ABSTRACT
BOYD, SHELBY KATHERINE. Interlayer Chemistry and Energy Storage Mechanisms of
ManganesdRich Oxides in Aqueous ElectrolytggéJnder the directionf Dr. Veronica
Augustyr).

Electrochemicalalkali metal cation insertiofrom aqueous electrolytesito transition
metal (TM) oxides isappealingfor low-cost and safelectrochemicaknergy storag€EES),
desalination, and element recovefe strong interactions between watdectrolyte saltsand
TM oxide surfaceslictate thematerial stability andEESmechanismsdowever, these are not yet
understood well enough to enable large skalg-life neutralpH aqueou&ES. To advance this
understandind synthesized microsized and nanostructuréalered manganeséeh oxidesand
determinechowther interlayer environmergffectstheir structual andelectrochemical behavior
in aqueous electrolytebirst, by tuning the TM content. Second, by tuning the amount of interlayer
water. And third, by dermining the mechanisms of pseudocapacitive behavimanostructured
birnessite MnQ@.

The effect of TM composition ofP2 layered Na manganeseich oxideshas been
extensively investigated for neagueouslectrolytes, but not aqueoakectrolytesin Chapter 2,
| synthesize the followingeries of P2 oxideand characterize thestructuralstability upon
aqueous electrochemistry ~ Nap.s2Nio.22VINo.ed-en.1002, N&v.61Ni0.22MNo.66C 001002,
Nao.6aNio.2Mno.66Clo.1102, and Na@.eaMnosLlo.3102. Electrochemistry andex situ X-ray
diffraction (XRD) show that water farcalation upon interlayer Neemoval causes an irreversible
phase transformation in all compositions, although transformagidant depend on TM
composition andhe maximum andic potential The 25% eaxis expansion causes eventual

electrode failure de to loss oélectronic connectivity and particle delaminatidhese first studies



on the structural effects of aqueous electrochemistry in P2 osiaes the significance of TM
composition on interlayer water affinity.

The capacitive electrochemical faefor of hydrated P2 oxides suggested that these
particles have potential fdrigh powerEES. Chapter 3 describes nmy situ synchrotron XRD
investigation of the water insertion mechanism, and she al a b-t ewniidt oplt r at e g
subsequently developed étectrochemically expand micrestaleP2 oxides.| hypothesize that
the electrochemical expansignoduces a promisinglectro©iemical capacitor materidly two
changes: 1) interlayer hydration, which improves interlayer diffusion kinetics and buffers
intercalationinduced structural changes, a@j garticle expansion, which significantly improves
electrode integrity and volunrét capacitanceCompared with commercially available activated
carbon, the expanded materials have higher volumetric capacitari@ege/discharge timescales
&0 secondsThereforehydrating the interlayer darge manganeseich oxide particles makes
themviable forhigh powerelectrodes.

To conclude my study of the effect of interlayer environment on the electrochemical and
structural behavior of layered marggserich oxides, | investigatetthe nature of capacitive charge
storage innanostructuredirn e s s-MrOg Wiiethercapacitancen birnessite is due taon
faradaic(double layer)r faradaic (pseudocapacitivd)ehavior isa topic of debateln Chapte#,
| used ex situ XRD, electrochemical quartz crystal microbalance (EQCM);situ Raman
spectoscopy, andperandaatomic force microscop@d\FM) dilatometryto observe thelectronic,
vibrational, structural, gravimetric, and mechanical response of biteekiring electrochemical
cycling in an aqueous electrolytXRD and Raman spectroscopy showed significant interlayer
contributions likely due to faradaic processes. EQCM showed that a combination of ions and water

molecules were involved in the complerergy storage mechanisAFM showed that while the



interlayer expnds upon ion removal, tledectrode as a whol®ntractsln addition, this was the
first electrochemical AFM dilatometry study on a matedatergoinginterlayer ion insertion.
Overall, his study showed thatapacitive energy storage birnessite Mn®@ involves ion
intercalation into the interlayén a capacitive charge storage proc&ssed on experimental and
simulation resultswe hypothesize thatanoconfinement within the hydratederlayer blurghe
distinction between pseudocapacitive andtelead double layer processes

Overall, my dissertation showdunbw to tune the electrochemical response and interlayer
chemistry of manganese&h oxides andtheir mechanism of charge stgea in aqueous
electrolytesThese results are promising for obtamhigh power EES with low cost, sustainable
metal oxidesas well as fundamental understanding of electrochemical behavior under
confinement | discovered the role of transition metal corapion on the stability of sodium
manganeseich oxides in aqueouselectrolytes. | developed a scalable synthesis to
electrochemically expand and hydrate labgmsition metabxide particles for higlvolumetric
capacity electrodeginally, | conducted anulti-modal study to address a major fundamental
guestion of aqumus EES, determining thaeapacitive charge storagebirnessite originates from
a complex mechanism involving (de)insertion of both ions and water moleculesinterlayer
where nanoaafinement blurs the distinction between pseudocapacitive and doldyer

capacitive mechanisms
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BIOGRAPHY

| grew up on the ocean side of the San Francisco Bay Peninsula, where it was foggy and
chilly most of the timé not your typical image of California. In 201inoved to San Luis Obispo,
CA, ard began my B.S. in Materials Engineering at California Polytechnic State University San
Luis Obispo. While living in SLO, | was fortunate to find a good community of friends both at my
church and on campus, and heavilpéigted from the abundance of sandrun clubs. My first
year | joined the amateur higilowered rocketry club, where | made and successfully launched my
own rocket. My junior year | joined the Underwater Remotely Operated Vehicle (UROV) robotics
club prgect as an excuse to learn more hiae shop skills.

| had several summer internships while a student in the indiostmged Materials
Engineering program. One memorable moment from my first internship in 2012 is the day my
boss told me to polish the edgef lasercut plastic to a shindittle did | know thatthosecouple
of daysat a buffing wheelwere preparing me for every job since then: tasked with using an
unfamiliar process with indeterminate variables, | hapist keep tryinguntil | was succesful.
This story (and the machinbap class | took) helped me get an internship with Apple. | spent the
summer of 2013 machining and polishing aluminum plaques for surface texture development,
which really was more fun than it sounds. Curious about haaillaminum stock was maday
nextinternship (the one that cemented my plan to go to grad school) waSap#hExtrusions in
Phoenix, AZ in 2014. This was my first experience living outside of CA and dealing with extreme
weatherDuring my last year at & Poly,my role inthe robotics alb was by far the highlight. As
part of UROV team, | helped take our robot Santiago from the very first design all the way to
competing internationally in Canada. We came in secostast, and after all the strugglesget

there, | could not have beenpmeer.



After graduating in 2015, | received my first formal introduction to electrochemistry in the
form of nickel electroplating duringaeop wi t h Appl eds power adapte
thenbegan my Ph.D. work ith Veronica Augustyn in January P®. Starting scientific research
washot an easy shift in mindsBbm my previous manufacturing experience. While the various
colors of transition metal oxides in solution provided some amount of joy, | also prioritized
running, reading books for fun, aattending and serving in my church throughout my graduate
studies. Together, these provided valuable grounding, relationships, and personal growth.

My first research project is described in Chapter 2. This \wot#s a pecial place in my
heart. The ninenonths | spent learning to prevent my electrochemical cells from rusting overnight
are a bit unforgettable, agsfinding out 1.5 years into the project that my starting assumption
was completely wrong (the materials weot stable in air or water).

In 2018, | was roommates with Natalie Geise at the Gordon Research Conference on
Batteries, which led into the collaboration in Chapter 3. Her advisor, Mike Toney, ran a group
doing electrochemistry at the Stanford SynchmofRadiation Lightsource. They hduktability to
do aqueous electrochemistry aimdsitu synchrotron XRD, which allowed us to observe the
mechanism of particle expansion upon electrochemistry (see Chapter 3). One of the more
encouraging moments of my Philkas Mi keds ent hddiaddtoi owhiewe wee
discussed the projeabver breakfast The Gordon Conference and the Next Generation
Electrochemistry (NGenE) workshop in June 2018 were my favorite events | attended as a graduate
student. In both #iations, the small group of peopderd concentrated time together really
facilitated building collaboration#\fter NGenE| collaboratel with Gene Nolisat the University
of lllinois at Chicago on using P2 oxides as?¥cathodesintil he graduatediVhile cur work did

not result in a puldation, it was a great collaborative experience.



Chapter 4 represents tl@liminationof my time in graduate schabll applied all my
existing knowledge, learned new experimental and analysis techniques, and develbgptte
collaboration | had yet tbe a part ofOver four trips out to Oak Ridge National Lab, | became
surprisingly fond of thab+ hourtripd having good collaborators there definitely helpkd.
addition, | finally started to get comfortable with Md&tlaecause the atomic force microsgo
(AFM) data needed to be worked up via script, and | had-write a script initially written by
my colleague Dr. Ruocun (John) Wang. Working through this then gave me the confidence to
adapt it for handling the eleochemical quartz crystal microbatze (EQCM) data.

Each year had a few defining moments outside of research. During my first year | helped
establish SciBridge as a student organization at NC State. The second year was a whirlwind of
taking the qualifier am, being awarded the NSF GRFPd anresearch exchange where | spent
six weeks in Wollongong, Australia. Not much research got done due to the short time | was there,
but my oceafoving heart was happy living right next to the beach. During my thirdlysawly
began to love North Calina, and my career goals switched from industrial R&D to teaching. This
was bolstered by professional devel opment pr
Communication Certificate, which provided an avenue to ldpvealuable nosscientific skills
and interact with students from a variety of disciplines. My fourth year saw more trips to Oak
Ridge, as well as wedding planning. After wrapping up my Ph.D. in Materials Science, | plan to

take a postdoctoral researchsjion in the Chemistry Departmeatt NC State.
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CHAPTER 1
Motivation and Introduction

1.0 Introduction

The beauty of materials science agdgineering is its ability to attribute observable
phenomena to atomistic behavior in solids. It makes the infrastructure we use in our daily lives
more understandable agd/es us the keyto improw it. In a societythat relies heavily on en
demand enesg using materials science to improve energy storage devices is w@ahtwlogical
and societahdvancementin 2017, renewable sources generated 17% of energy idrttied
States, with 8.8 % produced by intermittent wind and Sdigctrochemical energy stora(ieES)
devicesare especially promising for microgrids and storing intermittently generated eherdy
their high efficiency and versability Unfortunately, the EES devices such as reatgeable
(secondary) batteries used to store and dispense the collected power remain expensive, inefficient,
and/or hazardous'hus far, the most promising have been derivativesalf-developed high
performance lithiurvion battery chemistriefor electrc vehiclesand personal electronics. These
systemsuse flammable electrolyteand rare transition metalsmaking them too risky and
expensiveat the scale required for grid storage,enhthe system safety and abundance of the
components is even more impanmt than for portable electronieSignificant advances in device
lifetime, power capabity, and safety are required to support a continued increase in renewable
energy use.

In my dissertation, | addressélte need for advanced EES technoldyystudying the
fundamental chargestorage mechanisms of manganelsased layered oxides in aqueous
electrolytesThe 2017 ANext Generation Electrical Ene

report highlights the need to fitune fatncti oneé



design f or ¥Thatis, gnderstahding aadieeimythe interactions betvem he key
components of a battetyg improve its performance. These componangsthe electrodes, which
store charge, and the electrolyte, which conducts ions between elecifbdeslectrodes are
connected by an external circuit énable currespondinglectron transfeuponion movemaet.
Safe and efficient electrolytes are necessary for-gpade EES, and neutrgdH aqueous
electrolytes offer significant safety advantages over existingagaoeous and extreAp
agueous systems technology due to timfiammability and relatively lowcorrosivity. However,

the interactions between water, electrolyte ions, and the electrode materials are complex and are
not yet fully understood, especially for secondaaytey systemsFurthermore, understanding
derivad from this research is applicabte emerging agueous technologies that require ion
intercalation into host materials such as electrochemical desalinatiaiesmentrecovery.This
dissertation research focuses on mangabasedlayered oxides for aqueas intercalation
cathodes. Othelasses of materials studied for aqueous intercalation includewr@nductivity
polyanionic phosphates and Prussian blue analogues. Whilex(R@ is the most common
aqueous Naanode®® phosphate cathode materials have lwductivity, low wateistability
(NagV2(PQy)3), and low theoretical capacity (~ 62.5 mAh fpr NaVTi(PO4)3).° Prussian blue
analogues have low voltages and a similar capacity linitpagh these are improvidgOn the
other handmanganeséasedoxides have higher redox potentials, theoretical capacities, and
stability. Manganese is attractiver large scale applications because of its abundgiéas a 3d
transition metal, it is redeactive, relatively lightweight, and forms a we range of structures
capable of intercalating variety of cations, including *HLi*, Na', K*, Mg?*, and zZ*.1%16

Among the many polymorphs, the layesddictures in particular offer capacity > 100 mAH/g,



and an interlayer environment which can be readily tuned by transition metal chemistry and
interlayer water and cation contefit®

By investigating how the atomic structure of mangasiesed layered odes in aqueous
electrolytes affects their electrochemical energy storage behavior, my resgdiressethe need
for holisticdesign oimaterias for aqueoudatteries with promising economic, environmental, and
safety profiles. In the remainder of thigroduction, | will set the stage by further introducing
fundamentals of aqueous electrolytes, electrochemical charge storage reacti@ngraiy of

mangaesebased oxides.

1.1Energy Storage Mechanisms

Electrochemical energy is typically stored using tiypes of electrochemical reactions:
faradaic and nofaradaic?® In faradaic pocesses, electron transfer to or from the species of
interest reduces or oxidizes it, respedtive . These reactions are al so
Ar edox 0 Tramsitiontmetal mddes can undergo conversion reactions, surface oedox
inserton redox reactions. Surface and insertion reactions exhibit higher reversibility and rate
capabiity because they involve significantly less structural rearrangement than conversion
reactions. Because of this, the remainder of my dissertaimusés on # former.For surface
redox and ion insertion reactions fransition metal oxides, these faradaeactions involve
electrons transferredia the external circuit coupled witbns transfeed from the electrolyteéo
maintain charge neutralityf the eleatode material. This typically involveslectron transfer to
and from the valence electron orb&alvhich can be filled and emptied without forming and
breaking primary bonds already within the strucfdre its simplest form, faradaic reactions are

often congilered to fdow the Nernst equation:
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Where:

E = the potential at which the reaction occurs

E°Nf thestandard reaction potential

R = theuniversalgas constan8.314 J/K mol

T= temperaturén Kelvins

n =numberof € transferredn the reaction

F=Faaday 06 s 96485thinelre,

[Red] = concentration of reduced species

[Ox] = concentration of oxidized species

This equation can be expanded with terms to account for species interaction, electron or
ion migration, aviability of reactantsandtype of reaction producté® It gives rise taa single
peak as irFigure 1A, andproduces large capacities the order of ~180 mAh/g for a single
electron reaction in Mn&*® However,practicalcapacities may be lower as most reversible ion
insertion reactions in aqueous electrolytes only transfe0.8.k per transition metal center
Insertionbased &radaic reactionsvolve the bulk ofthe electrodematerialrequiring fas solid
state ion transport and electron transport. Since few materials exhibit both simultaneously,
electrode architectures acarefully engineeredo enable fast ion and electron diffusiorhel
electron transfer ifaradaic processes leads to changési lengths and energies observable by
X-ray diffraction (XRD), and vibrational spectroscopy suclnfsred (R) and Raman. This is
coupled with signature (primarily) monotonic mass andwelchange$” 3! From a fundamental

standpoint, thehanges in bond length and structdtee to &radaic processean limit material
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rate capability and cyclability. Typical rechargedal@daicsystems store charge on the order of

hours, and have lifetimes of ~1000 cyciés.

