

While the mechanism of these reactions will be discussed in detail laer, th
observéion of more Mnindicates that in aqueous electrolyte insertion may be more
favored, while in water containirgjectrolyte we see a combination of conversion and
insertion reactiondVhile Mg(OH)2 forms in aqueous electrolytejstto a lesser extent
than in watercontaining PC, therefore there is a thinner layer on the surface leaving
more Mn exposed. Different mechanisms based on the type of electrolyte were
observed by Nazar and cowork@rfor birnessiteMnOz; organic electrolyte led to a
conversim mechanism, while aqueous electrolyte favored inserfiberefore,it is

plausible that a mixed electrolyte systhasa combination of insertion and conversion
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reactionsFurther, he reversibility oMMg(OH)z formationappearsinique to thevinOz

redox reactionsWith aqueous electrolyte there may be some additional side reactions
with water, withprecipitated or electrochemically formétg(OH)z being one of the
possibé products PrecipitatedMg(OH)2 formationon the surface dinO2 was ruled

out by an electrochemical precipitation studyJagheeSong in her dissertatiofi.It
wasdemonstrated thatathodicelectrodeposion of Mg(OH)z2 could not be removed

from a Pt electrode upon application ofaidative potential.
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Figure 2.5 High-resolution XPS results for electrodes in aqueous Mg{c
electrolyte. (a) Charged Mnr@nd(b) discharged Mng) bothvia CA.

Table2-2. Atomic composition results faMinO2 in aqueous electrolyte

% Composition

O 1s C1ls
Mgls Mn2p HO/GO/CIQ" OH/C=0 o GC/GH COOR GO
ChargedMnO, 1.3 18.0 1.0 225 19.0 24.6 3.9 5.8
DisctargedMnO; 7.3 53 4.0 47.1 5.4 18.6 3.8 2.6

2.3.4. Depth profiling of MnQ cycled in wateicontaining electrolyte

XPS depth profiles were performed in order to examine the distribution of Mg
throughout the Mn@samples. For théepth profiles, the CV method was employed to
cycle the MnQ electrodes to their charged and discharged states. Because the depth is

examined through sputtering with the ion gun, the surface layers that were initially
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Figure 2.6 Depth profiles of all elements in the a) discharged and b) chalgéx

electrodes in 0.1 M Mg(Cl»:6H20/PC electrolyte after 10 CV cycles.

problematic for surface analysis aretrconsequential when probing the relative
amounts of elements in the samples. Each sample was cycled for 10 cycles and stopped
at either-0.4 or 1.2 V, and then underwent a potential hold for 5 minutes at the
respective oxidative or reductive potential prior to XPS analysis. Due to preferential
sputtering of oxygen and reduction of manganese spegid® Ar ion gun, the depth
profiles cannot be used to accurately examine the different oxidation states of
manganese oxide species throughout the sample. However, it gives insight into the
relativeamount @ different speciesletected. The full depth profiles for all elements in
discharged and charged Ma€amplesarein Figure2.6. For the discussion here, the
depth profiles inFigure 2.7 depict the Mg/Mn ratios of Mn©samples in both the
charged and discharged states.

The depth profiles show the changes in the amount caiigMn throughout the
sample. In the discharged Mp®ample there is a steady Mg content of about 10%
throughout the depth of the sample, while it is only 3% in the charged sdfigueg(

2.6). These results combined with the Mn data give the overall ratios of Mg to Mn as
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Figure 2.7 Mg/Mn ratios of ADMnO: (stopped at discharged state) and-M@GO.
(stopped at charged state) over 10 etching steps each lasting for 90 seco
electrolyte used for CV cycling was 0.1 M Mg(G)@6H20 in PC.

provided inFigure 2.7. There $ a high concentration of Mg at the surface of the
discharged sample (0.6 Mg/Mn) and a constant ratio of ~0.25 Mg/Mn underneath the
surface. The charged sample has a ratio of ~0.2 Mg/Mn at the surface and 0.1
throughout the deptexamined. These results support that addgtaining layer is
more prevalent on the surface of the discharged sample, which is subsequently removed
upon charging of the MnOThe presence of magnesium deeper within the bulk of the
MnO:z film is evidence thiindicates insertion of Mg is also occurring in addition to
the reactions on the surface.

Consideringboth the XPS depth profiling and high resolution XPS analysis, we
believe there is more than just a simple insertion reaction occurring incestinng
electrolyte. There is distinct, reversible formationMg(OH)2 on the surface of the

MnO: indicative of a conversion process which requires the presence of water.
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However, there is also Mg insertion detected throughout the film, not just on thesurfac
where the conversion occur€onsidering these resulta’e propose the following
charge storage mechanism of Myi@the presence of water molecules:

 C -1/ ch —-¢Cc-1T/ Equation2.2

AN |1 +ro

-Cl( -¢C-11 Equation2.3

The reversible oxidation and reduction of MnNImO: is apparent from the
CVs collected, in addition to the shifting of the Mn 2p peak in XB§uation2.1).
This redox behavior is accompanied by the insertiddg, which was confirmed by
EQCM and ICP in a previous stu@8While concentrations of Mg and Mn in this work
were too low for ICP, an SEM cross sectinapsin Figure2.8can give support to Mg
insertion into the bulk of the film. Furthetda XPS depth profile results provide
evidence to conclude that inserted Mg exists under the Mg(@y#r. In the presence
of water molecules, M@/InO2 converts to an inhomogeneous composition of Mg@OH)
on the surface layer and possible reduced manganese oxide species underneath of

Mg(OH), although its precise composition is not known. Another possisdtarging

Sputtered Pt

gt R R, TV el e
Pt (o)

Flgurez 8 SEM—EDS maps for a 300 nm thick film of Mm(dlscharged using the (
method
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mechanism is direct conversion from Mn@ Mg(OH) and reduced manganese
species Equation 2.2), simultaneous with Mg insertion. There are likely MnO,
MnOOH, or Mn(OH) species present underneath of Mg(@bfsed on the decreased

Mn composition with increased hydroxide component and vice versa demonstrated in
the XPS data. Upon charging, the oxidation of Mn species reversesritiersion
reactionwhich formedMg(OH)2, which was determined twherwisebeirreversible as
reported by Sond The initial surface XPS studies combined with electrochemical data
give a foundaon for our mechanism when cycling in watsmntaining electrolyte. The

next section will investigate the observed watetivation phenomenon whekég?*

insertion is stillobserved when the Mn@lectrodes are transferred to dry electrolyte.

2.3.5. Charge stage mechanism of pictivated MnQ

To understand the mechanism of the observed activation phenomenon ef MnO
nanowire electrodes discussed in our previous publicatamd to elucidate on the
observations of the surface properties of the activated thin film2MHtrodes in the
previous section, further XPS studies were conducted. The thin films were deposited
and cycled in watecontaining electrolyte using CV as previouslgscribed and
stopped at either their charged or discharged state. Potential holds were then applied
for 5 minutes at eithef.4 V (AD-MnO2) or 1 V (AGMnOQOy) to fully insert or remove
Mg?*ions The precycled electrodes were then cycled in dry electrolyte to examine
the evolution of the surface species relevant to the watgvation effectFigure2.9a
shows the CV of activated and pristine Mr&dectrodes cycled in the dry electrolyte

at a scan rate of 0.5 mVsThe differences in the voltammogragise insight intathe
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Figure2.9 XPS spectra for preycled MnQ electrodes cycled in dry electrolyte.
CVs of AGMnOz, AD-MnOg, and pristine Mn®@ electrodes cycled in 0.1
Mg(ClO4)2/PC electrolyte at 0.5 mV¥sand O 1s spectra for (b) ABInOz and (c) AG
MnO:z electrodes after 2 CV cycles in dry electrolyte.

importance of the contribution of water molecules from the electrolyte.

Upon inspection of the CV curveshigure2.9a, he oxidation and reduction peaks
are similarly separated after activation regardless of the state of charge of the electrode.
This result indicates a higher overpotential for redox oMIn€,, predominantly for
the oxidation reaction, which is likely due to the presence of less water in the system
overall. However, another important trend is that the electrode left in the discharged
state, ADMnOz, has a higher peak current and overalhkigcapacity compared to the
electrode left in the charged state,-MDO2. The AD-MnO: is expected to havwdg?*
and ceintercalated water still inside the lattice withg(OH)2 on the surface, while
AC-MnO2 hasMg?*ions and excess water removed with mirikt(OH)2 on the
surface However, both electrodes are believed to have water trapped within the MnO
although more is expected in the case of-MBO.. Figure 2.9 and cshow O 1s
spectra of ABMnOz2 and AGMnO: that werecycled in dry electrolyte and left in the
discharged stat®oth electrodes demonstrate an increase in OH contributions at 531.7

eV upon discharge, though more OH is apparent in theMiD> sample While all
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the OH cannot be definitively ascribed to Mg(Qldye to the visible amount of Mn,

the increase in OH is still accompanied by the discharge and subsequent Mg insertion.
This possibldayer formation is also apparent through the decreased amount of both
oxide and manganese signals in-MhO2 as compared to AMnOz, as well as the

larger amount of OH detected in ANO2. The atomic composition and peak fitting
data for the XPS spectraeasshown inlTable2-3.

Table2-3. Atomic composition results determined from XPS analysis of activate
electrodes cycled in dry electrolyte and stopped in the dischatajed

% Composition

O 1s C 1s
Mgl1ls Mn2p H>O/C-O/CIOs OH/C=0 O* C-C/C-H COOR C-O
AC-MnO2 6.1 17.5 14.5 21.7 12.1 15.9 4.1 3.6
AD-MnO2 6.1 12.4 12.6 25.5 9.0 20.0 5.5 6.0

To further investigate the OH formation on the surface, arggelved XPS (AR
XPS) was performed on AD and A@nO: samples that were discharged in dry
electrolyte. In ARXPS, the sample stage is tilted to alter the @fikeangle of the
electrons fom the surface. At smaller angles relative to the sample surface, electrons
are detected from a shallower depth while at larger angles the electrons are collected
from deeper into the bulk of the sample. In this study, analysis was done at electron
takeoff angles of 90° and 20° (with respect to the sample surface). ThéRERfor
AC-MnO2 and ADMnO: are in Figure 2.10a and b, respectively, and all dasa
normalized to the ®peak. In the O 1s data Figure2.10a, the increase in signal is
apparent in the OH and28/C-O regions at 531.7 and 533 eV, respectively. As the
XPS gets more surface sensitive, there is more hydroxide species as well as some

carbon species from surface contamination. Most important is the increase in the
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Figure2.10 Angle-Resolved O 1s XPS spectra for (a)-MDO:2 dischargedn dry
electrolyte and (b) AEBMNnO: discharged in dry electrolyte.

Table2-4. Atomic composition results for ARPS of adivated electrodes cycled it
dry electrolyte

% Composition Peak ratio

Mg 1s Mn 2p C-0/C-C OH/O?
AC-MnO, - 90 2.4 15.6 0.36 0.7
AC-MnO, - 20 2.4 14.5 0.33 0.9
AD-MnO, - 90 5.5 9.7 0.28 1.6
AD-MnO, - 20 6.6 11.0 0.25 1.8

amount of OH relative to Das indicéed inTable2-4. This observation supports the
formation of hydroxides closer to the surface. Additionallysigure2.1(, the same
increase in the OH @H20/C-O regions is clear, and there is a marked increase in OH
compared to &. However, in the ABMnO: there is a larger overall OHfQatio. This

result makes sense, as the-MDO: is believed to contain more water and therefore
have a larger propensity for Mg(OHprmation, and hydroxide formation in general.
The AD-MnO2 sample has a larger amount of Mg visible at the surface, with Mg/Mn
ratios of 0.57 at 0.59 at 90° and 20°, respectively. Conversely, the Mg/Mn ratios of the
AC-MnO; are 0.15 at 90and 0.17 at 20°. The higher Mg/Mn ratios for AMMO2
further support that the OH formation is directly related to the discharge and Mg

insertion process and shows a correlation with water content in the electrode.
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The preact i vat ed el e mital mspensedandesuriaaetchemicah e
speciatiorupon cycling in dry electrolytgive important insight into the role of water
in Mg insertion intoMnO2. When cycling in watecontaining electrolyte, i&ll the
water which ceintercalates wittMg?*is removel upon chargingylg(OH)2 would not
be formed upon cycling in dry electrolytespecially in AGMnOz. Further, the extent
of Mg(OH): formationis influenced by what state of charge teaO: is in, thus the
amount of water likely in the structyravith AD-MnO2 showing more extensive
Mg(OH)2 conversion products than AKINO2. These observations support the
proposal that some water remains in MaO:z structure after cycling in wet PC
electrolyte. Additionally, the presence of structural water is a lileetplanation for the
water activation phenomenon wheknO: retains capacity after cycling in wet
electrolyte and transferring the electrode to dry electrolyte.

As mentioned in the introductic this chaptermany groups have studied Mg
insertion mechanias into a variety of polymorphs dnOz, i nc tMn@Mflg e
MnO2,’and ot he r-MeO:. Ul¥Despite diffdrendes in the crystal structures
studied, there isa general trend that intercalation of Mg is favored in aqueous
electrolyte systems, while surface conversion reactions predominate-@amneaus or
organic electrolte systemsA recent study by Sun et.al. reported on the mechanisms
for t h eMnG @nnbeth agueous and organic systembey also observed
significantMg(OH)z formation in addition to MgO on the surfaeend they were able
to differentiate some Mn spies using XPS and EEL8.Similar to our studythe
insertion is attributed to the ability of water to solvsltg?* and screen the charge from

the metal oxide. They propose that the conversion reaction Haaqueous electrolyte
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occurred due to the increased thermodynamic stabilityg§OH). and MgO products
which form from unstableMgxMnOz. Our results lead to a sombat different
conclusion in our amorphous material, and we propose that in a mixeeomataining
organic electrolyte system there is a combined insertion mechanism and Mg(OH)
formation. We suggest that in systems where water is present, whether aqueous
mixed watefin-organic electrolyte or cathodes containing structural water, there is
insertion ofMg?*into the amorphous electrodepositddOz. This insertion is either
simultaneous with a conversion reaction, or a conversion reaction follows insertio
giving Mg(OH): at the surface and reduced MnO, MnOQ@HWN(OH)2 species in the
bulk. Also, we suggest that the formation of Mg(Ql#) conjunction with the charge
screening effect could be the driving force that has generated the observed

improvemenin Mg?* capacity in the presence of water molecules.

2.3.6. Effect of air Exposure on XPS analysis

To test the effect of air exposure, two Mn€amples of different thicknesses (one
deposited by passing 15 mC of charge, the other was deposited by passing 5 mC of
charge) were first electrochemically treated outside of the glovebox in the same manner
as described in the experimental section. However, after being rinsed with PC to
removesalt species, they were transferred directly to the antechamber of a MBRAUN
glovebox with <0.5 ppm water and oxygen instead of being moved into a vacuum
desiccator. The electrodes were still wet with PC during transfer to prevent as much air
exposure asg@ssible. They were also transferred from the glovebox to a glove bag

attached to the XPS vacuum chamber without any air exposure. With these precautions,
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the samples were not exposed to air. After taking the XPS speétiguire2.11a and

¢, both samples were removed from the glovebox and allowed to sit in the atmosphere
exposed to air and humidity for 24 hours. The XPS speckayiure2.11c and d were

then taken. This amount of exposure was done as an extreme case, as at most the
samplesn this dissertationvere exposed to air for 10 minutes durirensfer.

Examining the XPS data after air exposure, it is apparent that there are not major
changes to the samples. The 15 mC deposited sample saw an increase in the amount of
oxide present and a decrease in the amount of Mg, which may indicate oxidfion o
by the atmosphere. There was a small amount of this effect seen in the 5 mC sample,
but very minor. However, this oxidation does not significantly alter our analysis or
conclusions air exposure cannot account for the Mg(@Kymation according to
these results. Additionally, this Mn oxidation would in fact make our expected results
less pronounced if the Mg ions diffuse into the bulk of the MaQ away from the
surface upon air exposure. While not shown here, the binding energies of the Mg 1s
regions did not shift more than 0.2 eV after air exposure, which is within the margin of
error and confirms the stability of the Mg(QHayer upon air exposure. Detailed
atomic composition results are shownable2-5.

Table2-5. Atomic composition results determined from XPS for Mis@mples before
and after air exposure

% Composition

O 1s C1s

Mg Mn

1s 2p H20/C-O/CIOs OH/C=0 0* C-C/ICCH COOR C-O
15 mC ADMnO2, CA 8.2 1.2 21.6 23.9 0.4 28.1 5.2 7.4
15 mC ADMnOg, CA
(air) 59 4.6 22.2 21.3 4.5 27.0 5.7 3.4
5 mC AD-MnOy, CA 12.1 2.8 11.5 31.2 2.4 24.0 6.3 7.5
5 mC AD-MnO., CA
(air) 11.9 3.9 11.7 30.6 3.8 22.9 57 7.4
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2.4 Conclusions

Themechanism of charge storagas elucidatedor amorphous, electrodeposited
MnOz in watercontaining Mg(ClQ)2/PC electrolyte. The electrochemical experiments
coupledwith surface, angleesolved, and deptprofiling XPS analysis demonstrated
the formation of a Mg(OH)layer on the surface of discharged electrodes in addition
to Mg?* insertion into the bulk of the MnGilm. The Mg(OH) formation was found
to be presenboth during the water activation process and when cyclingqreated
electrodes in dry electrolyte. This | ayero
its disappearance upon charging, and is attributed to the reaction of Mg with water
either withn the MnQ structure or the electrolyte. These findings verify the
importance of water to the increased performance of amorphous d4titddes, and
stress that water negtb be present in some form to enhance theidmgcapacity.
Importantly, the water as observetb notonly screen the charge of Migo facilitate

insertion, but also contributed to a chemical conversion at the cathode.
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Chapter3l nf |l uence of conductive po
cat meedd or mance and charge stor a:

3.1.Introduction

In the previous chapte¥]nO2 wasdemonstrated as a potential cathode material for
RMB upon the addition of water into organic electrolyéater can stay within the
structure to enabl®ig?* insertion even in a dry electrolytand the electrochemical
charge storage mechanism is proposed to be a combinatMg?dfnsertion and a
reversible conversion reaction forming Mg(QHat the MnO:z surface. This
understanding of th®InO2 reactivity is important, but the performance astbathode
can still be improvedOne disadvantage d¥inO: is that it has a relatively low
electronic conductivity!” 8Poor electronic conductivity can cause a large potential
drop along the length of the NWs, which may cause decreased material utilization
especially at higher current densiti€s.11° Also, a weltknown issue forMnO:
cathodes is that there is the possibility of Mn dissolution during cychthgre even a
small amount of Mn loss can cause significant capacity decay dueatteration of
the MnO2 surface chemistry?® As previously mentionedylg?* has poor kinetics in
many solid materials, meaning protective layers at the cathode may also impede Mg
insertion. IfMg?* can insert into the corkInO: through a lagr engineered on the
surfacejt will be a step forward for understanding the capability for cathode protection.
To potentially address both of these issues, the research in this chapter ingesstigate
previously established eslectrodeposition method synthesis coaxial PEDOWNO2
nanowires as a tesed structure foMg?* insertionl®* 21PEDOT is a wekstudied

conductive polymet??2which in the coaxial structure will deposit on the outside of the
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MnO2 core to provide electron pathways along the length of the NW while also
encapsulating th®inOo.