Non-faradaic reactionson the other handnvolve charge accumulation at the electrode
electrolyte interface via poliaation of the delocalized conduction band electreitisout electron
transfer’?2 The charge on the electrode causes the formation of the electric double layer (EDL)
on the electrolyte sidevhich will bedescribed more in Section 1These reactions are also called
Aicapadci tainvde t heir charge is determined by:

- B

.
° 5 "q

Where:

C= capacitance (F)

Q = charge on the electrode

E = potential window over which the electrode is cycled
U= dielectrt constant of the electrolyte

( = dielectric constant of a gaum

A = surface area of the electrode

d = double layer or charge separation distance

The doubldayer capacitance is typically on the order e2 4 ¢ Faf tharelectrode
material surface ag?>3*3*butEDL capacitors are able to attain high capacitance values up to 100
T 300F/g (2871 83 mAh/g over 1 Vpecausef the large surface area of activated carbons (>1000
2000 nt/g) and the small distance at which ions can approach in aqueouslgiestr3335Figure

1B shows the typical rectangular CV of a capacitive-favadaic reactionwhich exhibits no redox



peaks. Capacitive reactions store energy on the order of secondéfenities of ~ 1,00,000

cycles??3¢
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Figure 1 Characteristicyclic voltammetry responsaf an A) Nernstian faradaic redox couple
showing reversible peaks and low backgroundemirin regions away from the redox peak. B) A

nonfaradaic EDL capacitance response showing a constant currers degtential window.

While pure Nernstian reactions are igaslistinguisted from pure EDL behavior, not all
energy storage materials fit into these neat boxes. In particular, some faradaic reactions occur with
high degrees of reversibility aharge iimes from tens of seconds to tens of minutdsesefast,
highly reversible redoreactionghatexhibita continuous dependence of faradaic charge on the
electrode potential and occur at or near the material suafacealledips eudoc &Faci t i v
Given the respective limitations of faradaic batteries and Ed&jacitorsthe prepect of energy
storagedevicescapable of bridging the gap in their performanceshyring relatively large
amounts of charge quickly andith extended cyclabilityis highly attractive However,

pseudocapacitance has been widely debated sinceniteptubization, & extensively discussed



in a recent review papét Initially used to describe fast, faradaic reactions such as the
heterogeneous undprot ent i al deposition of a single | ay
was not intended tdescribe a particular reaction mechamig he oty limitations werethat the
reactionl) couldnot be limited by soligtate diffusion for charge times in the order of minutes
and 2) was highly reversible andould not be attributed to EDL formatioVhenit was first
proposed, intercalatiorhemistryhad not yet been established, and typical realtive energy
storage reactions were kineticallgnited alloying and conversion reactioms.1971 Trasattt al.
found that hydrous Ru@xhibited pseudocapacitive behavior, the first demonstratitrarsition
metal oxide$? Since then, the energy storage community has devoted itseiflérstanding what
materials design mechanisms lead to pseudocapacitance

The current workinglefinition requires that the electrodes in question must exhibit almost
purely capacitive CVs, while storing energy on the same ooflemagnitudeas faradaic
materials’! However, this does not account for the redox peaks obser@dsiofmany materials
which otherwise appear pseudocapacitive the fact thatalmost any material caappear
pseudocapacitivd it its particle size is reduced to be on the same order as the diffusion length
within the particlé®?** The broad redox peaks in pseudocapacitive CVs of nanostructured
materials such as LiCa@nd \LOs are attributed to the dighution of intercalation site energies
due to the high surface area, and their rate capability to the short diffusion fErfgthanicron
scale particles, these materials clearly behave as Nernstian faradaic materials. This highlights the
need to understand &h mechanisms give rise to pseudocépace, so that intrinsically

pseudocapacitive materials can be engineered and implemented.



1.2 Aqueous Electrolytes

The interactions between water and transition metal oxide electrodes are sintitzseto
that occur dung geological weathering. In EES a®r is a unique electrolyte solvdmtcause its
high polarity and small molecular size allow it to strongly solvate salts, spontaneously hydrate and
corrode oxide surfaces, and form a highly conductive, structuredrodyget+>4® Aqueous
electrolytes have @onductivity of 10-190 mS cm! vs <10 mS cm® for most noraqueous
electrolytes, making them attractive for higbwer system&2

Water molecules readily react with ungaerordinated metal cations and oxygenposed
on pristine oxide surfacé8In some oxides, th enablsthe formation of hydroxide surface phases
via hydrolysis reaction® Although water molecules frequiénexchange between the surface and
bulk electrolyte, theorganization of agueous electrolytes at an electrode suifatypically
described using static models.obt build off the limiting cases of the simple GeQlapman
Stern modelFig. 2A).%° Here adsorbed water molecules fothe Inner Helmholtz Plane, while
hydrated cations forrine Outer Helmholtz Plane. Thadth of the paralleplate capacitor formed
by these two planes is called the Stern ladfelhe Stern layer narraswvith increasing salt
concentration, increasy the EDL capacitancé! Electrode polarization during electrochemical
cycling increass interfaial charge and therefore further increases EDL capacitance.

Unfortunately the uniguenessf wateralso leads to practical difficulties implementing
agueous elemlytes. Thermodynamicallywater can only withstand an applied potential @3
V without undergoing degradation reactiobs evolve oxygen or hydrogen g&8® This
significantly limits the capacityand energy densitgvailable in agueous EE®lative to non
aqueous electrolytes with4 V thermodynamicstability windows, as energy density directly

proportional to the applied voltageé® In addition, noraqueous electrolyteare kinetically



stabilized byelectrolytedegradation at the electregéectrolyte interface to form a stapienically
conductive, and electronically insulatimgthode or solidelectrolyteinterphase (CEI o6El)
layer>>°® Becauselte decompositionrpducts of water are volatigases or reactive iofi$>*an
SEHlike pratective film cannot readily forrm aqueous electrolyteBigure 2B showsa Pourlaix
diagram for water, which describes the thedynamic stability of water as a function of both pH
and applied potentidl.In waterthe oxygerewolution reaction (OER) occuebove the maximum
positive (anodic) potential, artkde hydrogen eslution reaction (HER) occutselow the minimum
(cathodic) potentialWhen these reactions occur, they lower electrode stability by altering the local
pH atthe electrode interfade®*°If charge transfer to the electrode causes the material to reach a
soluble véence state, the electrode material may disst¥& the last several years, researchers
have determined théte formation of grotective SElike layer may be possibiefi wat er i n
electrolyteso (Wi SE), whi ¢ h mass and voima®’eThesea | t
electrolytes are stable up to ~ 3 \€hase fewewater molecules are available to interact with the
electrode surface, allowing significantly less active material dissolution during cy€fA§:%°
Because they offer aider potential stability window and are less corrosive than aqueous
electrolytes, while maintaining the desirable inflammighiWiSEs nay be of interest for follow
up studies to those presented in this dissertation.

In addition to WIiSE, other approach® improving the stability of oxides in aqueous”Na
electrolytes by removing the driving force for water molecules to undirgmmpositn reactions
at the electrode surface include: (1) removing dissolved 0X8581(2) introducing an electrolyte
additive or electrode surface coating that conducts ions but prevents water molecules from
contacting the active mater®75° Dissolved @ and CQ can be removed from the electrolyte

by bubbling N and Ar into the cell before electrochemical characteriz&tt6A7 7% "*Most studies

t

fal)



demonstrate mild improvements in the skiertn cycling stabity and Coulombic efficiency;?%7°

but long term cycling still shows a severegin performance, indicating that removal of excess
oxygen from the electrolytes does not completely address the challenges of electrochergigal ene
storage in aqueous electrolyfe8 Electrolyte additives such as disodium propargdisulfonate
(PDSS)andsadium dodecy! sulfate allow higher cyclability than deaerated electro/#é3hey

also offer a cheaper alternative to the wattesalt electrolytes, although they do not reach gk hi

of anodic potentials.
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Figure 2. A) Gouy-ChapmarStern model of the electric double layer at a transitioetal
oxide/aqueous electrolyte interface. The electrochemical potential at the eled&cilelyte
interface decreases linearly across3tern layer thicknessl§ier), where the coordinated waters

of the Inner Helmholtz Plane (IHP) and hydratedoret of the Outer Helmholtz Plane (OHP)
form a structured layer of water at the interfaceRBactivity of watedemonstrated byRourbaix
(patential vs. pH) diagram of water showing the thermodynamically stable region. The upper (red)
dashed line represts the OER, and the lower (blue) dashed line shows the R&Roduced

from Ref.! by permission of The Royal Society of Chemistry
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The high polarity of water enables reactions between water moleaniésunder
coordinatedmetal cations and oxygews the electrode surfa¢®@These reactions are enhanced
by the autadissociation of water into the reactive® and OH species which increaseghe
likelihood of electrode material degradation relative to-agueous eldémlytessincemany oxides
will readily undergo hydrolysis upon protonatittFigure 3 is a schematic of how the agqueous
electrolyte interacts with the electrode, hydrating itirtercalatimy with the cationg? and

coordinating to the surfacahich lead to gas evolution at the right applied potentfals.

‘o : : : : ‘o: ‘ “‘

0»0»0»0»»-»*
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® 020 0 0 0 qd.‘b
ovn @0 @K H @0 [ ) .

Figure 3. Strong interactions odqueous electrolytes with hydratedayered transitio metal

oxide,including surface coordination and hydration by free waters.

One important signature of aqueoekectrolytesist he ef f ect of water
diffusion of cations in solutiorAqueous electrolytes forshortrangehydrogenrbondedordered
network of tetrahedralkgoordinated water moleculé3’3’#Within this network, anionsimilar
to O* occupy water sitegnd interact with water via 4donds while metal cationsare fully
coordinated by water molecul&s The ionic strength, or point charge density, of cations

determines the size of their solvation sfefFor the monovalent catioglectrolytes | studiedhe
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hydrated radius of the cations is inversely proportional to the crystaébm&n by the aoparison
of their the crystal, hydrated, and Stokes radiTable |I. The Stokes radius is experimentally
calculated from the equivalerwonductance of the relevant hydrated spe€idr example,
athoughthe small sizeof unsolvated Lilends itself to fast sil-state diffusion within electrode
materialsjn aqueous electrolytés high charge density results in larger Stokes and hydrated radii,
indicating the slower diffusion of Lithrough aqueous electrolyt&€s?®7878 |n carbonsthe high
charge density of Liresults in slightly lower capacitagbecauséhe larger solvation shell means
Li* are 1) slightly furthefrom the electrode surface than other cati@she areal density of Li
is lower, and 3) solvated Lirequires larger pores than solvated NaK*.”®"°In Mn-based oxide
electrodesthe high charge density of Lieads to lower cyclability and rat@ability than those
observed in K electrolytest>?®7."8As K* has the smallest charge density of these ions, it forms
the smallest hydration shell and therefore has faster adsorption/desorption Rinkticalso
interacts less strongly with the electrode material, causingste=ss upon (de)intercalati®ht?
For these reason, many mangaressed oxides aretudied in K-containing aqueous
electrolytes>29.77.78

Figure 4 summarizes the various challenges of working with agueous electrolytes,
highlighting that the goal is safe and economical EES. Materials that are suitable for aqueous
secondary batteries are also viable options forx-eative water desalination, or ion separation
and element recovefy.8” The next section will describe some of the mangabased oxides

used in aqueous EES.
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Table I. Radii of Alkali Cations in Aqueous Electrolytégalues fom Ref "

lon lonic Radius (A) Stokes Radius (A) Hydrated Radius (A)
H* - (0.28) (2.82¥
Li* 0.60 2.38 3.82
Na* 0.95 1.84 3.58
K* 1.33 1.25 3.31

*extrapdated fromtheoretical mode

Material
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Figure 4. The challenges and prospects of aqueous electrolytes for EES devices. If the hurdles of
gas evolution, low voltage, and material dissolution can be overcome, low cost, high power, and

sustainable EES awaiRepralucedirom Ref.! by permission of The Royal Society@hemistry.
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1.3Manganese Oxids

1.3.1 ManganeseDioxide

Manganeseisthefnost abundant el ement in the earth

as Mrf*, Mn**, and Mri*, allows it to form > 30 oxide and hydroxide structures, many of which
act as heavynetal sobents in soil and waté?.Of these, the mixeslalencemanganesedioxide
structures are soeof the most heavitgtudied materials for EES. The variouanganese dioxide
polymorphs shown ifigure 5 occur due to variations in polymerization of Mf@tahedra, and
are described by the subsequent octahedrahgeraentinto tunnels or layers®88 within a
MnO; crystal, one octahedron has an edge len§R.6A.* For example{}MnO; (hollandite, or
cryptomelane for K-containing compositions) consists2§2 tunnelsvhich measure ~ 4.6 x 4.6
A, while layeredi-MnO; (birnessite)consists of 2D layers of edgharing MiDs octahedra
stacked on heagonal arrays of water molecules and cations, which leads to a 7 A interlayer
spacing‘*%°

MnO: can easily be tuned to form different structures Vayying the size of the
incorporated alkali or alkime earth cation, and the amount of staral water:%*?which depend
on synthesis pH, solution concentration, and/or heat treatth&i®* Layered ad 2x2 tunnel
structured MnQ@include additional cation&' (whereA* is Na", K*, Mg?*, Rb'. etc) to balance
the charges and stabilize the struc&fe? A low pH wealensA*-H.0 bonds within the layered
birnessite structuresqueezing ouH-0 as thesmall 1x1 tunnel®f b-MnO; (pyrolusite)form.%*
TheA*-H>0 interactiorstrengthens at highH, forming MnG structures with larger tunnedsich
as hollandite (2x2 tunnels) and todokorite (3x3 tuntiéI®)nO, canalsobe electralepositedo
form both the birnessite and intergrowth phasasd theelectrodepositiorsalts andapplied

potential determine the structu¥e.
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Hollandite (a)

Brnesit (6
Figure 5. Common polymorphs of Mn)where Mn@ octahedra are represented by the purple
and yellow octahedraand cation intercalation sites are represented by the gray polyhedra.
Structural waters are not shovReprinted with permission frolRef.? Copyright 2017 American

Chemical Society.

Only MnO: polymorphs with insertion ges larger than a single octahedron can
accommodate alkali cations, @edicted byheStokegadii in Table *#Devarajet al. compared
t h e -, 3,ande-MnO; structuresn NaoSQy andfound thatonlyt h eandi-MnO; allowed
significantNa’ intercalation The capacity decreased with interior site sF:ti > o from & >
297 to 9 F/g® Similar studies in 0.5 M ¥SQu by Ghodbanet al showed thastructures with

tunrel (or layer) dimensions < one Mpctahedron only gave etangular (supposedly
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pseudocapacitive) responses, likely attributable to only surface redoximséition. Again, the
phases with larger interstitial sites exhibited higlegracity, with the eseption of the 3 x 3 tunnel
Ni-todokorite, where Niwithin the tunnels interfered with cation intercalatiéiThe remainder
of this section wilkdescribe the behavior of selected Mredd maganesebased oxideselevant

to thisdissertation research.

1.3.1.1Amorphous MnO2

The pseudocapacitive behavior of amorphous Mn® aqueous electrolytes was first
reportedoy Lee and Goodenough in 1989The capacitive behavior is shown by the rectangular
CVs, fast switching times, and is called pseudocapacitivausedhe amount of charge stored is
larger than expected for a purely surfacksorption process, suggesting that fast redox reactions
are also occurring’, However, surfacelominant charge storage behavior of amorphous MnO
leads to swift capacity decline with increasing elmd¢ thickness, making this material

impractical from a device standpoffit.

1.312Hol | andite (2wQ2 Tunneled U

As mentioned abovéhis phase reversibly intercalatations into its X 2 (~4.6A) tunnels
and Mn vacancies for battetype and redosactive desalination applicatiofs®® It has been
studied for hybrid EES devices because of its pseudocapacitive beHavioch is due tdoth
H* and A* contributions(A* = Li*, Na', or K").8! In particular, K is more favorable than Li
because its large size allows it to interact with several4enel oxygens at oné@ Although
Mn dissolution leads to low capacity retention wiEnOz is cycled belowd V vs. Ag/AgCl it

has moeérate capacity retention of 75% after 500 cycles at 0.5 n#etween G 1V.8°°Qver
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this potential window in 0.1 M N&Qs, U-MnO; exhibits 50 F/g (16 mAh/g) to 240 F/g (67 mAh/g)
depending on morpholod¥ Younget al proposehat this high capacity is due to the stabilization

of conduction band orbitals as cations intereatath e over | ap of the mater.
and the stability window of the electrolyte allows cations from the electrolyte to interact with the
electrode and form defect sites in the band §4p1%In later work, they suggest that while the

capacity ofMnO; is primarily due to faradaic reactions, the high rate capability is due to the
stabilityof Affdef ect s 0 wi evbnafier thelr eorreppidinguetavelbeer removed.

Because of thisthey argue thasome cations remain upon oxidation, reducing the number of

diffusing ions and leadintp high rate capability.

1.3.1.3Spi nMnO2 &

This phaseof MnO: is a cubic spinelprepared by chemically or el@ochemically
delithiating LiMnO4.88191 Oxidation in aqueous electrolytes containingiarat larger than Li
(Na*, Mg") drives a phase transfoant i on t o t iMeO, &siwataresschemicaly U
intercalated to compensate for charge lost during oxid&tfdf3Typically, this naterial appears
capacitive in neutral pH aqueous electrolytes, but becomes visibly redox active in buffered or
acidic electrolytes due to the dissolution/solidification process enabled by the higher H
concentration and an extended potential winddit does allow Li* insertion from aqueous
electrolytes, where its band gap sits nicely over the potential window of water, and the
pseudocapacitive nature of the charge storage is attributed to the gradual stabilization of individual
Mni O orbitals jist below tle conduction bantf Because the overlapping band gap and stability
window of water, charge transfer can readily take place. This explainghehgpinelphase

transforms tdirnessite rther tharremaining inactive likéb-MnO2.81102193n the right electrolyte,
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this phase exhibits ~1008apacity retention imqueous electrolytes after 500 cycles froml0V

vs SCE at 0.5 mA/cAf® Becaus of its cyclability, low cost, and relatively high capacity (up to
360 F/g or 100 mAh/g), Whitacre et al. studied the spinel phas&rferscale (>30 Wh) aqueous
batt er i-Mn®.synthdsieed far these largeale batteries delivered ~78 mAh/g ogdr.8

V charge in 1 MNaSQs (aq), and did not show any capacity fade upon extended cycling at both

low and high rate&*

1.314Bi r ne svin@2t e U

Birnessitel-MnO- consists of 2D layers of edgharing Mn@ octahedra electrostatically
stabilizedby hexagonal interlayearrays ofwater molecules andations, which leads to a 7 A
interlayer spacing*°*1%4t has been widely studied becausis gasily synthesized andsanilar
to the layered oxidepopularfor Li-ion batteries In addtion, it is useful across a rge of
applications from EES to Faradaic desalination to heawgtal sorption, because itan
accommodate a variety of catidi{$510%1% practically, the main drawback dhe MnO;
polymorphs, including birnessitis theirlow conductivity When the Mn@layers are doped with
0.57 1 % first row transition metals, additional sites are formed in the band gap, the charge transfer
resistance decreases, and the material capacity is$sctdrom 83 to 145 FA§:1°° Doping the
MnO; layers with point defectsas similar esults*'® Birnessitehasalsobeen studied in alkaline
electrolytes as a catalyst for water splittihPinaudet al. show that ir0.1 M NaOH the 2.1 eV
band gap of birnessite Mn@es within the potential stability window of watexyhich suggests
that the band gap of birnessite also overlaps the stability window of neutral pHater

The relatively low surface enegrgpf birnessite Mn@ provides little driving force for

crystal growth after precipitatiofiandtypical syntheses result in high surface area nanocrystalline
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paticles without longrange crystallinity. The lack of crystallinity complicates detecting structural
changes resulting from electrochemistry, and the high surface area welcomes speculation ove
whether ion insertion occurs or if the charge storage behasvibwminated byhonfaradaicor
faradaic reactions. The potential range betweeni~10V vs. SCEgenerates the most dehate
Within this range, birnessitgpically has a capacity of 42 mAHg (150 F/g over 1V, and
possesses a primarily rectangular @ith broad redox peaksScientific literature generally
accepts the possibility of two processes: 1) surface redox adsorption/desorption and 2) ion
insertion/intercalation into crystalline neaial, site and ion size permittitg?8°%112At potentials
beyond the 0 1V, a third charge storage mechanism is possible: dissolution-aegposition of
Mn.23113This 2e process leads to high cajig1100-1400 F/g)but requires addition of Mn salts
to the electrolyte to maintain a steady supply of the mobil& klose to the electrode surface.

Over 07 1 V vs SCE,the proposed charge storage mechanism has been desbyibe
surface rdox and ion insertionwhereA" is a proton or anetal cation

D& wO wQP 00 &0

Electrochemical quartz crystal microbalance studies show that this reaction is oversingidied,
multiple species are involved in the chargeragie reaction$'* The apparent areal capacity
based on gas adsorption surface area measurements indicates that faradaic processes must
significantly contribute to the charge stor&gé&'® but these surface area measurements can be
erroneous*®® leading some tesuggest that charge storage occurs due to increased surface
adsorptionby the extension of thEDL into the material interlayét® Although MnQG does not
go through a semiconducttm-metallic transformation angblacks a large number of free charge
carriers thatvould enablepure EDL behavigf'”*'8in some structurefsee charge carriers még

available for polarization sindbe cathodic potential igithin the conduction bantf:81:98.111.119
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Arguments also vary on the proposed faradaic r@actiechanism. Sonwaim that Mn
based redox occurs due to the intercalation of alkali catibttor H* which then exchanges with
an alkali cation from the electrolyt& Depending on the electrolyte, there may be coordinated, or
uncoordinated movement efructuralwater molecules as wél(:*14123Surface chemistryia a
negative zeta potential) indicates that cations will be the primarily attracted species during neutral
pH aqueous electrochemistif:241%6 Both energy dispersive XRay spectroscopy (EDS) and
inductively-coupledplasmaoptical emissionspectroscopy (ICROES) indicate that alkali cations
contribute to at least some of the charge storage mech&mihiowever, while birnessite is
considered attractivas a pseudocapacitive, high longevity, and high capacity aqueous cathode
materials, its exact energystige mechanisms are still unknown. Chapter 4 of this dissertation is

devoted to uncovering these mechanisms.

1.3.15 nt er g fMoa®et h o

The intergrowth phase consists of rantipmtertwinedr e g i o0 {M8O. with thé2x1
tunnels of thé&Ramsdellitephase. Also calledlectrolytic MNQ ( E M D-MnO: is thephase most
commonly formed by electrodepositdrSo me r epor t s d-4MaQrwhithés E MD
significantly less stable than, and can easily be transformedvtn(,.12812°Prior to widespread
secondaryattery developmend:MnOzwasused as the cathodeterial in alkaline and 2@ dry
cell primary batteries. In EES devices, répd capacitances vary frob31 107 F/g between 4
V vs. SCE depending on synthesis conditibfi$lere protorinsertionis expected to dominate as
the 1x1 and 1x2 tunnels ofMnO- are not large enough to accommodate alkaline cats@rtion

and the charge storage behavidEBL-dominated at rates above ~ 10 m¥%$&°
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1.3.2 Manganese-BasedOxides

Other types of manganeseh oxide materials include those of the fofgMO,, whereA is
an alkali cation such as LiNa', or K", andM is a transition metabr combination thexof®
typically from the first row.Both the structure and thetmospheric stability oNaMO; are
determined by structural cation contétt’®#134137 Tunnel structures form at x < 0.44, and
various layered structures form at 0.33 < x €134 Cation content, which relates to the open
circuit potential of the material, relates inverselyatitmospheric stabilityBatteries cannot store
energy without a potential difference between the electrodes, so one electrode must be reduced
upon assembly, meaning that it contains the inserting c@emauseations ar@ften intercalated
at potentials élow the reduction potenél of water (3.94 Vvs Na/Nd&), many materials
synthesized in a fully reduced stafntaneouslgxidize upon exposure twater and ait*® This
substantiallyreduces the number of materials compatiéth ambient processing aratjueous
electrolytes. For exampla material withx = 1 will almost alwaysorm an impurity phase with a
lower sodium contentpon atmospheric exposur® while the tunnel structures are quite stable.
The tunnel structures exhibit higher atmospheric stability because their low cation content means
the M exists at higher oxidation states to stabilize the struchurfie marganesebasedayered
structures, the JakFfeller distortion ofmanganesesquires additional transition metal content in
order to improve the cycling stability The JahrTeller distortion occurs when Mhis in a high
spin state, anthe MnQ; octahedron distort to reduce degeneracy, &sguare 6. This addsnore
stressnto the materiahnd reduces the cyclability ofanganesbasedayeredAxMO,. Additional
transition metal content reduces the amount of Mn available to change betwed#tbri@ation
state. Materials of this type are common cathodes iragoBous Liion batteries, and have been

widely studied for Naand K-ion batteries, where they have been engineered to optimize their
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capacity (up to ~120 mAh/g}?*4? This high capacity is attractive for aqueous EES, that
corrosive ability and low potential stability window of water complicate the development of

compatible electrode materials.
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Figure 6. Schematic of the Jakheller distortion of Mr#*. Two distortions are showthatslightly

alter the energy levels of electrons in thgorbital, stabilizing them rather than forcing them to
maintain the same energy levéhese elongations and compressions cause cyclic stress in the
material, leading tstructural degradation with extended cycliReproduced from Ref. with

permission. Copyright 2017 by the Royaktety of Chemistry.
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1.3.2.1Tunnel-Structured NaxM Oz

Because of itseversibility, rate capability, and lortgrm structural stability the tunnel
structured NeudMnO2 (NauMngOss) has been widely studied asathode for aqueous electrolytes
and Faradaic electrochemical desalinaftéh'*114¢ These behaviors are surprising, given the
many phasetransformationsthat occur during electrochemical cyclirfy:31141:145.147 The
orthorhombic crystal structure dfap.4aMnO2 has2 x 2 and 1 x 3 tunneksontainingNa’, Li*, or
K*, although only thesitesin the 2 x 2 tunnelsFjg. 7A) are electrochemicallactive!4®
Unfortunately, this means thagss thanhalf of the theoretical ~ 120 mAh “fcapacity is
availabl® further Na" deintercalatiorrelease<, from the structuré3*14214Figure 7B and C
show early studies by Whitacegal. using this tunnestructured oxidas an aqueous Nhaattery
cathode materidt*1**They obtained5 mAh gt at 0.125 C in 1 M N8Oy (0.22 N& per MnQ),
most of which was stithvailableafter 1000 cycle$** Later work focusdon increasing capacity
by substituting some Mn with other first row transition met#l$#°This increases the Naontent
andincreases the fractioof Mn®*, which can then oxidized instead of the lattice oxygéh¥'
150 Using Tiand/or Fe allowed advances such as: maintaining the initial 45 mAh/g capacity at 16
timestherate!*? suppressing the phase transformatitf?*?14%and increasing the capacity %6
mAh g1’ Thisillustrates how vital trasition metal composition is to performance of metal

oxides.
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Figure 7. Crystal structure and electrochemical performandeaafiaMnO.. A) Crystal structure
modelshowing themobile N& in the Na(2) and Na(3) siteReproduced with permission from
Ref.14¢. Copyright 2015 Springer Nati B) The derivative of the capacity with respect to voltage
(dQ dv?) from galvanostatic cycling at 25 mAlgn a 1 M NaSQ, aqueous electrolytevhere
each peak denotes a phase transformaReproduced with permission from R&E. Copyright
2010 The Electrochemical Sety.C) Capacity retentioof a Na.4aMnO- vs. activated carbon full
cell for 1,000 cycles at 5C. Reproduced with permission from ®efCopyright 2010 Elsevier.
Figure in this configuration was initially published in ReReproduced by permission of The

Royal Society of Chemistry
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1.3.2.2Layered P2 NaMO2

There are many variations on layef&MO2, but we will limit thisdiscussion to the P2
type,a layered hexagonal structurensisting ofalternating layers of Neand MQ; edgesharing
octahedraTheNa" occupytrigonal prismatic sites (Pand theoxygen layers are arranged in an
¢ ABBA¢ king sequence along tleaxis (2) (Figure 8).1°* When interlayer Nahas been
removed so thak < 0.35 NaiMnOz and NaNio.22C00.11Mno.ee02 both rapidly form hydrated
structures upomtmospheriexposuré“®1>2The intercalated water molecules in the fatfpty
Na" sites counteracthe electrostatic repulsion betweRl©; layers,which typically leadsd the
layer glide experienced upon cycling in ragueous electrolytes’140

The researcin Chapters 2 & 3 was born out of the fact that while many have studied the
reactivity of P2 in aift3"140.15215 few have studied their aqueous electrochemfs@pe of the
few trends is that if the transition met&sm an ordereduperstructurarrangement within the
layers or if the transition metal layer contains Cu, the oxide may be atmospherically stable. So far,
this is true of 2/3 materials reported statNeo.sANio.33VINo.6702and Na.eMNio.33xCMno.6702, (0
< x < 0.33 both exhibit transition metal ordering, anthile Nay 7eF&n.22Cp.11MNo 6702 does not,
it does contain Ci%11229 Other compositions, including combinations of N¥i, Fe, Zn, Co Ti,
etc., form hydrated phases upon atmospheric or water expdstie->21%% |n some, H from
water exchanges with Naand can possibly dissolve the Mn from these -aeidsitive
OXideSlS4,157,158

Although the P2 oxides are attractive for their high themaktapacity, not all of it is
accessible within the stability window of aqueous electrolytes. Some of the few studies of P2
materials in aqueous electrolytes have reported capacities-62 41Ah/g, but while these

materials are electrochemically actiwbey also exhibitpoor cyclability 2623 Overall, their
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performance is worse than thatteMnO..1"1**However, heir susceptibility to water uptake and
compositiondependent response made them valuable to understand the effect of interlayer

chemistry on aqueous EES, which we will discuss in the next section.
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Figure 8. Structure of P2NaiMnO; where N& occupies Wwo prismatic interlayer siteMnOs

octahedra form edggharinglayersasnd t he oxygen stacki.ng sequenc

In nonraqueous electrolyte§2 oxides have a wide range of electrochemical behavior
depending on the transition metal contevith capacitiedbetween 96 216 mAh g1l For
example, substituting Cu for some of the Mn content increases the@ahateductivity and
lessens the extent of the Jaheller distortion, also allowing the material to experience asolid
solution mechanismuting charging rather than the multiple phase changes present in other

compositiont>3:162165
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1.4Tuning Material Behavior PostSynthesis

As mentioned above, the electrochemical behavior of a given crystal structure can be
greatly affected by changing their transition metal composition. Another common technique used
to tune material behavior is by additional processing after the initial synteasts agxfoliation
of bulk crystals into nanosheets, addition of vacaneies incorporation of structural water. Each
of these approaché@sproves the cyclability, rate caalility, and capacity of EES electrodes.

Both electrc¢hemical and chemical exfoliation are often used to make 2D sheets of
birnessite, graphite, and Ma%11%168171 The electrochemical techniques apply a current or
voltage to a large crystal to force the intercalation of electrolyte species. The host material is
subsequenyl exfoliated by gas bubbles formed upon the decomposition of these electrolyte
moleculest®¥ 168 The chemical techniques can be done on small, even nanoscale initial particles,
and are therefore common in processing birnessite particles. &Xfieljate the oxide into
nanosheets by osmotic pressure, first removing the initial interlayer cations in acidic solution, and
subsequently forcing the layers apart with the intercalation of bulky cditamsa basic solution,

a process that takes daysweeks with stirring;/>'"3or hours with sonicatioh® This process
results in 2D nanoshedtsatcan be restacked into porous electrodes with higher rate capability.

Defects such as structural vacancies can also be used to improve the rate capability and
capacity of transition metal oxides. For exampiésplacing Mn atoms in birna$e into surface
Frenkel defectwia acid treatmenimproved thecapacityfrom 55 to 83 mAh/g ab.2 A/g, and
reduced the charge transfer resistance frorh 80 '8 While otherwise outside the scopk
this dissertation, high temperature heat treatments in a reducing atmosphere have been shown to

improve capacity and rate capability in Mol inducing G vacancies’*
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Finally, a common way of tuning the performance of a material is by altering the contents
of the interlayer. For exampleterlayer water has been shown to improve the rate capability and
cyclability of V.0s, WQO;, and MnQ.1"51 |t is hypothesized that interlayer water can
electrostaticallyfishield intercalating cations from the transition metal oxide lays|itating
even theintercalation of multivalent catiort§®181:182\While the exact mechanisms are not yet

known, materials with hydrated interlayers are promising for high rate aqueous EES.