When utilizing mnostructured materials as battery cathodes, another important part
of the charge storage mechanism is understartdagontributions to charge storage
from diffusionlimited reactions versus surfademinaxt capacitive or
pseudocapacitive reaction®iff usiontlimited reactions include the intercalation
reactions ofMg?* into the bulk MnO, which is kinetically much slower than the
capacitive and pseudocapacitive reactions. The latter two charge storage types differ
from insertion reactions in that theyeadtependent on the surface area of the electrode
materials. While capacitive charge storage is the electrical energy that is staced via
adsorptiondesorptionin the electrical double layer, pseudocapacitangelves fast,
surface electroftransfer reations that are most commonly found nanostructured
electrodesWhen materials are nanostructured, their surface area is greatly increased.
As the surface areacreasesn redoxcapable cathode materials, more of the charge
canbe storedlue tosurfaceredox reactionsnot just capacitive charg€éhese different
diffusion-limited and surfacglominant contributions can be mathematically
deconvoluted using two different %asdt hods, \
Dunnds ¥ahedeoathsds will be discussed in detail in Sect®bd.3

The different contributions to charge storage have not been widely investigated in
nanostructuredMnOz materialsfor RMB. Many studies oMnO2 as supercapacitor
electrodes have demonstrated the utility of these calculations in deteyrhimw
charge is storetP> 1%pbut there are fewtudiesof MnO: as cathodes for RMB. A recent

s t u d y-Mn@:f naneparticles demonstrated that smaller particles (80 nm) have
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increased diffusiofimited charge storage comparedlaoge particles (800 nm) and

had larger capacity overall, demonstrating the importance of understanding how the
mechanism may affect performarafadifferent nanostructured electrodé$The work

in this chapter will address this gap in understandingMo©. cathodes as RMB
materials, and investigate the charge storage mechanigm®fin 1D nanowiresand

how the surface PEDOT layer affects the charge stordgmg dectrochemical
characterization in conjunction with microscagyd elemental analysis, we will report

the influence of the PEDOT conductive polymer onMg#* insertion intoMnO2 and

the contributions from diffusiochmited and surfacelominant processes.

3.2.Experimental Methods

3.2.1. Nanowire Electrodeposition

The MnO2/PEDOT coaxial nanowires were synthesized usngeviously
published procedur®! which is described briefly her€&irst, 300nm thickgold (Au)
was sputtered on the branched side of a Wha#fw&h templae, with 200 nm diameter
pores,as a current collector using a Denton Desk Il sputter coater. Copper tape with
conductive adhesive (3M) was then attached tAthsputtered side of the AA@s a
contact for electrodepositiorhe ordered pores were exposed to the electrolyte
solution. The electrode was sealed between two layers of parafilm with an exposed
circular area punched out to define the electroactive area (03 2wdsealedsing a
heat gun. The electrodeposition was performed in a-#lestrode cell, with Ag/AgCI
as the reference electrode, Pt foil as the counter electrode, and the AAO as the working

electrode.The electrodeposition solution containedl mM Mn acetate tedhydrate,
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80 mM 3,4ethylenedioxythiophene (EDOT), 100 mMQlD4, and 140 mM sodium
dodecyl! sulfate (SDS) dissolved in Millipore watés previously reported, the
thickness of the PEDOT shell was altered by depositing at different constant voltages.
Here, voltages of 0.67, 0.70, 0.75, and 0.80 V vs. Ag/AgCl were used.Mh@e
nanowires were deposited at 0.60 V vs. Ag/AgQDibM Mn acetate tetrahydrate in

Millipore water.

3.2.2. Electrochemical Measurement

All the electrochemical measurements were perfdima threeelectrode cell
with MnO:2 or coaxial nanowires as the working electrode, Pt foil as the counter
electrode, and Ag/AgCl as the reference electrode, except for the GV cycling where
activated carbon cloth (ACC) as used as the counter electroelelddirolyte was.1
M Mg(ClO4)2A 6:®/PC with a voltage window of0.4 to 1.1 V vs. Ag/AgCl for CV
and-0.4 to 1.15 V for GV. For the charge storage mechanism analysis, scan rates of
0.2,0.3,0.3,0.8,1, 2, 3,5, 10, 20, and 40 mV/s were run. Eatlvdewas activated
for 10 cyclesby cycling the electrodes frorn®.4 to 1.1 V vs. Ag/AgCl im0.1 M
Mg(ClOas)2A 6:6/PC before performing th€V with different scan ratesind before
GV power performance testing he current densities used for the GV of biethO:

and coaxial PEDOMNO2 samples will be specified within tlextin this chapter.

3.2.3. Electron Microscopy¥haracterization

Samples for SEM were mounted with the gold side down on conductive carbon
tape. Tke AAO was removed with 3 M NaOH for 20 minutes, then rinsed 3 times with

Millipore water. Cycled samples were soaked in PC and water (2 times in each solvent)
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to remove salt and electrolyte residue before being gently scraped from the parafilm
and mountedn the conductive carbon. For TEM analysis, the AAO was removed from
the parafilm after electrodeposition of the active material. The gold current collector
was scraped off using sandpaper, and then the whole AAO was dissolved in 3 M NaOH
solution. The Na® was replaced with water and the nanowires were rinsed with
Millipore water as many times as needed to achieve a neutral pH, indicating removal

of all NaOH (~10 times). The nanowires were then dispersed in ethanol >anaas

dropped onto a lacey carb®&M grid and dried at 6€C for 1 hour before analysis.

3.2.4. Raman Spectroscopy

Raman samples were left sealed in the parafilm electadtirsremoval of the
AAO, and spectra were taken of both pristine and electrochemically tMat@dand
coaxial struatres. Raman spectra were collected on a Horiba Jobin Yvon LabRam
ARAMIS instrument with a 532 nm laser and >rh? spot sizeMnOz spectra were
collected with a spectral window of 300 to 90967, while coaxial PEDOMnNO. were

collected with a window of 100 to 25@0n™.

3.2.5. ICP-AES Analysis

ICP-AES analysis was collected usingshimadzu ICPEB00Q Samples for ICP
analysiswere digested in concentrated aqua regia (3:1 HCl:kiNGQution for 1 hour
for pureMnOz nanowires, Wile coaxial PEDOTYINO2 samples were digested for at
least 3 hours. For coaxial samples, onlyNtréD2 portion was dissolved while PEDOT

remained on the parafilm electrode. Samples were diluted to 100 mL in volumetric
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flasks with Millipore water, giving fial acid concentrations of 2% nitric acid and 2.7%
hydrochloric acid. Standards for calibration curves were prepared using an Inorganic
Ventures multielement standard, traceable to NIST standard reference matEnials.

wavelengths used for analysis wéi#.553 nm for Mg, and 257.610 nm for Mn.

3.3.Results and Discussion

3.3.1. Deposition of Coaxial Nanowires

The PEDOTMNO2 coaxial nanowire synthesis was previously developed and
published by Dr. Ran Liu as an ideal structure for supercapatitéior this work, the
published protocol was repeated to achieve the coaxial nanostruatudeposition
voltages of 0.70 V, 0.75 V, and 0.80vg. Ag/AgCl An additional oaxial nanowire
structure wasiso deposited at 0.67 V to achieve a structure with thinner PEDOT than
the 0.70 V sample. A TEM image ofetl®.67 Vstructure is depicted iRigure 3.1a,
where the porous structure MOz can be seen with a thin layer of PEDOT on the
surface,less than 10 nm in thicknesEDS mapping was performed, and an¥ED
spectrum was extracted from thiata However,due to the low S content, the S signal
from the EDS was below the threshold of the TEM softwarenaittieran individual
map of theS signalnor aline scarcould be createdh\s a rough comparison, the Mg/
ratio able to be calculated from the EDS for 0.67 V was ~10, where the published Mn/S
ratios for 0.70 V and 0.75 V were 9 and 1.05, respecti?éljhese ratios indicate the
higher amount of Mn at 0.67 V, although it is very close to the composition of the 0.70
V sample.On the other hand, a line scan was able to be created for the 0.75 V sample

in Figure 3.1c due to the much higher proportion of PEDOT, and therefore S signal
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Figure3.1 TEM images of coaxial nanowires deposited at a) 0.67 V b) 0.70 V w
HAADF image in the inset, ¢) 0.75 ¥nd d) EDS line scan of the 0.75 V sample.

intensity. The coaxial structure is apparent for the 0.75 V sample, showing the

reproducibility of the coaxial NW synthesis.

3.3.2. Cyclic Voltammetry and Confirmation of Mginsertion

After depositing the coaxial NWyit first needed to be determined whetkig?*
ionscouldinsert into theMnOz through the outer PEDOT layer. Previous investigations
of the PEDOTMNO2 coaxial structures discovered that the PEDOT layer is relatively
poroust® so it was hypothesized that Mg insertion would not be an issue. To assess

the Mg?* insertion capability, CV of the coaxial electrodes was conduct&dliM
Mg(ClOa)2 -6H20 PC. As discussed in Chapter 2, water is necessabd®rinsertion

into MnO2, and this is still the case for the coaxial structure. This hydrated electrolyte
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is used for all electrochemistry in this chapter. Three CVs representative of different
PEDOT thicknesses are depictedFigure 3.2 to give an overview of how PEDOT
affects theMg?* insertion. CVs of other samples will be provided later in this chapter
but for comparison samples deposited at 0.67 V have a PEDOT thickness of < 10 nm

and 075 V samples have PEDOT layers ~45 nm thick
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Figure3.2 Cyclic voltammetry of purdnO2 and PEDOTMnO:z coaxial nanowires
varied deposition potentials.

As a control samp| pureMnO2 was deposited and is the green curvéigure
3.2. The peaks arbroad, but there are still peaks for both oxidation and reduction of
Mn that occurs upon extraction and insertioMaf*, respectively. In blue, the 0.70
V coaxial NW sample with a mitange thickness of PEDOT, about 25 nm, shows a
much sharper oxidation peak than pieO. around 0.5 V and a reduction peak at

0.1V, which is a comparable potential to piheO.. Thee issmaller peak separation
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for the0.70 Vcoaxial sample with PEDOT compared to pMi@O2, which has a broad
oxidation peak around 8®V. The sharper peak arsminaller peak separatidar the
coaxial NW are likely due to the increased electronic conductivityigeed by the
PEDOT along the length of the NW. Although Mg can insert Mt®: through the
PEDOT layer at 0.70 V, when there is much thicker PEDOT it does hindstgtie
insertion. The sample deposited at 0.80 V, shown in yellow, is the extremelease

the thickness of PEDOT 1890 nm. The current response in the CV looks strictly
capacitive, with no oxidation and reduction peaks visible. The lack of Mn redox peaks
indicated that Mg is not able to intercalate into the ifvie©: core.