1.5Summary

Thus far, we have explored the foiblesanfueous electrolytesliscussed the two main
mechanisms of EES, and described the behavior of a variety of mangpaseseoxides. How
then do all these topics fit together to make up a PhD? In short, the structure and composition of
the electrode matetigetermine how it irgracts with the electrolyte, and what types of charge
storage reactions occur. We have already discussed how the sgut®D, can go from
dissolution/solidification behavior to EDL behavior depending on electrolyte and potential
window. Another example ishe transition metatlependent atmospheric stability of P2 oxjdes
which can be tuned by the contents of the transition metal oxide.layers

While aqueous electrolytes offer significant challengégy also offer significant
opportunitiesfor EESas wellas related applications in water treatment and element recdwery
implement them, we must understand and eventually be able to dictate how the electrolyte interacts
with the electroddn the next three chapters, we will look aieil aspects of the arplay between
agueou<lectrolytesand layered manganeseh transition metal oxides. Overall, the goal is to
understand how the interlayer environment contributes to the energy storage mechBmisms.
achieve this, Iperformed materals synthesisas well as physical and electrochemical

characterization techniques, and waalclosely with collaborairs to dooperandoandin situ
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characterizationMaterials synthes was selected based on the hypothesis of the research project
and included electrochemicahd solidstate method€?hysical characterization techniques such
as Xray diffraction, scanning electron microscopy, and Raman microsgemy/usedo connect

the structure and morphology ofaterialsto their processing conditionsnd electrochemical
behavior. Electrochemical characterization techniques prowidedundamental driving force for

the EES mechanisms to take place and were couplethéo methods fooperando and in situ
characterization. When put together, the var@tynethods | use in yndissertationlluminate
fundamental mechanisms dayered manganes&h oxides undergoingeES in agueous
electrolytesIn Chapter 2, we study four compositions of P2 oxides to determine their structural
and electrochemical response to aqueous electrostrg. We determined that the material forms
compositiondependent birnessitike structures while retaining their it bulk particle
morphology. This worklemonstratethat P2 oxides are not suitable for use as electrode materials
in aqueous electrgles. However, it then paved the way for Chapter 3, where we investigate the
charge storage behavior of these bulk hyattatarticles, andstablish their viability as an activated
carbon alternative Finally, in Chapter 4 we conduct multi-modal study of a model
pseudocapacitivanaterial birnessite to investigatewhether thecapacitive charge storage
mechanisnshould beconsideredaradaic or norfaradaic Chapter 5 offers a brief summaiys

well asan outlook on the field as a result of this work.
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CHAPTER 2
Charge StorageMechanism and Degradation of PZl'ype Sodium Transition Metal Oxides
in Aqueous Electrolytes
Preface
The work in this chaptevas publ i shed as fACharge Storage
of P2Type Sodium Transition Metal Oxides&q u e o u s E |bg Shelby Bdyd; Roban 0
Dhall, James M. LeBeau, & Veronica Augustyn the Journal of Materials Chemistry Al. (

Mater. Chem. A20186, 2226622276,D0I: C8TA08367C). Here he published main text and

the supplementary informatiamere intercalated to improve the chapter readab#ityentifically,

this project was the first to fully investigate the structural and electrochemical behavior of P2
oxidesupon aqueous electrochemistry, and the effect of interlayer chemistry on this behavior. As
mentioned in the introductioiaradaic charge storage réans require redox potentials of the
material to lie within the electrolyte stability window. For thisdy, we chose a few compositions

of P2 oxides that showed nagueous electrochemistry at potentials overlapping with the stability
window of waterand investigate how altering the transition metal chemistry tdrlee material

behavior in aqueous eleclytes
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2.1 Abstract

Fewtransitionmetal oxides exhibit sufficient stability for aqueous ion intercalation from
neutral pH electrolytes for lowostaqueous Nabatteries andFaradaiadesalinabn. P2 layered
Na" manganesech oxides have high theoredil capacities and voltages for N&orage and are
extensively investigated for neaqueous Nabatteries. However, the charge storage mechanism
and fctors controlling interlayer chemistry and redox behavior of these materials in aqueous
electrolytes haw not been determined. Here, we take a significant step in establishing their aqueous
electrochemical behavior by investigating a series of P2 oXidg£xhibit a range of stability in
water and ambient air: NaNio22Mnoss-en.1002 (NaNMFe), Na.siNio.22Mno.e6C0.1002
(NaNMCo), Na.edNio22MnoeeClo.1102 (NaNMCu), and NasdMnosLlw3102 (NaMCu).
Depending on the transition metadmposition and potential, all materials exhibit significant
irreversible Na& loss during the first anodic cycle followed/ lwater intercalation into the
interlayer. The presence of water causes conversion into birAdssifhases and microscopic
exfoliation of the particles. The interlayer affinity for water is primarily driven by tHecNatent,
which can be tuned by thnsition metal composition and the maximum anodic potential during
electrochemical cycling. The interlayer water affects the siivier capacity and cycling stability
of the oxides, with the highest reversible capacity (~ 40 mAhlgjivered in ~ 30 nmutes)
obtained with NaNMCo. These results present the first studies on the structural effects of aqueous
electrochemistry in P2 oxés$, highlight the significant differences in the electrochemical behavior
of P2 oxides in aqueous nonaqueous electrotgs, and provide guidance on how to use the

transition metal chemistry to tune their agueous charge storage behavior.
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2.2 Introductio n

Electrochemical energy storage devices operating in neutral pH electrolytes are attractive
because of their low cost ahtjh safety. However, few transition metal oxides exhibit sufficient
stability for electrochemical aqueous ion intercalation at akptd conditions, as indicated by
their Pourbaix diagramsAmong these dyered manganese (Mn) oxides are of interest for aqueous
sodiumion (N&) electrochemical energy stordgand battentype desalinatiof? due to their
redox ativity and the abundance and safety of mangat&skhe most videly-studied Mnrich
oxides for Nd intercalation from aqueous electrolytes are the layered birnegsitésO.AH.0O
(whereA represents alkali cations such as Biad Md™*), with capacities up to 134 mAh'g’ The
complex interlayer of these oxides includes structural water and cations such as sodium, potassium,
and magnesiumwhich makes them relevant for both mermmd multivalent aqueous energy
storage devices.10

Higher capacities and voltages for Niatercalation have been obtained with P2 layered
oxides (Na.sMn1.xMxO2, whereM can be a variety of treition metals like Cu, Co, Fe, etc. and
their combinations) in neaqueous electrolytes, with reversible capesiof 90 - 216 mAh ¢
1160.161The P2 terminology developed by Delmas, et al. indicates that the prisitatee ( i P 0 )
between the metal oxide layers are occupied byaNd that the layers of edgbaring transition
metal oxide octahedra are arradgei n an €éABBAé stacking sequen:t
Figure 1a'®! These materials are of potential interest as high voltage cathodes for aquéous Na
batteries and desalinators becausg #re electrochemically active at anodic potentials within the
limited 1.23 V thermodynamic stability window of aqueous electroRAé¥:*%1and have high
theoretical capacities, both of which cdgive rise to high energy density devices. While the

intercalation behavior of these materials in +agueous electrolytes is fairly well

32



established?139137.140.152,154,160,161.1886 |ittle js known about their behavior in aqueous
electrolytes, where the presence of water is likely to lead to entirely different intercalation
phenomena. Recent studies on P23 d¥dio33Mno.6702 and Na sMNio.23Mno.7502 in aqueous Na
electrolytes showed reversible capacities betweeii 88 mAh ¢',%'®’ but did not provide
significant insights into the mechanism, effects of material chemistry on electrochemical behavior,
or interlayer affiity for water. In the present work, we perform a systernstudy of these
fundamental characteristics of P2 oxides and identify the implications for their behavior in aqueous
electrolytes.

Water is a unique neflammable solvent with a higher solvatidnemgth than the standard
carbonatédbased noraqueous elémlyte solvents, which leads to highssnductivity
electrolyte$218 Duye totheir high polarity and small size, water molecules strongly solvate
electrolyte cations such as Nand are expected to -totercalate into materials upon
electrochemical cyclingf®*®The possibility of hydronium (§D*) intercalation also needs to be
considered in aqueous dieytes!®® The combination of water and oxygen or carbon dioxide
oxidizes and hydratesany P2 layered oxides by spontaneously removingadd replacing it
with water13%137.152,158156.180.191pravious work on P2 oxides cycled in raqueous electrolytes
has shwn that the reactivity to moisture varies with transition metal composition, where
Nao.sMnoedNio3d02 is stable in water, but NaMnO., Na.sMnosNio.22Cm 1102, and
Nao.sMno.sFen 502 exhibit spontaneous water and carbonate intercalation upon egposuater
or humid airt3¢-137153yhijle the cause of enhanced stability has not been determined, one observed
trend is that materials with a superstructure ordering of the transition metals within the oxide
layers, such adNao.eMno.eeNio3302 and Na.sANio.33xMno.e6COz, (8000.33) exhi

significantly higher stability in watef>137
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Here, we take a significant stepastablishing the effects of transition metal composition
on the interlayer affinity for water and aqueous electrochemical beha¥iB2 oxides. By
synthesizing and characterizing four compositions that exhibit a range of stability in water and
ambient air NapeNio.2aMnoesFen.1002 (NaNMFe), Na.siNio.22Mno.eeC.1002 (NaNMCo),
Nao.6aNio.22MNo 66Clo.1102  (NaNMCu), and NesiMnosCuo3iO, (NaMCu)® 137140 e
demonstrate that the transition metal composition affects the affinity of the interlayer for water
intercalation and in turn, the electrochemical charge storage behavior. Using structural and
electrochemical characterization techniques, esvsthat these P2 oxides transform to a hydrated
birnessitelike phase upon aqueous electrochemical cycling and that the transformation is driven
by the redox potential at which a critical amount of Namains (~ 0.4 Naper formula unit) in
the interlaye. The phase transformation to a hydrated layered structure is accompanied by
significant exfoliation of the layered structures. These results demonstrate that the transition metal
composition of layered oxides has a significant effect on the interldymityafor water, which in

turn affects the structural stability and electrochemical activity in aqueous electrolytes.

2.3Methods
2.3.1 Material Synthesis

The P2 oxides were synthesized by room temperature coprecipitation of transition metal
hydroxides and subseent hightemperature calcination into sodiated transition metal oxides.
Specifically, precursor solutions of 0.53 M transition metal acetates [Mi@OBYA 4,®,
Co(CH:COOYA 4,0, Ni(CHsCOOYA 4,®, Fe(CHCOO), and Cu(CHCOOY), Alfa Aesar] in
deionized (DIl)water were prepared according to the following molar ratios: (a) 11 : 66 : 22, Co :

Mn : Ni, (b) 11:66:22, Fe: Mn:Ni, (c) 11 :66 : 22, Cu: Mn : Ni, and (d) 34 : 66, Cu : Mn.
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Each solution was added to 2.25 M aqueous NaOH (Fishent8ici) solutbn at ~ 2.5 mL min.

After precipitation, the hydroxides were washed to pH ~ 7, filtered, dried at 120°C, and ball milled
in ethanol with 5 mm spherical zirconia beads (U.S. Stoneware) for 24 hours. The driadleall
hydroxides were mixd into an aqusus NaOH solution with 0.704 mol Nper mol of transition

metal hydroxide to target a final composition of 0.64.Néis solution was stirred for 1 hour at
room temperature and then at 100°C until dry. The dry powder was annealed irffuaniace
(ThermoScientific) in air at 500°C for 5 hours, cooled to room temperature and ground with a
mortar and pestle for 15 minutes before fully calcining at 850°C for 6 hours. All samples were
transferred from the furnace while above 100°C to an afijed glovebox(MBraun Labstar Pro)

with < 0.5 ppm @and RO to protect them from the ambient atmosphere, and ground with mortar

and pestle for 30 minutes.

2.3.2 Physical Characterization

The composition of each oxide was analyzed with an inducto@liypledplasma optical
emission spectrometer (IGPES; Perkin EImer 8000). 50 mg of each sample was dissolved in
agua regia at 70°C for two hours. All reagents, standards, and samples only contacted
polypropylene to avoid accidental leaching of Na from glassayXdiffraction (XRD) was
performed on an Xay diffractometer in standard Bragentano geometrywithGKK U r adi at i o
(PANalytical Empyrean). Powder samples were rotated at 7.5 RPM, while electrode samples for
ex situXRD were stationary. Lattice parametevere determied by Rietveld refinement using
the GSASII software. The morphology of the electrodes and pristine powders was characterized
using a field emission scanning electron microscope (FEI Verios 460L). Reactivity of-the as

synthesized powders upavater expos&r was tested by stirring the ground powders in DI water
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(20 mg mL?Y) for 8 days. The excess water was then centrifuged off, and the damp powders were
used for XRD, scanning transmission electron microscopy (STEM), and thermogravimetric
analysis (TGA).

Samjpes for STEM were prepared by sonicating the ground pristine powder in ethanol (1
mgmLY) for 30 minutes? dinldutdirmpctacti®m@ €d mll o1
grids (Pelco) before drying at 100°C in air. Samples of the vexigosed powdsrwere prepared
by sonicating in water f ot 3a0hdmidm wtpesa,stdinlgu t2i
lacey carbon TEM grids. These grids were dried overnight at room temperature. The samples were
imaged using a probe corrected sdag transmissn electron microscope (FEI Titan G2),
equipped with a higirightness field emission gun{XEG) and operated at 200 kV. For structural
characterization, highngle annular darfield (HAADF) images were acquired with a collection
inner semtangle of 77 mad. The interlayer distances were then directly measured and averaged
from several particles. Energy dispersivaay spectroscopy (EDS) was used to determine the
elemental composition of the synthesized compounds using a FEFSWRE cetector with a
large solid angle (~ 0.7 sr).

TGA was conducted on a Sl EXSTAR6000 TG/DTA6200. Dry samples were tested
immediately after removal from the glovebox. Wadgposed samples (for 16 days) were first
dried for ~ 20 minutes at 50°C, until theyrined a slightt damp powder. All samples were tested

in aluminum pans between 2800°C using a ramp rate of 5°C riiim air.

2.3.3 Electrochemical Characterization
Electrochemistry was conducted in a glass tleetrode 50 mL round bottom flask using

a 1M NaSQs (SigmaAldrich) electrolyte, a platinum wire counter electrode (99.997%, Alfa
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Aesar) and a Ag/AgCI in saturated KCI reference electrode (Pine Instruments). Slurries of active
materials were made with 80 wt.% active material, 10 wt.% acetylenke (#{da Aesar),and 10

wt.% polyvinylidene fluoride (PVDF; Arkema Kynar KV 900) ground together for 5 minutes and
stirred overnight in imethyl pyrrolidone (NMP; Sigma Aldrich) at 990 RPM. An acetylene black
slurry was prepared in a similar fashion butheiit the oxidegontaining 67 wt.% acetylene black

and 33 wt.% PVDF. Electrodes were made by pasting the slurries onto a*afeenof a 1 x 2

cm titanium mesh (Alfa Aesar) with active material mass loadings 8frhg cn¥, and drying at

room temperate for at leasé hours before drying at 120°C overnight-pated stainless steel
alligator clips were used to hold the working and counter electrodes in the electrolyte. When setting
up these aqueous cells, care must be taken to not get the alligpdowet, or thg will rust,
increasing the resistance and contaminating the cell. To determine the electrochemical response of
all four oxide compositions, cyclic voltammograms (CVs;-Bagic MPG-2) were collected at

0.1 mV st between G 0.8 Vvs Ag/AgCl (2.9- 3.71V vs Na/Na). Unless otherwise noted, all
potentials referenced in this work aree Ag/AgCl. Cycling stability of NaNMCo and NaMCu was
characterized at 0.5 mV!dor 50 cycles between bothi00.8 V and O° 1.1 V. Electrochemical
impedane spectroscopfElS; Bio-Logic VMP-3) was conducted from 100 mHz to 200 kHz with

a 10 mV amplitude at the open circuit potential on the pristine electrodes and after 10 cycles at 0.5
mV st. To determine whether the redox potential was affected by a cliarmdectrolytepH

(which would indicate HfH3O" intercalation), cyclic voltammetry was performed at 1 m\rs

NaSQq electrolytes, with the addition of varying amounts of NaOH to increase thelpeh was
measured using aHometer Mettler Toledo FiveEagy In electrolytes of pH 6, 9, 11, and 13,
electrodes were cycled betweern @.6 V due to the high OER activity in the pH 13 electrolyte.