One commonargument is because there is water in the electrolyte, proton
insertionmay beenabling the Mn redox instead Miig?* insertion. While EQCM and
ICP-AES studieson the electrochemistry gfureMnO2"® and the XPS studies in the
previous chapter support Mtgnsertion, ICPAES analysis was also performed on the
coaxial NW to further confirm #it Mg?* insertion is responsible for the observed
electrochemical activityvith the added PEDOT layefFor samples deposited at 0.67
V, 0.70V, and 0.75 V, the Mg/Mn ratt calculated from the ICP elemental analysis is
shown inFigure 3.3. The activation process consists of 10 CV cycles at 0.5 mV/s in
watercontaining electrolyte, and sgles that were activated and left in the discharged
state aren purple. The Mg/Mn ratios range from 0.45 to 0.50, which correspond to a
~1 electron transfer reaction peINO2 unit. This result agrees with the presence of
only one set of major oxidatiomd reduction peaks in the CV curves, indicative of an
oxidation state change from Kfnto Mn** and vice versaThe capacities calculated

from the CV curves in the next secti®r3.3 and later GV curves in secti@m3.4 also
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Figure3.3 ICP-AES analysis oMnOz /PEDOT coaxial NW cycles using CV and |
in the discharged state.

agree well with these Mg/Mn ratios. As further confirmation,/Mig ratios were
reported for coaxial NW sgoies that underwent longer CV cycling at higher scan
rates. These samples witlgher scan rates are depictediy red data points Figure

3.3 andhave a lower Mg/Mn ratio between 0.35 and 0.40. This is expbetaisé/g
cannot fully(de)nsert at faster scan rates, so there will be a lower Mg/Mn ratio.

More information about the electrochemical reactions can be determined
through closer analysis of the C\sigure 3.4 shows the voltammograms for each
sample at a slow scan rate of 0.2 mV/s compared with a faster scan rate, AmV/s.
important property in CV analysis is the peak separation of the oxidation and reduction
peaks. These are typically relativelydely separated in battery cathode matetféls
which is very different fromdeal, reversible electrochemical redox couples which
follow Nernstian behaviornEp = 591 mV/n).*2” However, although the peaks for

batteries are already widely separatbe, peak shifting behaviarpon increasing the
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Figure3.4 Cyclic voltammograms at 0.2 and 1 mV/s illustrating peak current shi
a) MnO2 and coaxial NWs deposited at b) 0.67 V, ¢) 0.70 V, and d) 0.75 V.

scan rate cahelp discern some of the effects related to electron anttaasport in
MnO:a.

As the amount of PEDOT increases, going from pdn®: in Figure3.4a to
45 nm(0.75 V) PEDOT in d, theextentof peak shifting for the oxidation peapon
increasing the scan rate from 0.2 mV/s to 1 mV/s decreagtfsthe exception of the
0.67 V sampleFor the 0.70 V samples in c, the reduction peak does not shift much in
this scan rate ranghile for pureMnO2 and 0.75 V samples in a and d #eés a
negative shift of theeductionpeak potentialAn outlier of these trends is the 0.67

sample. This CV is more complicated due to the presence of shoulder peaks, which
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makes the peak analysis using-E&b more difficult. Theoverlapping two reductio
peaks merge at 1 mV/s, and when the peak analysis is done these two peaks are
analyzed as one, making it appear to shift to a more positive potential. Due to this
difficulty, the sample for 0.67 V cannot be conclusively analyzed. Better peak fitting
analsis outside of E€.ab could improve the conclusions about peak shifting for this
sample. However, the observaliendsin the other samples indicate thath more
PEDOT, there i smallerchange inpeak separation upon increasing the scan rate,
while pureMnOz has the largest peak separatadri mV/s.

In addition to looking at peak shiftindneé peak separation at different scan rates
for each sample is ihable3-1. The overalhEpis the largest for the sample deposited
at 0.75 V at both scan rates, except for the Mm®. sample at 1 mV/s. However,
upon increasing the scan rate, the peak separation chdmegksast forle 0.75 V
sample increasing only 70 mMGoing from 0.2mV/s to 1 mV/s,nEp increases b3
mV for 0.70 V,75 mV for 0.75 V and 253 mV foMnOz. These results indicate that
it is likely the low electronic conductivity and large polarizat@fnthe MnO2 NWs
causing the peak shifting at higher scan rates, thus this effect is decreased upon adding
the more electronically conducting PEDOT layer. The laayerallpnEp for the 0.75
V sample compared to the samples with thinner PEDOT (0.67 V and 0.70 V) may be
due to the thickness of the PEDOT layer slowing\igé* insertion into the core of the
NW. This resultis different from the pureMnO: case where poor electrani
conductivity was causing the peak separatidrese behaviors deduced from the CV

data confirm that material properties and structures are closely intertwined with the
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electrochemical reactions. The next section will addresshifwge storage mechanism
of these reactions in more detail.

Table3-1 Peak separation values for nanowire samples at different scan rates

@Ep (mV)
Sample 0.2 mV/s 1 mV/s
MnO, 370 623
0.67 V (<10 nm) 367 322
0.70 V (25 nm) 395 488
0.75V (45 nm) 450 525

3.3.3. Charge Storage MechanisnTr asatti 6 s and Dunnos

As mentioned in Chapter 1, there aegioustypes of reactions that can occur
at the cathodes dependingwhetherit is intercalation, conversion, or an alloying type
material. It wasleterminedn Chapter 2 thaMnO2 has a combination of insertion and
conversion reactions in a wateontainingMg electrolytesystem Also characteristic
in nanomaterials with high surface areme capacitive and pseudocapacitive
contributions to the charge storage. To further understand how much of the charge
storage is surfaedominant (capacitive and/or pseudoaeiive) and how much is
diffusion-limited (insertion reactions)two different methods were utilizedoth
methods rely on the fundamental concept that swdaceinant reactions and
diffusion-limited reactionshave different kinetics that can be deconwedl based on
their current and charge responses as a function of scan rate.

The first method for separating charge storage contributidiiges the
relationship between peak current and scan rate. This method was introduced by
Conway?® and further explored by Duftt. In a system with both surfaceominant

and insertion reactions, the current at any given poiatCV will be a sum of these
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two contributionswhich can be described Bguation3.1. In this equation, the current,
i, at a given voltage is the sum of surfalmeminant contributionsk{) times the scan
ratev and diffusionlimited contributions K2) timesv'/2,

) = QU+ Qo2 Equation3.1
In order to calculate thk: and k> values, the above equation can be rearranged
provide Equation3.2. Using this equation, a simple linear fit of a plotvéfvs. i/v1/2

enables the calculation of the slojg @nd the intercepkf) for each voltage point.

%= QY2+ Q Equation3.2
)
This method, which will be referred to as

surfacedominant and insertion contributions at multiple different scan rates. Further,
plots can be created from this datalieectly visualize the different contributions in a
CV. However, this method is often affected by pehKting which can cause poor fits
of the data. Therefore s econd method is often used to
method anekstablishconclusiors from the data.

The second method for deconvoluting charge storage contributions was
proposed by Trasattind coworkers in a study of Rué¥® Instead of utilizing the
dependence of currenton scanfateTr asatti 6s method is based
the charge, Q, of a system is a sum of faster, sudaoenant processes and slower
diffusion-limited processes. The different contributions are calculated based on the

difference in kinetics for the sate and bulk processes. As the scan rate becomes
infinitely fast, or asv=06, the only processes that can occur are the fast, surface

reactionsThi s value can be calculated & om the

64



Conversely, at the low end of thieeoretical scan rate limit, =0, both processes
would fully be participatingThus, the total charge is calculated from the intercept

when &2isypltted.Using these principles, the surfademinantcharge can be
calculated av=0 and the totbcharge of the system can be calculated-8t while the

insertion diffusionlimited charge is the difference between the two. This method is
not susceptible to peak shifting, although the total charge sometimes can be over
estimated as it is extrapotat toan extremely low scan rate. However, this method
should give similar results to Dunnds met!'
determining the contributions to charge storage.

Both methods can be utilizei calculate surface and insertion adnitions
from one set of data, as both need CVs collected for multiple different scan rates. The
voltammogrars for the four differenMnOz and coaxial PEDOMNO2 nanowires
structures are depicted Fgure 3.5. It is important to notell the nanowires were
deposited by passing the same amount of total charge, 200Quaélitatively
examining these voltammograms, the effect of PEDOT can be visudlipetparing
Figure3.5ato b, ¢, and dthere is an increase in the overall current going from pure
MnO: to the 0.67 V sample with very thin PEDQOANd 0.70 V and 0.75 ®lso show
higher currentat the high scan rate of 20 mV/Bhe increased current indicates that
with the added PEDOT, the improvement in electron transport likely allows for more
uniform Mg insertion and dmsertionand better material utilizatiomiongt he 10 & m
nanowire especially at very high scan ratdhis result is also interesting when
considering there is also leBs1O2 content in the NWs with more PEDOT, further

highlighting the better utilization of a smaller amount of aciireOs.
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Figure3.5 Cyclic voltammograms at scan rates ofFR®mV/s for aMnOz and coaxie
PEDOTMnOz nanowires deposited at b) 0.67 V, ¢) 0.70 V and d) 0.75 V.

When examing samples at the scan rates below 20 néis)&2 and 3 mV/s

scan rategshe maximum peak current values for all samples are about the same.

Looking back aFigure3.4, at 1 mV/s the 0.67 V and 0.70 V samples have the highest

current athe lower scan rate of 1 mVAsith MnO2 having only a little bit less current,

while 0.75 V has the lowest peak currddtie to the lower electronic conductivity of

MnO2 without PEDOT there is a potential drop from the bottom of {W'sto the top,

meaning the Mn@furthest from the current collector is not fully utilized without the

PEDOT layerThis effect is not as detrimental at lower scan rates, but as the scan rates

increase theurrent forMnOz falls behind the othergzurther in Figure 3.5b-d the
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reduction peak does not shift out of the voltage window at the fast scan28tendf's
anddoes not broaden as much as @Oz sample in a. The oxidation pedi®aden

at high scan ratefor b and c,but for the 0.75 V sample in d both oxidation and
reduction peaks are still visible at 20 mVT$ere is also thpossibilitythat there is
contiibution to the capacityrom the PEDQ above 0.70 V, which could contribute to
the higher currenifThese qualitative observatiohsild upon the discussion &igure

3.4 in the previous section, and furthdemonstrate that the electron transport of
PEDOT helps improve thmaterial utilizatiorof MnOo.

Using this CV data, the contributions from surfaimeninant and bulk insertion
wascal cul ated wusing Tr a dJketdifferebce inahe dhar@feu n n 6 s
storage contributions for both discharge (reductiorMaoiO2, Mg?* insertion) and
charge (oxidation dfinO2, Mg?* extraction) reactions using both meds are depicted
in Figure36. For Du n n &dse topeak Bhiftehgbove 1 mV/sthe data from
0.2 to 1 mV/s were used for analysis. The results for the calcalagéede contributions
at multiple scan ratesre inFigure3.6a-c. At the low scan @& of 0.2 mV/sall samples
have more than 50% of the capacity coming from sufleeinant chargeAs the scan
rate increases, the percent surface contribution also increasesdiacatbdesThis
result is expected, as with a higher scan Mgé" diffusion and its ability to insers
not fast enough, thus the surfad@minantpseudocapacitiveeactions are favored.
Overall, alding the PEDOT outer layer in the coaxial NWs does not significantly alter
the contributions to the charge storage when coegh&MnOs.

The MnO2 has a higher percemf the capacitycoming from surface

contributions, particularly upon charginthere are a few possible explanationgffics
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Figure3.6 Deconvoluted insertion and surface contributions for each type of nar
MnO:2 or coaxial PEDO™NO2. The contri butions ¢
are demonstrated at different scan rates: a) 0.2 mV/s, b) 0.5 mV/s,andc) 1 m
contributionsc al cul ated from Trasatti 6s met

difference in surfacelominant and insertion contributiofi$ie primary reasons behind
the differencescould be due to changes in the structure upon going from a
homogeneoudnO2 NW electrode to a heterogeneous PED@ID2 coaxial NW. As
the PEDOT thickness increases, iieO2 diameter decreases. With a wider diameter,
there is a larger distance for thig?*ions topenetratehe core for insertion reactions.
Therefore, therés possiblymore unusednO: at the core of th&InO2 compared to
the coaxial NW structuresith smallerdiametersThis reaction may cause a higher

surface contribution compared to insertioBy this principle, the narrower
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PEDOTMnNO:2 coaxial NWs should have a higher percent insertion contribution.
However, as the thickness of PEDOT increasesvitité diff usion through the PEDOT
into the core of thtMnO2 also becomes more hinderedeaning the surface reactions
predominatelf these two different structural effects begin to offset one another, this
could explain why there is not much of a change for thegm¢rsurface and insertion
contributions for the PEDOMNO:2 coaxial NWs as the PEDOT thickness increases.

The results from Trasattiés method show
method. The percent of the capacity from the different contributionspitdd in
Figure 3.6d . As previously mentioned, Trasatti 6s
total capacity at a theoretical scan rate of 0 mV/s can lead to an owetest of the
total capacity. Foalmostall MnOz and coaxial electrodes, the total capacity calculated
is over the onelectron theoretical capacity 8Oz (308 mAh/g), however it is under
the twecelectron theoretical capacity (616 mAh/gyhich is greater than those
cal cul at ed v iThetrdhdsimsurdase conitiutioosd .o m Trag@geeat t i 6 s
wel | with those cal cul at e detoutlseihighgertdab nndés m
capacity estimated wusing Tr aforaall sgamplles t he p
appearslowelTr as at t i 6 demorestrateothat tlel clsamge storpgeEesses
remain similar across samples, with little difference caused by the PEDOT layer.

The data used to calculate charge stora
can also be used to create plots of the surfacénaadion contributions overlaid with
the experimentally collected CVs. The curves for all fédnO2 and coaxial
PEDOTMnO2 samplesat 1 mV/sare inFigure3.7. While aly the predicted surface

contributions are shaded, the areas thak shadingindicate where the insertion
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Figure3.7Pr edi ct ed surfaced contributi ot
for a)MnO2, and PEDOTNO:2 coaxial NWs deposited at b) 0.67 V, ¢) 0.70 V, ar
0.75 V.

contributions occur. These plots allow a visualizatiorthef potentials at which the
redo reactionsare occurring. There is a indication that thede-insertionreactions

occur around 6-0.6 V during the oxidation sweep aftfte insertion af.1-0.2 V during

the reduction sweefhese similarities demonstrate that adding the PEDOT layer does
not fundamentally change the electrochemical reactions or their oxidation and
reduction potentials. The shapes of the shaded regions also show that the surface
dominant reactions do not hawesquareshaped current profile indicative of strictly
capacitive or doublayer like reactions. The presence of distinct peaks supports a

pseudocapacitive charge storage mechanism consistent with faradaic reactions
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occurring withn MnO2.1*%0Ov er al | , t he charge storage decc

Trasatti és methods give further evidence
reactions and surface dominant reactiondfin©. and @axial PEDOTMnO2 NWs in

a watercontaining organic electrolyte system.

3.3.4. Galvanostatic Cycling

In the previous section, the charge storage mechanisnMrdd. and
PEDOTMnO: coaxial NWs was able to be further elucidated using cyclic
voltammetry. To test tlse electrodes for their potential as cathodes for Mg batteries,
constant current or galvanostatic (GV) cycling was utilizetlinterest during GV
testing is the ability to assess the power performance oMi®. and coaxial
electrodes. Due to the increaselectronic conductivity along the length of the NWs
containing PEDOT, it was hypothesized that the coaxial NWs would perform better at
higher current densities th&nO2 on its own. The current densities were calculated
based on the theoretical tvetedron transfer capacity dvinO2, 616 mAh/g. The
current densities were calculated based on the ma#s©t after depositing 200 mC
of charge, and all electrodes were cycled at the same areal current densities based on
nominal electrode area (0.32 ®mrHowever, it is important to note that the masses of
the coaxial electrodes deposited with the same amount of charge, 200 mC, have
different masses than punO2. This difference is due in part to the higher molar
mass of EDOT as well as the lesser amoulioO2 in the coaxial nanowireas the
deposition voltage is increaséthe results of the power performarfckowed bylong-

term cycling GV cycling are depicted iRigure 3.8. Also, coulombic efficiency
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indicated in this figure is referring to the ratio of charge measured during the discharge
and charge processes, which is slightly different to the definition ap€h 1. For
cathodes, coulombic efficiency is discharge capacity/charge capacity x 100%.

The GV cycling data demonstrate that adding the PEDOT layer in the coaxial
NWs does affect the power performance and cyclability ofMim€.. Examining
Figure 3.8a, thesample that i#MnO2 with no PEDOT is shown in green and has the
seconehighest overall initial capacity;220 mAh/g. The sample deposited at 0.70 V
with 25 nm of PEDOT in blue has slightly higher initial capgct#®30 mAh/g while
the 0.67 Vsample with <LO nm PEDOTstarts off with a capacity of ~200 mAh/g but
increases over the first 5 cycles to 210 mAR/gis increase may be due to some

activation with water in the electrolyte still occurring, even though all samples were
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Figure 3.8 Galvanostatic charge and discharge cyclingMoO2 and PEDOTMNO2
coaxial NWs. The data shown in apanormalized to the entire mass of the a
material, while b) is normal dzed to
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cycled for 10 CV cycles to &wate them before GV cycling:he 0.75 V coaxial sample
with the thickest PEDOT has the lowest initial capacity of 150 mAh/g, which is
expected due to the decreased amoumin®: deposited in these samples. Overall,
the 25 nm sample retains the highemspacity for the longest, followed by the pure
MnO2 sample. The 0.67 V sample performs well for the first 60 cycles but has a sharp
decrease beyond 70 cycles. There is not a clear reason for this behavior, but it was
reproducible and seen for more than saenple. Similar behavior was seen in some
MnO2 samples also, though not all, but was not seen in any of the 0.70 V or 0.75 V
sampleslit could be a result of a contact issue with the electrodes, or a point at which
there was some largaumberof NWs that lecame disconnected or felff the gold
current collector. The latter may be why samples with more PEDOT did not have this
issuel’ the polymer was able to add structural and mechanical stability to the electrodes.
Lastly, he 0.75 V sample has a sharp @ase in capacity over the first 10 cycles, but
thenlevelsoff and remaisthe most stable throughoutthelangy ¢ | i ng a4 200 ¢ A
The bottom graphFigure 3.8b, shows the same dataom Figure 3.8a
normalized to the first cycle capacity to make the power performdeteesasier to
compare.The 0.75 V sample from the beginningshthe worst power performance,
losing almost6% of its capacitygoing from 100 A/crito 1 mA/cn?. The 0.70 V
sample in blue performs the best, even at high current, losing 39% of its initial capacity
while the 0.67 V sample lost 42% and MaO2 sample bst 44%.The 0.75 V sample
with the thickest PEDOT likely loses the most capacity due tdirtiigtion of Mg?*
diffusion through the PEDOT at higher current densitiese sharp decrease in

capacity over the lonterm cycling is more apparent for ttnO2 shown in green,
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which after 100 cycles loses 60% of its initial capalikg the 0.75 V sample. The 0.70
V sample in blue does not have as severe of a capoftyandoses ~40% oits initial
capacity after 100 cycle©verall, PEDOT helps improves power performance by
increasing electronic conductivity, although it becomes a barrigigéd transport at
thicknesses greater than 25 nimhi s observation i s glupport ecf
Dunnos met hod anal ysis t hat shows t he p €
significantly, possibly indicating a balance between inciagsctron transport and
decreased ion transpoithe sample with the best performance is 0.70 V, where there
is a balace between the thickness of PEDOT and the improved electronic conductivity.

To gain further understanding of the effect of the charge storage meclmamism
t he cat hode,she same sahpbes wesercycled at lower current densities.
The Trasadtbubdsds met hod data suggest that
lower current densities, insertion behavior predominates over surface realtions.
Figure 3.9a and b, theGV performanceof coaxial PEDOTVINO2 NWs at different
current densities are nor?rMiatlcycle eapacittey t he m
respectivelyThe specific capacities irigure3.9a agree well with those rigure3.8
at the same current densities, and the power performance shows the samm trends
Figure 3.9b, with 0.67 and 0.70 V samples performing similarly and 0.75 V not
maintaining capacity at higher current densities. The major difference appears during
thebngt er m cvy c | i n?ghalfofthe tudrént density osedrigure3.8. The
0.67 V coaxial NW shows a sharp decrease in capacity after only 45 total cycles. The
0.70 V sample lasts longer, about 75 cycles, before also showing a sharp drop in

capacity. The 0.75 sample shows a more gradual decrease in capacity, and has the
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Figure3.9 Galvanostatic cycling at lower current densities.

highest capacity after 1@¥cles, although only by a small margin and all samples have
a capacity of less than 50 mAh/g. The differences in performance at high and low
current density likely indicate how the overall performance is affected by the charge
storage mechanism, and holetion insertion or conversion reactianfuencethe

cat hode s 6Thesg effects will be ifutther.discussed in the next section.