Additionally, electrodes were cycled eten Oi 0.8 V in electrolytes of pH 6, 9 and 11.
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2.4 Results and Digussion
2.4.1 General Results

The aqueous electrochemical behavior of P2ridh oxides, including the effectsf
transition metal composition on the electrochemical behavior and interlayer water affinity, was
investigated in four oxiNMGu, (ofi NaanNdIM FieN aoM (iuNba) N MG
degrees of moisture sensitiviffable | shows the compositions determad by ICRPOES, which
verify that the final Na content arld ratios were close to the intended composition. Rietveld
refinement of the XRD patterns ingdare 1 confirmed that all four compositions formed the
expected P2 phase with the hexagonal space dgP@lpmc. Figure 2 shows the refinement
results at higher diffraction angles. NaNMFe, NaNMCo, and NaNMCu were refined as a single
phase, while NaMCu vearefined as 89.7 wt% P2 with 10.3 wt% CuO. Results from the
refinement, also in Table 1, show littleriaion in lattice parameters with changes in transition
metal composition. There is ~ 1% change indHattice parameter between NaNMCo and the
othercompositions, but this value is in agreement with the reported refinement t&sTits ICR
OES results and the similadattice parameters indicate that all compositions contain about the
same amount of Nan the assyntheszed condition. The XRD results also show that the NaNMCu
and NaMCu exhibited two superlattice ordering peaks at 27.25 and 28%7%%hich were not
included in the Rietveld refinemenithe larger ionic radii of Ni and C@4*, as compared to Mh
and Mrf*, promot e f ar &ahekagomal superlatice,d§pecially in composgio
with a 2 : 1 ratio of Mn : Cu, Ni, or Ni and C&,°21%which leads to Névacang ordering®
The similar radii of C&, Fe*, Mn®*, andMn** allow random cation mixing and disrupt this

ordering!®219%3
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Table I. Composition (from ICROES) and lattice parameters (from Rietveld refinemen
of the P2type Na.eMno.eeVl0.340>.

" Material Composition a (A) c (A Rwp GOF |
NaNMFe Nao.62Nio.21MNo 621002 2.893487 11188151 4.681 3.47
NaNMCo Nao.61Ni0.21MNo 62C 00,1002 2.864602 11.200887 5.572 4.18
NaNMCu N&o.64Ni0.22MNo.66CUn.1202 2.891256 11.15571 4.663 2.84

NaMCu N&o.64MNo.62CW0.3102 2.89903 11.1451 468 2.65
Rwp: weighted profile Ractor; GOF: goodness ot f
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Figure 1. Structure of asynthesized materials: a) schematic illustrating the P2 structure with
alternatingMO- (whereM is 0.64 Mn and 0.34 Cu or 0.22 Ni and 0.11 Fe, Co, or Ga@ydaof
edgesharing octahedra and interlayer'N&he refined XRD ptterns showhat each of the four
compositions crystallizes into this structure: b) NaNMFe, ¢) NaNMCo, d) NaNMCu, and e)
NaMCu. The colored tick marks show the location of the P2 peaéadhn graph. The gray tick

marks in e) show the CuO peaks.
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Figure 2. High angleXRD fitting of the Rietveld refinements for. a) NaNMFe, b) NaNMCo, c)

NaNMCu, and d) NaMCu and CuO. The tick marks at the bottom of each graph represent the P2

peak locatios in each material, while the gray (bottom) tick marks in d) repté&seQ

As shown by the SEM images of pristine electrodegigure 3, all four materials have
similar submicron primary particles, with larger, micr@ize secondary particle aggregates
throughout. The faceted crystals of the active materials showettagbnal basisf this crystal

structure.
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Figure 3. Scanning electron micrographs of electrodes of each composition of the P2 oxides: a)
NaNMFe, b) NaNMCo, ¢) NaNMCu, and d) NaMCu. Tgeaticle size and morphology does not

vary with the transition metabomposition.

To further characterize the structure and composition, HASDEM imaging and
corresponding EDS elemental mapping were performed on a particle of NaNWfDoe 4a
shows hat in agreement with the XRD results, the material crystallizadapered structure. The
interlayer spacing, as measured from the HAABFEM image, is ~ 5.8 A. The composition maps
for each individual element in NaNMCegi@ure 4b-f), and a corposite EC5 map of Na and Mn
(Figure 4g) demonstrate that as expected, thesitoon metals reside within the metal oxide

layers, while the Naresides in the interlayer.
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Figure 4. Structure and composition of an individual particle of NaNMCo: a) HAAJEM

image showing the layered structure with an average interlayer spafcing A; corresponding

EDS elemental mapping of b) Na, c) Ni, d) Mn, e) Co, and f) O; g) composite EDS elemental
mapping of Na and Mn, which shows that Na is located betweerslay&in. HAADF-STEM

images courtesy of Dr. Rohan Dhall.

2.4.2 Role of Transition Metal Composition on the Interlayer Affinity for Water

Water stability tests and aqueous electrochemistry were conducted to determine the
mechanism of aqueous charge intercalafito P2 oxides as a function of transition metal
composition. First, XRD anHHAADF-STEM were used to understand the local structure of each
composition before and after exposure to DI water for 8 days. The XRDFRigtaig 5) shows
that after water expose, boththe NaNMFe and NaNMCo exhibit a partial transformation to a
phase wth a larger interlayer spacing of7~A as indicated by the emergence of a new peak at ~
12.5°. This is accompanied by a loss of Nshown by the decrease in the position eff2 (002
peak at ~16°.15718418Np phase transformation was detected in NaNMCu or NaM®e.
presence of a new phe with a larger interlayer spacing of ~ 7 A in NaNMFe and NaNMCo
implies tke transformation into a hydrated, birnesdite structure, which has been reported for

P2 materials without superstructure ordefitigP2 NaMnO, and NaNio22C.11MNo 6602
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desodiated tax < 0.35 N4d in nonragueous electrolytes spontaneously intercalatervirgte the
half-empty Nd sites and form a phase with largeerlayer spacingvhen exposed to atf’:140:152

A similar mechanism is likely to occur in the watekposed NaNMCo and NaNMFe.

Powder after 8-day water exposure

1 o

—~ ? NaNMFe

3. - *

“(_ﬂl i

21 2 ) +NaNMCo

c

2

= ) NaNMCu
] L NaMCu
10 15 20 25 30

* P2

20 (°) ¢ Birnessite
Figure 5. Ex situXRD of the four compositions of P2 oxides after water exposure for 8 days,
showing that the NaNMFe and NaNMCo form a birnedgte phase Dzin addition to the P2
phase (*). Both NaNMCu and NaMCu retain the P2 phase, indicating improved stability in the

presence of water as compared to NaNMFe and NaNMCao.

While XRD measures the average structural change, STEM provides a local measure of
the effect of water exposure on the material structure, particularly the interlayer uniformity,
lending insight into ha transition metal composition affects interlayer chemistry in layeréd Na
transition metal oxidegrigure 6 shows the STEM images of theyé&aed structure for all four
compositions before and after water exposure. The interlayer spacings measured wand&RD
STEM on powders, and XRD on electrodes after aqueous electrochemistry, are listeld il.

Raw data from the STEM measurementssigtl inTable IIl . The pristine NaNMFe ifigure 6a
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exhibits an irregular interlayer spacing, while the pristine NaNMCo, NaNMCu, and NaMCu
(Figure 6c, e, and g) all appear uniform with an average interlayer spacing--538A. This
uniformity isexpea d, as care was t akenesframapexmsueafter t he
synthesis. The irregular layers figure 6a show that the NaNMFe is the most reactive
composition, and had already begun reacting with the atmosphere to form a partialtechydra
structure.Figure 6b, d, f, and h show the watekposed NaNMFe, NaNMCo, NaNMCu, and
NaMCu, respectively. The NaNMFe after water exposure has an increased average interlayer
spacing of 6.16 A, closer to the hydrated spacing of birnessite. The wadibtFR & Figure 6b

appears more uniform than the pnst material, which could be due to more complete water
intercalation into the interlayer, or because the area imaged on theewjpdsed sample was
thicker than on the pristine samples. After waterosxpe, NaNMCo Kigure 6d) exhibits
turbostratic layeng, which is indicated by the large standard deviation in the interlayer spacing
measurement although the average value remains close to the pristine NaNMCo. After water
exposure, the NaNMCu and NaMCppear uniform and do not exhibit a significant chaingbe

interlayer spacing as compared to the pristine material.

Tabl.e llnterl ayer spacing of the four <cc
STEM f or preixsgptoisread,, veamdecral ¢ gt cgched sam

Mat er Pristinr I nterl ayer I nterl ayer
spacing water expo electrochemi
XRD STEM XRD STEM XRD
NaNMF 5.6 5.39 [5.62; 6.16 I 5. 67; 7. C
NaNMC 5.6 5.78 [ 5.60; 5.67 I 5.69; 7.C
NaNMC 5.55. 77 | 5.56 5.29 I 5.66; 7.C
NaMCi 5.55.90 [ 5.585.57 5.58
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Table Ill . Raw data for the interlayer spacing calculations from STEM images.
NaNMFe NaNMCo NaNMCu Na MCu
Pris Wat-e Pris Wat-e Pris Wat-e Pris Wat-e
(i) expo (i) expo (i) expo (j) expo

(i) (i) (i) (i)

5.26 5.81 6.03 6.03 5.79 5.41 5.71 5.64
5.61 5.7t 5.84 5.67 5.85 5.30 5.82 5.66
5.82 6.62 5.99 7.17% 5.82 484 5.65 6. 48
5.86 5.41 5.97 6.08 5.9¢ 4.95 5.82 5.71
5.75 5.97 5.88 6.5¢5.79 4.78 6.07 5.86
5.56 6.36 5.62 6.1¢ 5.9 5.75 5.9 5.62
6.07 6.21 5.64 5.32 5.62 5.59 6.01 5.63
5.99 5.6: 5.65 5.75 5.62 5.4t 6.01 4. 42
2.64 7.48 5.31 7.04 5.56 5.31 5.95 5. 3¢
6. 3¢ 4. 52 5.56 5.28 5.96 5.26
5. 6¢ 6. 78 5.62
6. 7: 5.02
6.19

Data point taken on 5 interlayer spacings.

*Data point taken on a single interlayer spacing

Unless otherwise netl, measurements were talamoss 10 interlayer spacings (between

11 oxide layers) from HAADFSTEM images, using ImageJ.
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NaNMFe NaNMCo

: Pistne. h) Water-exposed

Figure 6. STEM images of the layered structure of the four compositions of P2 oxides before (a,
C, e, g) and after (b, d, f, h) ves exposure (scale bar =nPn) indicate that the NaNMFe and

NaNMCo experience an increase in interlayer spacing with water exposure along with more
interlayer spacing disorder, while NaNMCu and NaMCu retain the same interlayer spacing.

HAADF-STEM images aurtesy of Dr. Rohan Dhall.

TGA was performed on each composition before and after water exposure to further
characterize the effect of water intercalation into the interlaiygy. 7). The pristine materials

exhibit a small amount of mass loss from watdsorption following theishort (~30 minute)
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exposure to ambient air. After water exposure, all four compositions exhibit increased mass loss
between ~ 70 and 300°C that is due to the loss of both surface and interlayer water. The amount
of water lost fom NaNMFe and NaNMCo is siditantly greater than that lost from NaNMCu

and NaMCu, which correlates well with the variation in interlayer spacing before and after water
exposure measured with XRD and STEM. Given the lack of interlayer spacing chand¢Gu Na

from XRD and STEM, the ass loss from wateaxposed NaMCu (~ 0.13 mol of8) is likely

entirely due to adsorbed surface water. Also, given that the surface area, morphology, and
hydrophilicity of each of the four compositions is similar, it can barassl that all four materials

exhibit similar amounts of surfa@asorbed water. With these assumptions and the TGA results,
the compositions after water exposure are: NaNMFe-30Q2NaNMCo-0.44H0O, NaNMCu, and
NaMCu, where the amount of water indicateactural water in the inteayer. Overall, both local

and average structural characterization techniques demonstrate that the reactivity of layered oxides
with water decreases when copper is substituted into the transition metal layer, consistent with

prior studiest3%:150,153,165
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Figure 7. TGA of the pristine powders immediately after removal from the glovebox and of the
waterexposed powders after 16 days. The pristine powders (dashed lines) show a small mass loss
due to adsorbed water. Both a) NaNMFe and b) NaNMCo show clear steps aodiegpto the

removal of interlayer water, while ¢) NaNMCu and d) NaMCu show small steps that can be

attributed to water adsorbed onto the surface.

The XRD, ICROES, SEM, and STEMesults indicate that the-agnthesized materials of
each composition atieo-structural, have similar Naontent, and exhibit similar morphologies.

This permits the exploration of the effect
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electrochemial activity in a neutrapH aqueous Na electrolyte. Each composition was
electrochemically cycled in a 1 M BBO; electrolyte, which has a pH of ~Bigure 8 shows the

first and second CVs of each composition betwe&r0®B V at 0.1 mV 3. All four P2 oxides

exhibit electrochemical activity in this potential range, but intiast to their similar structures

and morphologies, each composition exhibits a unique electrochemical response. The first anodic
cycle of all four compositions shows redox peaki#h & subsequent decrease in capacity and peak
definition depending on conosition. NaNMFe exhibits pooHgefined redox peaks and a semi
rectangular CV even in the first cycle, with no distinct peaks in the second cycle. NaNMCo exhibits
defined redox peakin the first cycle, but adopts a more rectangular, capacitive CV ladtérgt

cycle. NaNMCu exhibits more defined redox peaks than NaNMCo, and retains these peaks and a
slightly higher capacity in the second cycle. NaMCu exhibits-defiined redox paks in both the

first and second cycle. This is a significant differenmanf the noraqueous CVs of these P2
oxides, which typically exhibit defined redox peaks and little capacitive backgtdutié160-161

The development of more capacitive CVs is indicative of the lack ofdefitled potentials for

ion intercalation into the interlayer, which is siarito the electrochemical behavior of hydrated
birnessitet®190.1%Taple 1V shows the capacities and Coulombiiceencies (CE) for the first

and second cycles of all four materials. The most wsdasitive compositia®) NaNMFe and
NaNMCo, show the highestlcycle capacities and highest CEs, indicating irreversible Na
deintercalation during the first anodic spe The more watestable materials exhibit more

reversible electrochemistry with lowet gycle capacitieand CEs nearer to 1.
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Figure 8. Electrochemistry of the four compositions of P2 oxides in an aquedusédarolyte at

0.1 mV st a) NaNMFe eRibits a semrectangular CV even in the first cycle, b) NaNMCo

exhibits defined redox peaks in the firsttleyand an almost rectangular CV in the second, c)

NaNMCu retains most of its redox peaks during the second cycle, indicating higher retention of

the P2

represents aacetylene black electrode on Ti mesh; it demonstrates that the measured current is

phase, and

d)

Na MCu al

SO

ret ai

ns

primarily from the redox activity of the transition metal oxmiticles in the electrode.

mo s t
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Table 1V. Anodic capacities and Coulombic efficiencies of the fmampositions of P2 oxides ir
M aqueous Ng5Qy electrolyte cycled at 0.1 mVis

Na*

1%t cycle anodic 2"cycle anodic 2"

Material capacity 1St8/5de capacity cycle In(i:t(i)?]lté\lnaf rzrfr:::riis?g

(mAh g7) (mAh g*) CE anodic cycli
NaNMFe 47.7 2.30 16.6 0.90 0.62 0. 3¢
NaNMCo 60.9 1.54 31.9 0.95 0.61 0. 414
NaNMCu 32.0 1.58 19.5 1.11 0.64 O0.572
NaMCu 30.4 0.99 24.9 0.97 0.64 O0.572

The water expsure results and the varied electrochemical behavior of these four
compositions indicate that their structural response to electrochemical cycling in agueous
electrolytes is not uniform. To investigate the intercalation mechanism in aqueciuslges in
this class of materialex situXRD of the electrodes was performed before and after cycling at 0.1
mV st in 1 M NaSQ: electrolyte to determine the structural implications of aqueous
electrochemistryRigure 9). Both NaNMFe andNaNMCo transform almosntirely to a phase
with a larger interlayer spacing of ~ 7 A. While the formation of such a birndigsitehase was
observed upon exposure to wateigure 5), it is clear that electrochemical cycling leads to even
more water irgrcalation into the staiure. NaNMCu partially transforms, and exhibits a-two
phase structure after cycling with some retained P2 phase, while NaMCu remains completely in
the P2 structure. These results indicate that electrochemical cycling leads tr fuater
intercalation mto P2 oxides, but that this reactivity can be decreased by the substitution of copper

into the transition metal oxide layer.
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a) Slurry electrodes before cycling b) JSlurry electrodes after cycling
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Figure 9. Ex situXRD of slurry electrodes before (a) and after (b) electrochemical cycling in 1 M
NaSOQy aqueous electrolyte) Before electrochemical cycling, the (002) peak of the P2 phase is
at the same position for all compositions indicating similardéatent andnterlayer spacing. b)
After electrochemical cycling, NaNMFe and NaNMCu almost completely transform to a
birnessitelike phase. NaNMCu partially transforms, while NaMCu retains the P2 phase and the

highest final Nacontent, as indicated by the slightigher position of the (002) peak at ~ 17,