The effect of current density &finO2 electrodes without PEDOT was also
explored. InFigure 3.10, two MnO: electrodes were cycled at two different current
densities1C and 1.5 C (200 and 36@/cm?). The sample cycled at 1 C has a higher
capacity initially, which is expected due toetbetter material utilization atlower

currentdensity However, the capacity drops off significantly over 100 cycles, retaining
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Figure3.10 Capacities over 100 cycles fInO: electrodes cycled at 1 C and 1.5

only 38% ofits capacity. On the other hand, the sample cycled at 1.5 C is much more

stable over 100 cycles and retains 84% of its initial capacity. The sample at 1.5 C also
has better coulombic efficiency, which maydwmeindicator for its superior performance

T at 1 C, if more inserted Mg is stuck in the structure each cycle, there would be less
capacity on the next discharge, leading to a lower coulombic efficigheypossible

reasons for the degradation based enctinarge storage processesaddressedext.

3.3.5. Possible Degradation MechanismawiO>

Both MnO2 and PEDOTMNO:2 coaxial nanowires demonstrate decreases in
capacity over longerm cycling. One common cause of degradation in manganese
oxide cathodes is dislution of Mn at the surfacdé® These interfacial changémve
been determined taffect thephase stability over cyclingf spinel LiMreOs in Li
systemg?® although the effects have not been very saidied in cathodes for RMB

To track differences in both Mg and Mn content in the different electrode structures,
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Figure3.11ICP-AES analysis oMnO. /PEDOT coaxial NW cycled using CV and
GV and left in the discharged state.

ICP-AES was utilized. The Mg/Mn ratio of different electrode samples left in their
discharged state after\Gtesting is shownni Figure 3.11, which also includes data
from Figure 3.3, repeated here for easy comparison. The GV data for each electrode,
shown in green, are the same samples cycled at low current deriSgyie3.9. It is
apparent that the samples cycled by GV have a lower Mg/Mn ratio than those cycled
using CV, which indicates that led4g?*is inserted per Mn unit. This trend makes
sense considering that the capacity is dropping significantly over time, meaning less
charge is being stored and therefore Mgé* should be present.

However, if the capacity is calculated based on the amolngdfdetected by
ICP-AES, the expected capacities would be ~154 mAh/g (0.25 Mg/Mn) for 0.67 V,
123 mAh/g (0.20 Mg/Mn) for 0.70 V, and 92 mAh/g for 0.75 V (0.15 Mg/Mn), based
on a theoretical onelectron transfer capacity of 308 mAh/g {dnO:z (0.5 Mg/Mn).

These theoretical capacities are much higher than the experimentally observed

capacities irFigure3.9, which indicates that there is Mg trapped in the structureshat
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not being reversibly inserted and extracted. This theoMg3f trapping is supported
by the XPS depth profiles in the previous chapter, which shows about 0.1 Mg/Mn in
the bulk of theMnO: thin film upon chargingFigure 2.7). The trapping oMg?*in
addition to interface affects froMn dissolution may account for the capacity fading.
ICP-AES was used to compateetmasses d¥inO: for the different electrode
compositions to give more insight into the possible Mn dissolultioiRigure3.12, the
calculated values for all electraglare generally the highest, as they assume that all the
electrons transferred during the electrodeposition go to the oxidation?5td/Mn®,
andin most cases the @&posited masses agree well with those calculated based on
the charge passed. Thedeposited masses had the smallest standard deviation for pure
MnOz2, while all coaxial samples had some variation. These differences are due to small
variations in the relative thickness of the PEDOT layer and amouvih@k in the

core. For purdnOz, thereis a decrease in amountMhO2 upon cycling via CV, and
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Figure3.12 Mass ofMnO:z in all electrodes, including theoretically calculated va
pristine electrodes, and Mn content of cycled electrodes (both CV and GV) ai
using ICRAES. Error bars indicate standard deviations edeysosited samples.
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then even more for GV, about 5% and 10% of the total mass, respectively. While that
general trend is alswoticeableor the coaxial samples, it is difficult to definitively say

this is due to Mn lss instead of just sample variation because the values fall within the
standard deviatianThe loss seen in thidnO2 only NW is consistent with previous
results that show this small amourt%) of Mn dissolution can cause significant
capacity fadé?° Therefore, we tentatively propose that Mn dissolution combined with

Mg trapping within the structure are responsible for the capacity loss over time.

3.4.Conclusions

The combinati on of structur e, materi al s
mechanism are critical factors in tdnO2c at hode s perfor mance ir
system.Mg?* ions were determined to be able to insert into k&0, core of
PEDOTMnO: coaxial nanowires. Further, the charge storage mechanigim@fand
coaxial structures was found to be largely suddaminant, although there is increased
contribution from insdion processes at slow scan rates and low current densities. The
presence of a PEDOT layer at the surface did not significantly alter the charge storage
mechanism, but the added electronic conductivity helped increase material utilization
along the lengttof the nanowires and improve power performance. Electrodes did
exhibit significant capacity decay, and it is proposed that irreversible insertion of Mg
in addition to Mn dissolution may be responsible, though further experiments may be
needed to fully suppt the latter claim. These fundamental understandinddgsf
reactions and properties the MnO2 cathode are important fanforming what types

of materials, structures, and electrolyte systems will be ideal for next gené&tktBn
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Chapter4 Ef fect noufm aoxuindie ALD <coat
magnesium anode surface reacti on

4.1.Introduction

The previous two chapters gave a detailed understanding of the reaction and charge
storage mechanisms for electrodepositddO.. While adding water into the
electrolyte and a conductive polymer surface layer impkég# insertion/conversion
and power pedrmance helping tomitigate the issue of having a cathode with fast
enoughMg?* insertion to demonstrate in a féll, this cathode cannot be paired with
a Mg metal anode with water in tlieéectrode oelectrolyte.Another important thing
to note is thathe cathode demonstrated good performance in a Mg{RC
electrolyte, which is not compatible with the Mg metal anddee solution tdoth
compatibilityissues is to create a protection layer on the Mg metal surface to prevent
water, electrolyte compnentsand other potential contaminants from reacting with Mg
metal and passivating the electrodaotheradvantage athis method is that complex
Mg electrolytes would not be needéithe applicationof protection layers has been
extensively studied inikion batterie&® 13las well as other batiechemistries such as
Na batteries3? Protection layers ara@lsocalled artificial SEI layers, as these interface
layers generally serve to protect the anode interface from unwanted reactions by
preemptively creating an engineered SEI layer withdébgredproperties needea t
i mprove the anodebs compatibility with the

Aluminum oxide Al203) has a very robust and wethown atomic layer deposition

(ALD) chemistry®® Al-03 has been effective as a protection layer in botf*kind
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Na'3? metal anode systemsrotecting these interfaces from significant electrolyte
degradation on the surface and helping prevent the formation of dendrites, which are
an issue for both Li and Na. However, utiliziAdpOs for Mg would serve slightly
different purmses. While the prevention of the electrolyte degradation is still the major
goal, Mg does not have significant dendrite issues. However, Mg has poor diffusion
kinetics in most solid materials, sginga protection layer with good Mg mobility that
is alsoelectronically insulating is criticaALD Al20s could potentially mitigate the
poorMg?* diffusion issue by creating an extremely thin lay®hile Mg?* conductivity
in Al20s maybe low, if Mg only needs to travel a few nanometersc conductance
may besufficientdespite low intrinsidvig?* ionic conductivity.Recent computational
work has indicated that MgéDs has an electrochemical stability window (stable
versus reduction anakidation) of 3.13 V, and suggests that although it is not stable at
0 V vs. MgMg?*, it could exhibit some metastability that would enable it to function
as a protective coating® Further, another study demonstrated that M@4has a low
migration barrie for Mg?*, calculated to be 491 meN® While ALD depositsnon
magnesiated\l 203, if the layer can be magnesiated to Mg2d the results from this
computatiomal work areencouraging

While the ultimate goal of Mg anode protection is to utilize MgEPC based
electrolytein a full-cell, some other simple sdiased electrolytegre common in the
literature that are more comiible with Mg metal but also have room to improve their
interfacial characteristic#t the time this work wasnitiated, the understanding of
magnesium bis(trifluoromethanesulfonyl imide) (Mg(TEpih ether electrolytes was

relatively unexplored. Mg(T&l)2 in a mix of 1,2-dimethoxyethane (DME)nd
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diglymewas first demonstrated as an electrolyte for RMB in Z81Burther studies
of Mg(TFSIR/DME electrolyte demonstrated that there was a high overpotential for
both Mg depaision (0.6 V) and stripping(1.5 V) using this electrolyté’ Regarding
Mg deposition and strippinga CV, thermodynamically reduction (deposition) should
occur once the potential of the system is scanned below 0 V va4ddig/while
oxidation (stripping) should occur above 0 V vs. Mgf*. The amount of potential
required above/below 0 ¥ induce these reaeonsis calledthe overpotentialThe high
overpotential in Mg(TFSh)electrolytesisduetothe TF@8lni on 6 s aitmedigabi | ity
anode which causes it to degrae form MgS as well as Mgl 5 3"While the
degradation layer is not completelysgavating, it causes large voltage hysteresis issues
in full-cell system$2 Some work has also proposed that cycling Mg metal in this
electrolyte can cause dendrite growtlajthough the deposits are not long and branch
like sosome researchers do not agree with tdrisiinology. However, it is now more
well-known thatsphericaMg deposits can potentially grahrough separatorthough
they may not deposit as true dendrites

In this work, b determine if a protection layer can help improve the degradation of
Mg(TFSIy, Al20s was deposited at different thicknesses on different Mg metal
substrates. T surface chemistry, overpotential evolution, impedance, and surface
morphology were examined to investigate the effect of A3 layer on Mg
deposition and stripping. The goal of this chapter is to demonstrate different methods
and substrates that cdube utilized to study the potential for ALD materials to be used
to protect Mg metal anodesescribe howAl 203 affects the electrochemical properties

and surface chemistrgnd elucidate properties important fsotectionlayers.
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4.2 Experimental Methods

4.2.1. Preparation of Mg metal

The magnesium metal foil used was >99.9% purity, 0.1 mm thick purchased
from MTI corporation. Prior to use, all foil was mechanically polished with SiC
sandpaper with three grits, going from lowest to highest (600, 1200, anda2@0®en
wiped with a Kim Wipe. For use in coin cells, foils were punched out with a hammer
driven punch with the d/2si rTehde rdiiad meetvearpso,r ad
also used to deposit Mg on stainless steel spacers (15 mm diameter, MTI) in a
homemade higlvacuum evaporation chamber attached gtoaebox filled with inert
Ar to minimize air and moisture exposure. The Mg source for evaporation was Mg
ribbon (99.5%, Sigma Aldrich) scraped with a razor blade to remove the surface MgO
layer.All M g preparation, both foil and evaporation, was performed in either MBraun

or LC technology gloveboxes with <0.5 ppreCHand Q.