According to the initial composition of each materialable I, and assuming no parasitic
reactions or H or HsO" co-intercalation, the Nacontent after the first anodic cycle is 0.44 for
NaNMFe, 0.39 ér NaNMCo, 0.52 for NaNMCu, and 0.52 for NaMCu. NaNMCo is the only
material to be electrochemically oxidized to a"Mantent close to 0.35 NaHowever, N& is
spontaneously extracted from these materials upon atmospheric or water eXfissuifee actual
final Na" content is likely lower than predicted by the first anodic capacity. When cycled4in non
aqueous electrolytes, the average redox potential of P2 oxides increases with substitution of a first
row trarsition metal of increasing atomic number, from Fe to'&€ud®!*5This higher redox
potential means less Naan be extracted betweeri ®.8 V, which causes the decreased water
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intercalation during electrochemical cycling and the lower capacity of thsulstituted
materials. The incresad Nd content stabilizes the material interlayer and reduces its affinity for
water. According to this hypothesis, the NaMCu does not transform to a birddssphase

because its higher redox potential limits'atraction in the aqueous electrolyte

2.4.3 High pH Electrochemistry

In an aqueous electrolyte, there is the possibility bbHH;O" intercalation rather than
Na' intercalation. To determine whether the intercalating species‘isN4t, pristine NaNMCo
electrodes were cycled at 1 mVis aqueous NaSQs electrolytes of pH 6, 9, 11, and 13 followed
by XRD characterization. According to the Nernst equattdhe potential at which intercalation

or deintercalation amirs should shift with concentration of the intercalating species:

. YY. 0 ©
O © —bl -
€ W

where:
E°: pot emat i al
+ + +
[A]: concentorratH on of Na
ox=aed activity of the solid phases undergoi
R: gas constant
T: temperature
nn transferred (~ 0.3)
F: Faraday constant

Heret he oxi di zedo MOx) apmasedius edaog MOed)T hpeh as €

activity of both ToadbVisdhews ¢ dlei ¢ aplctad e eidsredo
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for mal potential6,f oY, elle cntarndd Bt BHSCoidioxgedhk
shift of ~ 1 V @ue to an electrolyte pH change from 6 to 13) would indicaiatercalation, while

invariant redox peaks with increasing pH would indicaté iNercalatior?!->8

Table V. Calculated redox peak shifts (from E°) for Nar H intercalation as a function of
increasing electrolyte pH.

pH Na* (V) H* (V)
6 0.069 -1.2
9 0.059 -1.8
11 0.059 -2.2
13 0.064 -2.6

If H* were the intercalating species, the redox peaks would shift negatively and out of the
investigated potential range {00.8 V) with increasing pH. For Nas the intercalating species,

the redox pak shift would only increase by a maximum of 5 mV.

Figure 10a shows the CVs of electrodegcled from 0- 0.6 V in electrolytes of pH 6 to
13. During the first cycles, the redox peak potentials of the NaNMCo at each pH show little
variationas H concerration decreases significantly from-8® to 103 M. The asprepared
electrolyte had a pH of ~ 6, with 2 M Nii» 10 M H* and thus a significantly higher probability
of Na" intercalation than H The invariant redox peaks and similar current densitglectrolyte
pH varies strongly indicate that thetercahtion mechanism is likely primarily due to Na

intercalationrather tharHzO".21°81% Ex situXRD (Figure 10b) was conducted to determitie
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structural effects of electrochemical cycling with varying pH. The results indicate that regardless
of pH, NaNMCo transforms into two phases after cycling to 0.Bijure 11 shows the effect of
cycling the NaNMCo to a higher anodic potential of 0.8svafunction of electrolyte pH. Thex

situ XRD (Figure 11b) results show that regardless of pH, when cycled to a higher anodic
potential, NaNMCo almost completely transforms into the birnebkéghase. This supports the
hypothesis that the transfortian to a hydrated birnessHie phase is driven by the increased
electrostatic repulsion between the oxygen anions across the interlayer as the amount of Na

decreases during electrochemical cycling, which is determined by the maximum anodic potential.

a) NaNMCo 1st cycle at 1 mV s™ b) NaNMCo cycled 0-0.6 V vs. Ag/AgCI
750 4 oH 13 T + Birnessite
——pH 11 1 o *P2
500{——pH9 S __,_/\____.A. 2 pH13
- ——pH6 © * k
U) S E
< 2501 > )\ . 2 pH 11
£ 21 »
—_ 0- _'Cl_.J ] .
c A pHO
-250 - *
1 *
500 1 -/ DHO
0.0 02 0.4 0.6 10 15 20 25 30
Ewe (V vs. Ag/AgCl) 20 (°)

Figure 10. Effect of the 1 M NaSQq electrolyte pH on the electrochemical behavior of NaNMCo:
a) First cycle CVs of NaNMCo betweerni @©.6 V show similar redox peak positions as a function
of electrolyte pH, with slightly higher current response atl8Hle to increased OER activity. b)

Ex situXRD of the electrodes cycled to 0.6 V show the formation of two phases after cycling
regardless of pH. Due to the limited Naxtraction at 0.6 V, the electrodes cycled at each pH only

partially transform to theirnessitelike phase.
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Figure 11. a) First cycle CVs of NaNMCo betweern @.8 V at pH 6, 9, and 11, showing similar
redox peak positions as a function of pHE®)situXRD of the electrodes cycled to 0.8 V shows
that by cycling to a higher anodic potial, NaNMCo (regardless of electrolyte pH) almost

completely transforms into a hydrated birneskke phase.

2.4.4 Effect of Potential Window on the Interlayer Affinity for Water of P2 Oxides in
Aqueous Electrolytes
To test the hypothesis that the N@onient remaining in the interlayer determines the
interlayer affinity for water in P2 oxides cycled in aqueous electrolytes, NaNMCo and NaMCu
were cycled betweeni00.8 Vand Q 1.1V (2.91 3.7 and 4.0 Ws Na/N&). These compositions
were chosen becaudiaNMCo shows a phase transformation with water exposure and NaMCu
showed no reactivity over the more narrow@.8 V potential windowkFigure 12 shows the CVs
of both compositions over each potential window an@\5s®. The additional 0.3 V does notelt
the CV of NaNMCo Figure 12a and b). However, the CVs of NaMCu cycled to 1.1Rgyre

12d) shows the first cycle loss of redox peaks.
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Figure 12. Electrochemical cycling at 0.5 mV#én 1 M NaOs of a) NaNM@ from 07 0.8 V, b)
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Figure 13a shows that the increase in anodic potential increases the firstaryde

capacity from 65 to 83 mAhgfor NaNMCo, and from 29 to 60 mAh'gor NaMCu. The 0.5
mV s sweep rate used for the cycling stability tests correlates to a 2.27C rate in a galvanostatic

cycling experiment. At a ~ 2C rate in raqueous electrotgs over a ~ 1.5 2 V wide potential

window, the capacities of these P2 oxides are 88 mAtoigNaNMCo'° and ~ 45 mAh g for
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NaMCul%® These values indicate that in the first anodic cycle, the electrochemical behavior of the
P2 oxides in aqueous elecirtds is similar to the neaqueous electhgtes and that there is good
utilization of the active materiakigure 13b shows that both NaNMCo and NaMCu cycled to 1.1

V experienced large irreversible anodic capacity loss in the first cycle. After 50 aly0l&snV/s,

the XRD patternsHigure 13c) show formation of a birnessite phase in both NaNMCo and NaMCu
cycled to 1.1 V. This supports the hypothesis that the interlayer affinity for water is due to the
amount of Naremaining in the interlayer as detemad by the redox potential of the trarmiti
metals in the oxide, which is conceptualizedrigure 14. The broad XRD peak in the NaNMCo
electrodes at ~ 18 ° was attributed to a contracted interlayer spacing observed at ¢ontéla

when cycling in noraqueous electrolyté§>1972%0 and the new peak at ~ 24.5 ° may also result

from the increasingly disordered structure.
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Figure 13. Cycling stability of NaNMCo and NaM€Cat 0.5 mV 3 in 1 M NaSQ, over two
differentpotential windows. a) Anodic capacity, b) Coulombic efficiency, arekQituXRD of
the electrodes after 50 cycles at 0.5 rmy*dndicates the P2 phase, whiléndicates the birnessite

phase.
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Figure 14. Schematic of the transformation from a B&de to a birnessitéype oxide with Na
deintercalation in aqueous electrolytes. The electrostatic repulsion between facing oxygen anions
increases the interlayer spacing of the P2 oxide withdeatercaltion. At a certain amount of

Na' in the interlagr (~ 0.4 Naper formula unit), which can be controlled by the transition metal

M content and the applied maximum anodic potential,Wvater is intercalated into the interlayer,

transforming the structutte a birnessitdike phase.

The structural trasformation into a birnessite phase also led to significant particle damage.
SEM images of NaNMCo and NaMCu before and after cycling to 0.8 and 1.Eigure 15show
that the intercalation of water severayfoliates and damages the oxides. This sameagam
occurred in NaNMCo after water exposure (and no electrochemical cydhmgiré 16). The
NaMCu cycled to 0.8 V, which did not show a birnessite phase transition, did not have this same

degree of damage.

59



Figure 15. SEM images showing the microsttural effects of water intercalation in P2 oxides.

a) Pristine NaNMCo, b) NaNMCo after 50 cycles to 0.8 V, ¢c) NaNMCo after 50 cycles to 1.1 V,
d) pristine NaMCu, e) NaMCafter 50 cycles to 0.8 V, and f) NaMCu after 50 cycles to 1.1 V.
The water intercaladn and transformation to a birnessite phase cause large sections of the particles
to delaminate, and even fracture. All materials exhibited an increase in surfaceessugli

cycling, but NaMCu showed very little exfoliation after cycling to 0.8 V. af0scale bar.
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Figure 16. Scanning electron micrograph of a NaNMCo particle after water exposure.

2.4.5 Electrochemical Impedance Spectroscopy
EIS was used to charactertbe changes in the charge transfer resistance and diffusion
coefficient of the electies after electrochemical cycling to 0.8 quantify tkese terms hie
impedance results were modeled with the equivalent circtigure 17, where:
1 Rsrepresents the electrolyte solution resistance
1 The first parallel circuit, consisting of CRP&ndRq, represents the high frequency
capacitance and resistance, respectively. CPE is a freqdepeyndent constaphase
element¢ 0 O 6 N ); B andn (0 <n < 1) are frequencindependent constants.
1 The second parallel circuit is a RHestype circuit which represents the lower frequency
impedance associated with bulk ion intercalation. It consists of a constant phase element

(CPE), a chargédransfer resistance (R and a Warburg elementy{¥that represents the

impedance associatavith ion diffusion in the solid statéy( —).

Figure 18a and b show the Nyquist plots of NaNMCo and NaMCu cycled to 0.8 V,

where themarkers indicate the measured data points and the lines represent the equivalent circuit
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model fit. The slopes of the lineskigure 18c andd were used to calculate the ™Nhffusion

coefficient:
Y
co ¢ 00 ,

where D is thaliffusion coefficient (cris?), R is the gas constant, T is the temperature,

A is the area of the electrode, n is the number ofrelestiransferred per ion intercalated, F is

the Faraday constant, C i s t he alicoanponentohtlliee nt r at

impedance [Re(z)ks ¥ 1222 Table VI shows the calculated results.

Figure 17. Equivalent circuit used for modeling the EIS results.

Table VI. Calculated values fordRR:, and D for NaNMCo and NaMCu before and after

cycling to 0.8 Ws Ag/AgCl.

NaNMCo NaMCu

Rs( q) Ra( q) D(Enm’sh) Rs(q) Re«a( q D(cn?s?

Cycle Number
497 x10° 0.82 12 4.10 x 10/

0 0.45 27
39 1.67x16¢ 0.80 34 6.00 x 16

10 0.44
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Figure 18. EIS results of NaNMCo and NaM@efore and after cycling to 0.8 V for 10 cycles at
0.5 mV st. a) Nyquist plot of NaNMCo and b) NaMCu showing a large increase in charge transfer
resistance after cycling. Real impedance [Re{g)¥ 2 for c) NaNMCo and d) NaMCbefore

and after cycling, where the slope of the linear region was used in the ¢aicofahe diffusion

coefficient.

The capacity decline of the NaMCu cycled to 0.8 V is likely due to an increase in the charge
transfer resistanc@ éble VI). The mechnism of capacity fade in NaMCu cycled to 0.8 V is likely
similar to its behavior in neaqueous electrolytes, which showed no significant changes in the

XRD patterns before and after cycling even though there was a systematic decrease of redox peak
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intensties during electrochemical cyclit§> While cycling to 1.1 V improved the capacity of
NaMCu, the EIS results showed a large increase in the chiargpéer resistance after the first 10
cycles Fig. 18). In the case of NaNMCo, which trsformed to a birnessite phase and had
significant particle exfoliationTable VI shows that the diffusion coefficient decreased and the
charge transfer resistance ieased after the first 10 cycles. This suggests thatiffasion within

the NaNMCo wasmpeded either by the structural disorder after water intercalation, or by the
interlayer water itself. While the water may act as a diffusion barrier, the particegdanom
water intercalation shown iRigure 15b, c, and f indicates that particle ex&ion and fracture

also contributed to the rise in impedance, and especially charge transfer resistance, after cycling.

2.5Conclusions

This study establishes tigerlayer chemistry and charge storage mechanism of P2 layered
Na" oxides in aqueous electyoés. At a critical interlayer Nacontent (~ 0.4 Naper formula
unit), water intercalates into the materials which leads to formation of a birddssiteyered
structure and severe exfoliation of the particles. The potential at which the criticabiant is
reached is controlled by the redox potential of the oxides, which is in turn determined by the
transition metal compositioWhile these P2 oxides exjpence a large capacity loss due to the
transformation to a birnessiliéke phase, their firstycle capacities are comparable to those
obtained with noraqueous electrolyteBecreasing the particle size of the P2 oxides may enable
higher capacity reterdn by allowing the particles to expand and contract more uniformly during
cycling, while mainaining good contact within the composite electrode. Additionally, this type of
electrochemicallyinduced exfoliation process may be useful for synthesis of naatshf these
materials.Overall, this work provides fundamental understanding of the effdéd¢tee transition

metal composition on the aqueous interlayer chemistry and electrochemical activity of manganese
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rich P2 layered N'aoxides, which are of interefor aqueous Naenergy storage and desalination

applications.
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CHAPTER 3
High Power Energy Storage via Electrochemically Expanded and Hydrated Manganese
Oxides
Preface
The work in this chapter isaccepted for publicatiorin Frontiers in Chemistry:

Electrochemistrya sHigh Power Energy Storagea Electrochemically Expanded and Hydrated
Manganese Oxides $hglby Boyd, Natalie R. Geise, Michael F. ToraylVeronica Awustyn
The previous chapter showdlat P2 oxidesare unsuitable for use as cathodes in aqueous
electrolytesas particle exgnsion upon water intercalation leads to electrode failure. In this work,
we further investigate thinplicationsof water interckation into these microssized particles.
Many applications, from electric vehicles to smart grids, could benefit from elketrocal
energy storage devices made with abundant materials and with high power densities.
Electrochemical capacitors are attragetfor these applications because they have intermediate
energy densities relative to batteries and dielectric capacitpisally charge in a few seconds,
and can last ~1,000,000 cycles. The most widely used approach to increase the capacitance of
eledrochemical capacitor electrodes is to increase their surface area. However, the high surface
area of nanostructured materiddads to low volumetric capacitance and increases the potential
for parasitic reactions with the electrolyte. In this work, wespnt a scalable strategy for
producing microrscale hydrated manganese oxide particles that exhibit capacitive behavior and a
greater volumetric capacitance than commercially available activated carbon at charge/discharge
timescales of up to 40 secondsie$e results demonstrate that bulk layered materials can be
engineered into effective electrochemical capacitor electrodesohyrolling the interlayer

chemistry to enable particle expansion and interlayer hydration.
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3.1 Abstract

Understanding the materials design features that lead to high power electrochemical energy
storage is important for applications from electric vehiclessrart grids. Electrochemical
capacitors offer a highly attractive solution for these applicationls,emergy and power densities
between those of batteries and dielectric capacitors. To date, the most common approach to
increase the capacitance of electremical capacitor materials is to increase their surface area by
nanostructuring. However, nanosttured materials have several drawbacks including lower
volumetric capacitance. | ndotwneé wbr &t egwe poes
of EC electrode materials by electrochemically expanding miscate high temperatwaerived
layeredsodium manganese oxides. We hypothesize that the electrochemical expansion induces
two changes to the oxide that result in a promising electrochemicatittapmaterial: 1)
interlayer hydration, which improves the interlayer diffusion kinetics and iisuiifiéercalation
induced structural changes, arf) particle expansion, which significantly improves electrode
integrity and volumetric capacitance. Whesmpared with a commercially available activated
carbon for electrochemical capacitors, the expanakgrials have higher volumetric capacitance
at charge/discharge timescales of up to 40 seconds. This shows that expanded and hydrated

manganesdased oxid powders are viable candidates for electrochemical capacitor electrodes.