4.2.2. Atomic Layer Deposition

All ALD on Mg metal was performed in a Cambridge Ultratech Fiji reactor
attached to an MBrauglovebox with inert Ar, allowing for no exposure to the ambient
atmosphere. Thal203 ALD processised trimethylaluminum (TMA) as the aluminum
source and oxygen plasma as the oxidant. The ALD process consisted of a 0.06s TMA
pulse, Ar purge, 20s oxygen plaa pulse, andiaAr purge at a reactor temperature of

150°C, giving a growth rate of ~A/cycle. Approximate hickness of the layers will

be indicated in the text.
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4.2.3. Electrochemical Testing

All electrochemical tests were performed in 208&n cells (MT) in a
symmetric configuration where both electrodes in thedleatrode cell are Mg metal
(foil or evaporated)The separators used were glass fiber (WhatmaAGdhd were
wet with 125 ¢L ofTheedeerolyterwad 025 M Mg(TiHSir ach t es
1,2-dimethoxyethaneGV tests were run at constant current for fixed amounts of time
(30 min or one hour) alternating positive and negative currents for oxidation and
reduction, respectively, to monitor the overpotential. Electrochemical Impedance
spedroscopy was performed an a Biologic VMP Potentiostat with 10 mV amplitude
between frequencies of 200 kHPmHz, either at the OCP or at relevant potential
values. Details for EIS voltages, alternative frequency ranges or voltage amplitudes

will be indicakd in the text.

4.2.4. Characterization

Ex-situ XPS analysis was performed using a Kratdra DLD XPS
spectrometer using monochromatic aluminum -rays. Cases where nen
monochromatic magnesiumrays needed to be used will be specified in the text.
Survey spectra and high resolution spectra were collected with pass energies of 160 eV
and20 eV respectively. Aargon ion sputter source was employedifgpth profiling.

The curves were fitted using CasaXPS software. Spectra were processed usiRg a 70%

30% Gaussiaih.orentzian product function and a Shidggpe background®
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4.3. Characterizatiorof Bare Mg metal

Before the protection of Mg metal, the surfaces of both Mg metal and
evaporated Mg were characterizéthe XPS surgy spectrum and SEM image of the
evaporated Mg surface are depictedrigure4.1. The only detectable elements after
Mg evaporation are carbon, oxygen, and magnesidfthough the surface
contamination layer@ypically MgO and MgC®) were removed as much as possible
from the Mg metal used for the evaporation, there is still enough present to deposit with
the Mg film. The full % composition for the evaporated Mg iFable4-1. The Mg
surface inFigure4.1b shows a uniform surface, where small bygstalsare visible.

These properties are promising as Mg substrates, but high resolution XPS spectra and

XPS depth profiles give further insight irttee chemical composition.
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Figure4.1 Surface characteristics of evaporated Mg, a) XPS survey spectrum &
SEM image of the Mg surface on a stainless steel spacer.

To further understand the chemical speciation at the evaporated Mg metal
surface, the high resolution XPS spectra are showkigare 4.2. While the overall
composition at the surface is 45% Mg, a significant portion of that is RgDother

Mg?* species as apparentfigure4.2a and bln the Mg 2s spectra in Figure4.2a,
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Figure4.2 High resolution XPS spectra as deposited for a) Mg 2s, b) O1ls, and
and after 1250 seconds Ar sputtering for d) Mg 2s and e) O 1s.

the Mg metal peak appeaat88.5 eV and a broader peak is present ab&Y, the
latter of which is representatioé Mg?* species. Examining the O 1s spectr&igure

4.2b, the oxide peak appears at 588V, while the high binding energy peak around
533 eV consigtof a combinatn of Mg(OH} and MgCQ, and a higher energy peak

at 535 eV whichs likely MgCl2 formedby reactngwith contaminants in the glovebox
atmosphereThe C 1s spectrum iRigure 4.2c contains adventitious hydrocarbon
surface species at around 286.5 eM) Gpecies around 288 eV, and carbonate species
at 291 eV. Depth profiling was also performed to determine which speeiegpresent

at the surface as compared to those that exist in the bulk of thénfifgure4.2d and

e, some of lhe surface species in the Mg 2s antiSCare the sae as before sputtering,

in particular Mg metal and MgO. However, some notable changes include the removal
of the carbon specidbhat were shown ifrigure4.2c, including MgCGs. Further,the

Mg(OH)2 and MgO have decreasethis demonstrates that the carbon, most of the
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Mg(OH)z, and the MgC®were surface contaminants while Mg metal and MgO are
present throughout the film.

Table4-1 Atomic composition results for Mg metal surfaces

% Composition

Evaporated Mg metal Mg metal Mg metal
Region Mg (as received) (polished, F (polished)
contaminated)
Mg 2p 45.46 9.96 21.04 14.43
O1s 38.24 36.29 35.63 24.16
C1s 16.30 50.91 31.14 61.41
F 1s - 2.84 12.19 -

The full depth profile demonstrating how the elesevary into the bulk is
presented ifrigure4.3. The carbon and chlorine are only present at the very surface,
disappearing afte80 seconds and 180 seconaspectively supporting the assertion
that they are surface contaminam#ile themajority of the sample is about 80% Mg,
30% of that Mg in the bulk is Mg it is not pure Mg metal. Because most of the
evaporated Mg was metal, this substrate wasustilted in the ALD protection tests.

The influence of the MgO on the electrochemistry will be discussed in Sdcfion

90
0o 0o __
_ 80_. ...../. ¢ ¢ .""".——.\
= 70 oo _
S 60 oﬂ. ¢ '\
g 00+ ‘“ L °
@ | l. ° \
g o07e A ‘
E 404 "6 (X o] .
O 3044 M., . /
) [ ‘e .‘.\ :
£ 20 - . _ 0o 0—-0—0—a— o—0—<0— 4
£ 0]sld Cl e
] _®
0 - 000000-0-0—0—0—2"2
I

0 500 1000 1500 2000 2500
Etch time (s)
Figure4.3 XPS depth profile of 100 nm thick evaporated Mg film on Si wafer.
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Figure4.4 Surface characteristics pblishedMg foil, a) XPS survey spectrum anc
SEM image of the Mg surfackligh resolution XPS spectra of c}esceived Mg
metal foil and d) mechanically polished Mg metal foll

In addition to evaporated Mg, Mg foil was also chosen to stuelgffects of ALD

on the interface characteristics. Mg foil electrodes are quicker and easier to prepare for

experimentshowever,the interface needs to be mechanically polished t the

significant amounts of surface contamination that naturally form on the surface during

processing and shippinghe XPS survey spectrum and SEM image of the polished

Mg foil are shown irFigure4.4a and b, respectivelffrom the SEM, it impparenthat

t he

sur f ace

S

rough,

i kel vy

0

n

t
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order

AFM. This observation is one important difference from evaporated Mg, but due to the

high conformality of ALD and its ability to coat high aspeatio structureshe

roughness should not prevent coating by ALD.
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Different prepared Mg metal surfaces and their elemental compositions determined
using XPS are shown ifable4.1. Theasreceived Mg metahas significant carbon
and oxygen species on the surface and only 9% adlibervedsample was Mg, and
the Mg detected waamost entirelyin the form ofMg?* compound€~50-51 eV)and
not Mg metalhich occurs at lower BEFigure4.4c). There is also F contamination
present, which was in the high vacuum system or glovebox atmosphere. Two polished
Mg samples are represented, one with and withadritamination. In both cases the
Mg content is almost doubled, and the Mg metal peaks appear after polishing
demonstrating the removal of some, although not all, sutfég® species Figure
4.4d). With the exposure of Mg metal through polishing, this method was carried

forward and used to prepare samples prior to ALD coating of the Mg metal electrodes.

4.4. Al,Os Protected Mg electrodes

4.4.1. ALD Deposition on Mg metal

For ALD growth, the functional groups on the surface of the Mg need to be
reactive with the Al precursor, TMA. Since the XPS in the previous section
demonstrated that the surface contains some MgO and Mg(®DWps hypothesized
that Al20s growth should notd® an issue on Mg metdlhe proposed reaction scheme
is depicted inFigure4.5. Figure4.6a shows the Al 2p high resolution spectra of an
evaporated Mg surface after 5 cycles and 10 cycl@$-0fs ALD. This data illustrates
that theAl20s coating does not grow enough to be detected on the surface until after
10 cycles, which based dne growth rate on Si is about 1 nihe Mg metal peak is

still visible, which can be determined from the presence of the Mg plasmon peak around
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Figure4.5 Schematic demonstrating the reactions dufihgs deposition with TMA
and oxygen plasma.
70 eV that is stillapparent ALD deposition was also performed on Mg metaid

Figure4.6b shows the XPS survey spectrum for Mg metal after 100 cyclas08

ALD. The thickness of thAl203 with this number of cycles is likely betweef1® nm,

and at this thickness it completely and conformally covers the Mg imetatignal in

the XPS for Mg is apparen&enerally, 610 nm is the depth of the surface that XPS

can penetrate, although this depends on the materials and the inelastic mean free path
of the photoelectron$® This observation suppottisat the thickness of the Mg is likely
consistent with the ALD growth rata Si, with slightlythinnerAl 203 based on the 10

cycle delay in detecting the Al signal.

Al 2p L
a) r,’"‘.ﬁ\ Mg plasmon b) O
|\
JJ \‘\\ / —
’ﬂ \ A 10 cyc A\EOJ §|
N s \ W\/‘\/\ N \\ o
[l ]
5cyc ALO, & a
2 z 9
&) <@
w
78 76 74 72 70 68 66 " J ' ! ' ' ' T ' ! )
1200 1000 800 600 400 200 0

Binding Energy (eV)

Binding Energy (eV)
Figure4.6 XPS of a) evaporated Mg after 5 andAl@Os ALD cycles and b) Mg
metal after 100 cycleAl 20s.
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Figure4.7 XPS survey spectra of Mg metal electrodes soak@R5 M Mg(TFSI}
in DME electrolyte for 24 hours.

Mg metal has a sufficiently low reduction potential that degradation can occur
on the surface from electyté being reduceat the metal interface. To test the ability
of Al20s3 to protect Mg metal from initial contact with the electrolyte, Mg metal foil
electrodes, both bare and protected w03, were soaked in 0.25 M
Mg(TFSI/DME electrolyte for 24 hours. The X3urvey spectra of these electrodes
areshown n Figure4.7. The sample without protectidras degradation products on
the surface from the electrolyte, with both F and S appearing in the XPS spectra. The
exact atomic compositiofor the protected and bare samples is showhaiole 4-2.
Both samples contain a small amount of Si contamination that likely comes from
contact with residue from the latex gleveised inside of the gloveboxMost
importantly, the sample with 100 cycles @203 deposited does not show any
degradation on the surfa@es there are no F or S signals in the XPS, only Al, O, C, and
the Si. These resultonfirm that the ALD layercankeep the Mg metal underneath

from reducing theelectrolyte components.
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Table4-2 Atomic composition of Mg soaked in 0.25 M Mg(TFZDME

% Composition

Region Mg metal Mg metal
(bare) (10 nm AbOs)
Mg 2p 19.55 -
O 1s 30.86 32.79
C1ls 40.05 51.88
Al 2p - 12.74
F 1s 6.14
S2p 2.46 -
Si 2s 0.94 2.60

4.4.2. Electrochemistryf evaporated Mg

The first substrate tested wigi20Os deposition was the evaporated Mg metal.
To get an initial baseline for the electrochemical performance, symmetric coin cells
were made with 0.25 M Mg(TFSIPME electrolyte and bare evaporated Mg
electrodes. The GV and EIS data éobare Mg cell are degied inFigure4.8. The
overpotential starts high, around 3 V, then settles to 2 V most consistenthe
following data, 1 cycle consists of 30 minutes of negatiweent plus 30 minutes of
positive current, so 1 cycle = 1 hoiihere are a few cycles where the overpotential
drops below 1 V, indicating that the current at certain times could be maintained at a
lower voltage. This high overpotential value is largesnttrsome reported in the
literature for Mg with this electrolyt$, which may be a rest of the MgO in the
evaporated Mg or some surface layer preventing Mg deposition and stripping. Lower
overpotentials were observed for a different trial with evaporatedHiggre4.9), but
in that case the overpotential does ultimately increase and reach the upper limit set for

the measurement (4 V).
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Figure4.8 Electrochemistry of symmetric evaporated Mg coin cells, a) GV
overpotential profiles and b) EIS during cycling, with EIS at the OCV before cy
in the inset.

The EIS in the inset dfigure4.8b shovs a large initiainterfacial impedance
in the insetwhich supportshatan SEI or passivatiolayeris forming at the interface
As this Mg is not protected, the electrolyte is likelggcaded at the interface as
demonstrated by the XPS results Figure 4.7, increasing theimpedance The
remaining EIS data are different from the inset because tleepaformed at the
overpotential value, so theoltage is oscillated tathe voltagemeasuredrom the
preceding GV cycleThe main semicircle, representing theerfacial resistance,
evolves over the course of the GV cyclifidpe origin of the low frequeay semicircle
going below the axis is not very clear and could have been due to instrumental issues
causing inductive behavior.

Theimpedancen Figure4.8b decreasegoingfrom 5 to30 cycles, then slowly
increases up to 70 cycles, then decreases again at theyid®. The initial decrease
in impedance could be dueliceakdown of an initial MgO or other contamination still
left on the surfacereating areas for Mg to more easilgposit/stripHowever if those
sites become passivated by reacting with the electrolyte the impedance will reach a

point where it starts to increase again. SEM imaging and XPS of the cycled evaporated
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Mg electrodes was difficult because the Mg depaggés into the glass fiber separator,
meaning they could not be separated from the Mbpss extreme example of this is
shown inFigure 4.9b, where Mg deposits on Mg metgitew into the glass fiber
separator and pieces of it are left behind after disassembling tlieiselissd further
in the next sectior.4.3. This observation may also indicate that the Mg was plating
and stripping on top of the Mg filand the evaporated Mgptentiallywasminimally
participating in the reaction.

The overpotential performance of the evaporated Mg electrodes after ALD of
Al203 is shown inFigure 4.9. The overpotentials for both samples wakeO3 are
higher, remainingtable just above 2 V for about the firstB¥ cycles. The voltage
of the sample with ~ 2 nmAl203 (20 ALD cycleg is only slightly higher than the
sample with~ 1 nm @0 cycle$, with only a 50 mV difference between them. These
high overpotential values indicate that the Mg deposition and stripping pmess
farther from the equilibrium potential. The increase can be attributed to the addition of
theAl20s3layer, and the rdacause is likely either slow Mg diffusion in tAé03 (mass
transport limited) or the electron transport is limited byAhgz, but still occurs due
to the extremely thimature of the protection layer other defectsThe bare and @m
Al203 samplesboth reach a point where the overpotential increases and sdhehe
voltage limit set, which waS V. The 10 cycle sample does not re&d¥, although it
comes closeThe difference between hitting the limit astbppingversus continuing
to cycle is verysmall, so we believe similar processes are occurring at all elestrode

However, more uniformpassivationor somehow more ion or electraocking in
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Figure4.9 a) GV cycling of evaporated Mg after different cycle number&leOs
ALD: Mg with no coating, 10 cycles, and 20 cycles. SEM images in b) &
demonstrate Mg deposits on top of Mg foil electrodes that grew into the separe

certain cases (bare and 20 cycleBigure4.8) causes the limit to be reached whereas

other electrodes (10 cycleskigure4.8 and bare Mg irFigure4.7) can cycle longer.
Another interesting observation about the GV curves themselves is that they

change shape when going from the lower overpotential region ~2 V to the higher region

at ~34 V. The profiles change from flat plateato more of an arc shafue the 1 nm

of Al203 sample In studies with Li metal, thi&V shape change was attributed to dead

Li metal accumulating at the anode interface, creating mass transport limitations at the

anode surface$? The similar GV curve evolution in these evaporated Mg cells may

indicatethat a layer at the interface is limiting the mass transpdvigdf ions as well,
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though more detailed study would be needed to confirm this hypotbessto the
protrusive natte of the Mg deposits into the separator as well as the variances in GV
performance, Mg metal was next investigated to determine if the evaporated Mg

substrateeould improvethe electrochemical performance and properties.

4.4.3. Electrochemistrypf Mq foil

Mg foil was studied under treame conditions as evaporated Mg to determine
if the characteristics from the previous section could be attributed to the different
methods of preparation and surface characteristics of the two types of Mg. The GV
cycling and corresponding EIS of bare Mil before ALD is shown irFigure 4.10.
There are a few cycles with a high overpotential, but it quickly stabilizes with an
overpotential value around 500 mV. This babavs similar to the bare evaporated
Mg, although the overpotential value is much more stable and does not increase after
longer cycling times and never reaches the 4 V limit. Examining the EIS, the initial
impedance at the OCV before cyclifay Mg foil is less tharthe evaporated Mdyut
it is still in the hundreds of kiloohms rangegdlicating thanterfacialresistance isigh.

At the overpotential around 500 mV after 10 cycles, the impedance again decreases
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Figure4.10 Bare Mg foil cycles in 0.25 M Mg(TFIZDME electrolyte a) GV

cycling and b) EIS at corresponding overpotential values during cycling.

o
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significantly like in the evaporated Mg @a®©ver successive cycles, the impedance
once again increases each time. As mentioned previously, this observation is likely due
to the passivation of new Mg deposits which causes higher impedance at the interface.
With the addition of a\l20s layer, we &pect there to be changes in overpotential and
impedance, likely increases for both. However, improvements in stability of the
overpotential and impedance values are some desired outcomesulthindicate
improvement of Mg deposition and stripping & thterface.

The electrochemical data for Mg foil protected with 20 cycle®\leDs is
provided inFigure 4.11. While at the same current densdlthe bare sample, the
overpotental stays higher for many more cycles around 2 V, similar to the value for
evaporated Mg. However, over time the overpotential value starts to decrease, and
stabilizes aroun®25mV, like the bare Mg foil sample iRigure4.10a. If the high
overpotential is due to a hindrance of the electron transport, the stabilization over time
could be a result of defects forming in thOs layer which allows better electron
transport and thus a decrease in the overpotentialEIS data follows the same trend
previously exhibited by both the evaporated Mg samples and the control sample of the

bare Mg foil. The initial value of the impedance at the OCV is high, but after gyclin
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Figure4.11 Mg foil with 20 cyclesAl20sin 0.25 M Mg(TFSI)YDME electrolyte, a)
GV cycling and b) EIS at the overpotential values during cycling.
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and probing at the overpotential for the reaction there is a decreaserfacial
impedance

The last thickness oAl20s tested on Mg foil was 50 cycles, 86 nm. The
overall overpotential behavioshown inFigure 4.12a, is like previous thicknesses
although the high overpotential regioat the beginning only lasts ~li2ours
Additionally, the overpotential stabilizes around 250 mV, which is the lowest value so
far. A higher current density was also tested, 0.1 mA/énFigure4.12b. The higher
current sample settles to a noisy overpotential of ~500 mV butestith value after
only 5 hours. We propose that the higher current forces breakdown of the protection

layer more quickly than low currertecreasing the time at the high overpotential. The
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Figure4.12 Mg foil with 50 cycles ofAl20sz in 0.25 M Mg(TFSIYDME electrolyte,
a) GV at low current density, b) GV at higher current density, and c¢) EIS during
cycling at high current density.
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