3.2Introduction

Electrochenical energy storage plays evacreasing roles in our daily lives by powering
everything from portable electronics to electric vehicles. Electrochemipatitars (ECs) are a
class of energy storage devices with intermediate energy and power betvaeeof thatteries and

dielectric capacitors. Commercialized ECs are highly attractive for diverse applications requiring
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reliability, large currents, and higinergy efficiency. They exhibit specific energy of up to 10
Wh/kg, specific power of up to 30 kW/kgypical charge/discharge timescales on the order of
seconds, and lifetimes of up to ~ 1,000,000 cy@é&Most commercialized ECs store energy by
the rapid (within seconds) rfmation of the electric double layer (EDLC) at the
electrode/electrolyte interface. This mechantan give rise to specific capacitance values of up
to 150 F/g when the electrolyte ion size matches the average pore size of the electrode€thaterial.
Another capacite energy storage mechanism, termed pseudocapacitance, uses fast and reversible
redox reactions in materials such as transition metal oxides and can lead to capacitances > 150
F/g 203

Increasing the energy density and reducing the cost of ECs require the development of new
electrode materials that exhibit high energyrage performare and are made from abundant
elements via scalable synthesis processes. Thus far, the search for new EC materials has primarily
focused on the synthesis of nanostructured materials. This improves the power density by
increasing the intertaal area betwaethe electrode and electrolyte, and reducing the -stditt
diffusion distance within the particlé$+20420However, thenigh surface area of nanostructured
particles can lead to undesirably low volumetric capacitance electrodes and increased parasitic side
reactions with the electrolyt@®2°” Therefore, there is a need for highwer energy storage
materials that match the rate performance of high surface area materials but exhibit higher
volumetric capcitance, as wkeas scalable strategies to synthesize such materials.

Commonly studied materials for ECs include transition metal oxides with hydrated
interlayers. Oxides such as 2®-xH20, WGQs-2H20O, and birnessite (typical formula
KxMnO2-nH20) show psedocapacitive bedwvior in aqueous electrolytes due to reversible cation

intercalationt>178:181.194.208.20¢ he interlayer water in these materials is hypothesized to enable fast
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energy storage by buffey structural canges during cycling, reducing transition metal
dissolution into the electrolyte, and/or improving the interlayer diffusion kinetics of intercalating
cations 22208219 particular, birnessite manganese oxides are promising EC materials due to the
abundance and safety of manganese. However, their low crystallinity and commonly nanoscale
particles resulin low material utilization and therefore low volumetric capacitance in thick
electrode$® Developing material synthesis techniques to produce mgxrale transition metal
oxide particles with hydrated interlayers could lead to high volumetric capacitance EC electrodes.
To addres this, we propse the use of electrochemically expanded and hydrated
manganese oxides based on P2 oxides of the formuledWa.. Here,M is a combination of
manganese and other transition metals and P2 indicates the prismatic (P) coordinaticandf Na
€ ABBAé s ¢ d th&kaxygen layers. The high temperature (~ 900°C) synthesis of the P2
oxides leads to micrescale primary particles with surface areas of /At P2 Na sMO. are
widely studied for noraqueous sodium ion baty cathodes, lwften exhibit poor cyclability due
to the Jah#Teller distortion and dissolution of the Mn atoms during electrochemical cycling, and
poor electronic and ionic conductivity!®4212.21owever, these materials could be promising as
EC electrode materials due to their tendency to form hydirgieases under n@ient
conditions'3"140214n our previous work, we established that thesgcsires are alssusceptible
to water intercalation upon electrochemical cycling in aqueous electré§iEsis causes a 25%
c-axis expansion and a phase transformation to a birndigsitstructure that exhibits capacitive
electrochemical behavior. However, the large structural change causes particle detachment from
the electrode, which resaltn severe capacity decline. Thepacitive response of the expanded,
hydrated oxide led us to consider whether it was possible to perform the expansion prior to

electrode assembly. The resulting expanded misioed particles of manganelsased oxide vifn
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hydrated interlayers could thée used for high rate capability and high volumetric energy density
EC electrodes with improved stability upon extended cycling.

I n this work, we-dpweadernstt rategy! dmlre tfteo B yn
materials by electrochemically expiing micronscale high temperatwaerived layered
manganese oxides. The batch process was inspired by the electrochemical exfoliation methods
developed for large sheet graphite and M&%%® Assembly of the expanded materials into
electrodes leads to high power capacitive energy storage. Comparison with commercial activated
carbon shows that the oxides exhilbigar rate capability but highemlumetric capacitanc&Ve
intended to also compare these materials to crystalline nanomaterials, but ran into difficulties
detailed inAppendix A. We hypothesize that the electrochemical expansion enables high power
and hgh volumetric capacitance via tvimportant changes in the oxidd) (nterlayer hydration,
which improves interlayer diffusion kinetics while also buffering intercalatoliced structural
changes, and2} particle expansion, which significantly impraveelectrode integrity and

volumetrc capacitance.

3.3Materials and Methods
3.3.1 Materials Synthesis: Bulk Powders

A coprecipitation and calcination method was used to prepare the rsicatm layered
oxide powders with a P2 structur€* Briefly, a 2:1 ratio of Mn(CHCHOOY-4H,O and
Cu(CHCHOOY) (Alfa Aesar) were dissolved in deionizechter, and added at ~ 1 drop/soirat
stirred aqueous NaOH (Fisher Scientific) solution of pH ~12. After aging for ~1 hour, the
Mno.e2ZClo.3(OH)2 precipitate was washed until pH neutral, filtered, and dried overnight at 120 °C.

The hydroxide precursor waslbmilled in ethanol for 24 hosr After drying the material again,
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Na“" was added in a 0.74 : 1 molar ratio of N&Cu(OH). by mixing the precursor and NaOH in

DI water for 1 hour at room temperature and then heating it at 100 °C on a stir plateyuritied

dried powder was grounditiv a mortar and pestle to break up any large chunks, and annealed at
500 °C for 5 hours. After cooling to room temperature, the powder was ground for 15 minutes
before calcination at 850 °C for 6 hours and subsequentdransan inedatmosphere glovetx

(<1 ppm HO and Q) while at ~70 °C. The calcined powder was ground with a mortar and pestle
for 30 minutes in the glovebox. The composition of thesyaghesized material was
Nao.64aMno.62C W 3102, abbreviated NaMCu. Ali-containing material, NgaNio.22Mno.66Clo.1202

(NaNMCu), was synthesized in the same manner.

3.3.2 Materials Synthesis: Electrochemical Expansion

To electrochemically expand and hydrate the P2 powders, ~ 0.5 g of the material was
placed into an electrolyteermeable and electronibaiconnected pouch acting as the positive
electrode in a two electrode cel§ a Ni foam negative electrode. The pouch was made by folding
doublelayer dialysis tubing (Thermo Scientific SnakeSkin®, 10,000 MWCO, 22 mm diameter)
around a coiled Pt wire @ttrode (Pine Instruments, 99.99% pure) and sealing it with parafilm
(Fig. 1). The dialysis tubing held the NaMCu powder near (and optimally in contact with) the Pt
wire. After ensuring that the 0.5 M>BQy (Fisher Scientific) eletrolyte fully wet the dibysis
tubing, +4 V was applied to the cell for 24 hours. After expansion, the pouch was rinsed and cut
open. The expanded material was washed out of the pouch using DI water, and centrifuged at 4500
RPM for 35 minutes to removexeess water. The powdersre rinsed at least twice more to
remove all electrolyte salt, and centrifuged after each rinse. Finally, the expanded powder was air

dried at room temperature.

71



Figure 1. Fabrication of the expansion pdu (A) Dialysis tubing féded over on itself to form a
doublelayer wall, with one end folded into a point to thread through the Pt wire(BiThe
threaded dialysis tubing with parafilm securing the folded end to the P{@)rafter folding the
tubing over the Pt wire and filling the pouch with P2 NaMCu powder, parafilm securestiére

wall of the pouch as well.

3.3.3 Methods: Synchrotron X-ray Diffraction

Synchrotron Xray diffraction (XRD) was performed at the Stanford Synchrotron
Radiation Lightsoure (SSRL) on beamlineZwith a 14.013 keV beam. Tlperandaiffraction
patterns were collected with a Pilatus 300K area detector (DECTRIS Ltd.) in povbcst in a
BraggBrentano ¢ - 2q) reflection geometry at a samgiedetector distance of 750m XRD
patterns were taken with the midesécendexposurehe de
every 20 seconds while cycling the electrode at 0.%smAfter calibrating the detector geometry
(tits and distance) with Lad} the area diffractiorpatterns were reduced to one dimensional
intensity vs. 2d pa t’f Eeefestrochemicah celt consisteal pfRAM | i br
NaSQs (Fisher Scientific) electrolyte, a Pt counter electrode, and a miniature leakless Ag/AgCI
reference electrodeeDAQ ET0721) using a cell developed fam situ electrochemical Xay
scattering-’>?*®The preparation of the working electrode is discussed in more detail in Section

2.5. Briefly, an 8 : 1 : 1 slurry of the P2 oxideggdene black, and polyvinylidene fluoride was
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prepared in fimethyl pyrrolidone, cast onto a phaacleaned platinized silicon substrate (MTI

Corp.), and dried at 120 °C overnight.

3.3.4 Methods: Physical Characterization

XRD was used to determine the structof¢he assynthesized P2 and expanded powders,
and the electrodes before and after electrochedroicling. XRD was performed with standard
BraggBrentano geometry and @ radiation (PANalytical Empyrean). The powder samples
were rotated at 7.5 RPM, via the electrodes remained stationary. Scanning electron microscopy
(SEM, FEI Verios 460L) wassed to determine the morphology of the P2 powders before and
after expansion, as well as after electrochemical cycling. The water content of the expanded
sampés was measured with thermogravimetric analysis (TGA; SI EXSTAR6000 TG/DTA6200),

using aluminunpans to hold ~12 mg of powdemdheating in air at 5 °@nin from 25300 °C.

3.3.5 Methods: Electrochemical Characterization

Electrode Preparation. The electrochemical behavior of the expanded particles was
characterized using slurry electrodes cast onteeilh mesh or foil (Alfa Aesar). The metal
substrates were cleaned by sonication in ethanol, after which the mesh electrodes were dried and
coaed with slurry. The working face of the Ti foil was etched with sandpaper to improve slurry
adhesion while thedzk of the foil electrode was covered with Kapton tape to minimize its current
contribution during electrochemical cycling. The electrode wha® tplasma cleaned (Harrick
Plasma PDE32G) for 3 minutes also to improve slurry adhesion.

The slurry compositio varied depending on the type of current collector (mesh or foil).

We found that for the expanded oxide on Ti mesh, a slurry compositiong#Bactive material,
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17.5 wt% acetylene black (Alfa Aesar), and 2.5 wt% polyvinylidene fluoride (PVDF, Arkema
Kynar KV 900) gave good adhesion to the mesh and the best rate capability. The acetylene black
slurries, used to understand the current coniohdtom the conductive carbon additive, consisted
of 67 wt% acetylene black and 33 wt% PVDF. To compare thdretdemically expanded
NaMCu to commercial activated carbon on a volumetric basis, we used foil current collectors. For
the activated carbonwsty on Ti foil, 90 wt% YP50 activated carbon (Kuraray Co., Ltd.) was
combined with 10 wt% PVDF. The expandeddexslurry on Ti foil consisted of 80 wt% active
material, 15 wt% acetylene black, and 5 wt% PVDF. The dry components of each slurry were
groundfor 5 minutes before addingmethyl pyrrolidone (NMP; Sigma Aldrich) and stirring
overnight on a magnetic sptate at 990 RPM. After painting the slurry onto the current collector,
the electrodes dried for several hours at room temperature in thénfwaeAt this point, the foil
electrodes were placed between a folded weigh paper and calendared to the afgptioxiknass
of the electrodaveigh paper assembly with a rolling mill (Durston) before transfer to an oven at
120 °C. We transferred the meslectrodes directly from the fume hood to the oven at 120 °C,
where they dried for several hours before calendatd 125 um between the sheets of a folded
weigh paper. The final thickness of the mesh electrodes was approximately 90 um.
Electrochemistry: All electrodes were tested with a threlectrode set up in glass 50 mL
round bottom flasks with an agueous OB K>SOy (Fisher Scientific) electrolyte, using an
Ag/AgCl in 3.5 M KCI reference electrode (Pine Instruments) and a platinum wire counter
electode (99.997%, Alfa Aesar). All tests usedliated stainless steel alligator clips to hold the
working and couter electrodes in the electrolyte. The cyclic voltammetry was performed with a

Biologic MPG2 potentiostaElectrochemical data was analyzedthgdviatlab code (Appendix B).
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3.4Results and Discussion
3.4.1 Mechanism of Electrochemical Expansion

To determinghe mebanism of electrochemical expansion and interlayer hydration-of P2
type layered sodium manganese oxides in aqueous electrolytes, we peréperaaioXRD
during cyclic voltammetry of NaMCu and NaNMCu. The crystal structure of-gyf2layered
oxide (ig. 2) consists of layers of edgdharingMOs octahedra, and ~67% of the interlayer

prismatic sites are filled with N&>*
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Figure 2. The P2 structure of the pristine material, showing the -stigengMOs octahedra
forming | ayers with €& ABBWepeserdsxMn grel othes ttaasitidni n g ,

metals. The Naare located in two types of trigonal prismatic sites between the oxide.layers

Figure 3A shows the cyclic voltammogram (CV) of NaMCu & éV/s in 1M NaxSQy,
while Figure 3B shows the water insertion mechanism proposed in our previous¥dbkiring
the first anodic cycle, the CV of NaMCu shows current peaks around 0.2 and 0.9 V vs. Ag/AgCI.

On the subsequent cathodic scan, the overall current decreases and is relatively constant as a
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function of potential. Theselectrochental changes suggest a change in energy storage
mechanism in the material. Welefined current peaks correlate to a vadfined Gibbs free
energy of reaction, which in an intercalatitype material indicates little dispersion in the
intercahtion site aergy. On the other hanchnstant current as a function of potential is indicative

of a capacitive mechanism exhibited by many manganese oxides in neutral pH eleétr&l{fés.
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Figure 3. Mechanism of water intercalation into-Bfe NaMCu upon electrochemical cycling in

1 M NaSQ.. (A) Cyclic voltammetry at 0.5 mV/s. A. B.
electrochemical response of the conductive carbon in the elec{@®d€artoon Bowing the

insertion of water molecules (red) from the electrolyte into the material interlayer to rcsetgpe

for the electrochemical dietercalation of Na(dark blue).

The structural changes of NaMCu during the first two CV cycles were measured with
operandosynchrotron XRD Fig. 4). Two changes are apparent: the appearance of a new peak
during the firstanodic cycle (discussed below) and shift of the NaMCu diffraction peak. The
interlayer spacing of the P2 pihcaeasesfrom58Acat ed
(9.07 A2d) at O V to 5.65 i (8.9 gretdrAsdoneasdyt 1. 1

its original valwue, 5.61 | (9.04 A2d). This s
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during oxidation and decreasesidg reduction. The continuous change of the NaMCu interlayer
spacing as a function of potential indesia soligsolution intercalation mechanism, similar to its
structural behavior in neaqueous Naelectrolytes-54165219The faint splitting of the P2 (001)
peak near the end of the cathodic cyday indicate that the remaining P2 material forms two
phases with slightly different Naontent.

Inaddi t i on to this expected behavior, the
during the first anodic cycle indicates the formation of a neveg@haccording to prior results,
this peak corresponds to the (001) plane of a birnedsitdnydrated pase with an interlayer
spacing of 7.05 A37140.191.214.226rhe fy|| XRD patterns of the material before and after the phase
transformation are shown Figure 4B. The large interlayer spacimj the new phase indicates
the insertion of a single layer of water molecules from the aqueous elexirdty the interlayer
of NaMCu81% Moreover, reversible peak shifts indicate that this new hydrated phase is

electrochemically active: upon reduction from 1.1 V to @hg interlayer spacing decreases to

apfr

6.97 i (7.27 A2d). During tThd7s d@and adcydl dVi ta

to 6.97 | (7.27 A2d) at O V. This change of

birnessite in aqueousectrolytest>?18 The reversible peak sksf of the hydrated phase indicate
that pseudocapacitance associated with cation (deatation into the hydrated interlayer at least
partially contributes to the capacitive energy storagelranism. These changes would not appear

if the capacitive behaer was simply due to the formation of the double layer at the outer surface

of the paricles. The intensity increase of the hydrated phase peak and corresponding decrease in

the P2 (002) peaKuring the first anodic sweep show the partial phase trandiormef the

electrode material. However, all peak intensities decrease after ~ 0.5y tih& second cathodic
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sweep, as the change in particle voluoaeisesthe electrode talelamina¢ from the current

collector.
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Figure 4. Structural changes of P2 NaMu upon electrochemical cycling(A) Operando
synchrotron XRD during the first two CV cycles ab0nV/s. The righinost panel shows the

applied potential (dashed line) and the current response (solid line). During the first anodic cycle,

the interlayer pdaof the hydrated birnessitike phase (~A2 d) emer ges around O
P2 and the hydtad peak show reversible, continuous changes in the interlayer spacing as a
function of potential attributed to Nade/ i nt er cal at i on. T hoethep e a k ¢
electrochemical cel(B) XRD patten of t he pri stine NaMCul0ORowder
peak indicates the interlayer spacing. Rasttrochemistry, the NaMCu transforms to a hydrated

structure. The substrate peaks of the Ti current collecta r e i n dni stuXRRichagd y A.

couttesy of Natalie Geise.

Figure 5 shows similar behaor in a P2 oxide with a different composition, NaNMCu,
where the inclusion of nickel led to Ndeintercalation and the subsequent formation of the

birnessie-like phase at a lower potentf&f.1¢2210Qverall, theoperandoresults show that when
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these P2 oxides are cycled in an aqueous electrolyte, water incorporation occurs dtring Na
deintercalation, likely to offset the increasing electrostatic repulsion betwetarisgion metal

and oxygen layers. Within an indial particle, the formation of this birnessiilee phase may

lead to the capacitive CV observed after the first cycle. However, the large expansion of the P2
particles (25 %-axis increase) in the shy electrode leads to loss of electronic connedioine

current collector, or even delamination, when cast onto the electrode before expansion. If the
electrochemical expansion is better controlled, the formation of mgwale particles with
hydratednterlayers with a capacitive electrochemical res@oindicates that these particles could

be viable for high volumetric capacitance EC materials.
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Figure 5. Operandosynchrotron XRD of NaNMCu, showing the P2 (002) pe&k11A 2, which
decreases with material oxidation and Ketractionup to 0.8 \/ and returns to its original position
upon reduction to 0 VThis material also experiences the emergence of the hydratedghhase
7.23 A 2 dhich continuouslycontracts(expand} during reluction (oxidation) due to interlayer
cation intercalation(deintercalation) Both phases remain electrochemically active during the
second cycle, showing reversiblgterlayer spacinghangesin situ XRD image courtesy of

Natalie Geise.

3.4.2 Batch Expansion Rocess

To circumvent the electrical contact and slurry delamination problems resultingnfrom
situ P2 particle expansion on electrodes, we developed a batch expansion process for the P2 oxide
powder, as described in the experimental seckayure 6 shows the expansion cell, along with
scanning electron microscopy (SEM) images of a P2 particle §Rijgand an expanded particle

(Fig. 6C). The resulting expanded and hydrated particles can be assembled into electrodes, thus
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bypassing the issué direct eletrochemical expansion leading to delamination. The batch process
uses a neutral pH electrolyte, a voltage source, permeable membrane, and a Ni foam counter
electrode, rendering it environmentally friendly and scalablgure 7 shows represeaive
chron@amperometry for the process. We observed that a smoother current response is a good
indicator of expansion qualit§ noisier curves resulted in less expansion of the P2 oxide, as
indicated by XRD [Fig. 8A). This is likely due to varidb electrcal contact between the powder

and the Pt coil in the pouch cell, which could be improved with more advanced pouch.designs

@ Working

B +| Electrode

-

Ni foam =
counter \ _
electrode \"\

Neutral pH
aqueous
electrolyte

Pouch of
P2 material

Figure 6. Effect of batch expansion on particle morpholddy):a pristine P2 NaMCparticle has

a compact structurgB) A schematic of the electrochemical expansion setup, where the P2
material is contained in a dialysis tubing pouch around a coil of Pt wire, and the counter electrode
is Ni foam.(C) A typical fully expanded NaMCu paete, which retains itab-plane morphology

but expands vertically due to water insertion. Scale kEan2
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Figure 7. Chronoamperometric expansion of the fully (dark gréeR) and partially (light green
P.E) expanded materials. THien o i s e ocune toule: ke celated tthe electronic contadf

particleswithin the pouchthatdetermines the extent electrochemicagxpansion.

3.4.3 Structural Characterization of Expanded Materials

To understand the effect of the batch expansion process on the struaial
electrochemical performance, we compared three structuresyndsesized NaMCu, fully
expandedF.E.) NaMCu, and partially expanded (P.E.) NaMEigure 8 shows the XRD, TGA,
and SEM of these materials. The pristine NaM@s the same structure as reported previously
214 a primary P2ype phase() and a small amount of CuO (+).
A) corresponds to the (002) peak of the P2 phase. The F.ECNakbws a completely expanded
and hydrated structure:the-pZhase i s no |l onger preseng9 and th
A) indicates a 25% expansion, the same a®peeandoXRD experiments. As discussed above,
the large increase in interlayer spacing is due to the transformation to a new hydrated phase. Both

the P2 and F.E. NaMCu materials exhibita peak at3%88°2 2. 5 ). Thi s peak ¢
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(100) plane of the P2 structure, and its presence in both the pristine and F.E. materials indicates
that the lattice spacing along the transition metal oxide sheets is unaffected by electrochemical
expansion. The lger c-axis in the expanded materials leads to slightly decreased angles of the
(101) and (102) peaks ehasePE. sructarm indicBe8 that théd 2 d .
expansion proceeds via a direct phase transformation. This agrees wiplerthedoXRD, which

shows the emergence of the hydrated phase at a distinct potential as opposed to a gradual structural

transition over a broad potential range.

A B 100
—] e NaMCu
= I P.E. NaMCu| "~ N
S 8 S| 8 o5
& =t =l = 6.2% ey,
@ = © TRE
b5 S F.E NaMCu| © P.E. NaMCu
£l £88 5 w
8= 5 W
NaMCu F.E. NaMCu
10 15 20 25 30 35 40 50 100 150 200 250 300
26 (°) Temperature (°C)

Figure 8. Structural characterization of expanded NaMCu mate(®@)sPowder XRD shows the
completetransformation of the F.E. material into the hydrated phase, while the P.E. material
contains both the hydrated phase and residual P2 fB3sEGA shows that both F.E. and P.E.
NaMCu materials lose a significant amount of water with increasing tempeer&tiiM of thegC)

pristine NaMCu powder an(D) F.E. NaMCu powder shows that the expanded particles retain
their initial hexagonal morphology and particle size but are now expanded along the layers. Scale

bar 3 um.

TGA of each material indicates decregsmass loss between room temperature (~ 35 °C

and 300 °C in the order F.E. NaMCu > P.E. NaMCu > NaMCau. In this temperature range, mass
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losses are most likely due to the removal of water molecules from the oxide surface and interlayer.
The composition offte F.E. material for TGA was MBLw.3102:xH20, assuming the removal

of all Na" during electrochemical expansion. This means that the 6.2 wt% lost from F.E. NaMCu
between 50 and 120 °C corresponds to 0.33 m@l per MCu k = 0.33). Many birnessites also

have a oxide: water content ratio near 1 : 0.33, supporting the XRD data that electrochemical
expansion leads to insertion of a single layer of water molecules into the interlayer of the P2 oxides.
The P.E. NaMCu lost 2.4 wt%, which suggests only ~ 38 #heopowder expanded based on the
mass lost from F.E. NaMCu. Lastly, NaMCu exhibits only a minor 1.2 wt% loss, likely due to the
desorption of surface water.

The SEM images in Figur8C and D show that the morphology change is due to the
crystallographichange: theb plane particle size and shape are retained after expansion, while
the c-axis dimensions increase as the layers experience varying degrees of partial exfoliation.
Figure 6 shows higher magnification SEM images of pristine and expanded Nalsifiolgs.

Before expansion, the material consists of dense, roughly hexagonal, -sgatenprimary
particles. Based on the crystal structure, the interlayer spacing is paralledtioftioe of hexagen

like primary particles. After electrochemical oxidet, there is clear partial exfoliation of the
particles along the axis that gives rise to large pores hundreds of nanometers in dimension. We
hypothesize that the large pores aneriatyer hydration formed by the expansion process both

enable high poweenergy storage.

3.4.4 Electrochemical Behavior of Expanded Materials
We characterized the electrochemical behavior of pristine, P.E., and F.E. NaMCu in a 0.5

M K>SOy electrolyte. This eldgmlyte was selected over b8 because Khas a smaller hydrated
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ion radius compared to Nawhich is hypothesized to allow higher rate capability and cyclability

in aqueous electrolyté&224224 Figure 9 shows the CVs of the pristine, P.E., and F.E. NaMCu in

0.5 M KoSQy at 1, 10, and 100 mV/s. The response of the acetylene black conductiweeaddit

also shown for refer@e. It contributes only minimal doublayer current. The F.E. NaMCu
exhibits a capacitive CV at 1 and 10 mV/s, with a sesaiangular shape and broad peaks similar

to those often observed in birnessité?°The P.E. NaMCulso has a sennectangular CV, albeit

with a lower specific current and lacking the broad peaks present in the F.BEamiteontrast,

the prisine P2 NaMCu particles expand upon intercalating water during the first anodic cycle, and
the electrode qaacity drops significantly as the 25% increase alongtes causes particles to
delaminate. P2 NaMCu electrodes do slmbw clear redox peaks in,8Q (Fig. 10), possibly
because the interlayer Npartially exchanges with Kand HO immediately upormimersion into

the electrolyte. The semectangular CV, with the lowest specific current of the three electrodes,

is likely from the response of themaining, partiallyhydrated material that is still in electrical
contact with the current collector. BpQ mV/s, all three materials exhibit significant polarization
arising from increased Ohmic resistance from the large mezhsurrents. Overall, thesesults
show that the degree of expansion direcdly det
that electrochemical expansion before electrode assembly leads to stable, capacitive energy

storage.

85



A B

150
1 mV/s 10004

1001
 s0] 5004
o o] -
: fe
= -501 AB|=
-100- p2 | -5001
- PE
-1501 —F.E| 10001

00 02 04 06 08 1.
Ewe (V vs Ag/AgCl)

00 02 04 06 08 1.

10 mV/s

Ewe (V vs Ag/AgCl)

2]

5000

100 mV/s

2500+

I (mA g™

-2500 -

-5000 . . . r
00 02 04 06 08 1.0

Ewe (V vs Ag/AgCl)

Figure 9. CVs d the pristine P2, P.E., arflE. NaMCu materials in 0.5 MJ8Q; electrolyte at

(A) 1 mV/s,(B) 10 mV/s, andC) 100 mV/s. The specificurrent from just the acetylene black

(A.B.) conductive additive is shown for reference.

80

601
40

"o 20-

04

NaMCu 1% cycle at 0.1 mV/s

Na,SO,

K,SO,

<
&
~ 20.

-40-

-60

0.0

02

04 06 08 1.0
Ewe (V vs Ag/AgCl)

Figure 10.Cyclic voltammogams of the first cycle of mtine NaMCu mesh electrodes inJS&x

(dotted line) and BSQx (solid line)aqueous electrolytest 0.1 mVs. Here, the two primary redox

peaks of NaMCu in N&Q: occur befored.8 V vs. Ag/AgCI. Since the hydrated phase in Fegu

1 appears around 0.9 V,ishsuggestshat completion ofthe redoxreactionsassociated with the

two anodic redox peallsads to théntercalation of water ansubsequentaterial expansion.
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Figure 11 shows the cathodic capacitance and rate capabiliiyeothree materials. The
highest capacitance of 102 F/g (23 mAh/g) is olgdinvith the F.E. materials. This value is
comparable to capacitances of activated carbon materials, which is surprising given that the surface
area of the oxide materials is musimaller. When cycled from.Dto 50 mV/s, the F.E. NaMCu
retains 34% of itsnitial capacitance. The maximum capacitance of the P.E. NaMCu is lower, 62.4
F/g (14 mAh/qg), but its rate capability is slightly better than that of F.E. NaMCu. The pristine P2
NaMCu undergoes electrochemiexpansion and hydration directly on the elai®#rdts second
cycle capacitance of 57 F/g (13 mAh/g) drops off significantly as the material delaminates from
the electrodeEx situ XRD (Fig. 11C) indicates that F.E. and P.HaMCu retain their initial
structure after electrochemical cycling. There 3 ex situ XRD of the P2 electrodes after
electrochemistry because the slurries delaminated from the current collectors during cycling.
Together, these results show that the kriel P.E. NaMCu exhibit relaely high capacitance and
rate capability for aggpus energy storage due to the hydrated interlayer and particle expansion.
The batch electrochemical expansion of P2 NaMCu and subsequent electrode assembly leads to

electrodes vth high rate capability anid promising for higkpower energy storage.

87



p ]
w
9]

100{ AB. 1.0 « A.B. . *
> 804 \ ——P.E. NaMCu @ £938 ——P.E.NaMCul = s e
- \ -—F.E.NaMCu [ 15 'E _(5“ -—F.E. NaMCu p . P.E. after
8 60 N E 2o06; > . .
8 \ L10 = O @ 2
-g 40 \\' 'g © 044 S + Hydrated F.E. after
o [0} - .
8 o] \% 5 & o, \ kS . Tie
3 O 0.2 P2
! . } . i o 0.01— . . i i i . i . FE b'efore
0 20 40 60 80 100 0 20 40 60 80 100 10 15 20 25 30 35 40
Sweep Rate (mV s™") Sweep Rate (mV s™) 26 (%)

Figure 11. Electrochemical energy storage rate capability and-glestrochemical cycling
material structure(A) Cathodic capacitance andB) rate capability (cathodic capaamiice
normalized to the capacitem at 0.1 mV/s), from 0.1 to 100 mV/s. The lgapacity and rate
capability of the acetylene black (A.B.) conductive additive shows that the capacitive
electrochemical response is due to the oxide active mat€¢GalEx siu XRD of electrodes after

electochemical cycling shows that the F.E. and PeEain their initial structures.

Evaluation of the cyclability of the three oxide materials shows that the F.E. NaMCu
electrode retained its structure and the most capatéy @30 cycles at 10 mV/&ig. 12), while
the P.E. NaMCu converted to the FsEucture and the P2 NaMCu delaminated from the electrode.
The initial capacitances were 58 F/g (13 mAh/qg) for the F.E. electrode, 34 F/g (8 mAh/qg) for the
P.E. electrode, an87 F/g (8 mAh/g) for the P2 elieode. After 600 cycles at 10 mV/s, the F.E.
electrode retained 86.3% capacity, the P.E. retained 85.7%, and the P2 retained 40.4%. Figure 6
shows that the F.E. electrode experienced an initial capacity drop, but aftedéOthg capacity
increased clasto is initial value. The P.E. electrode expeced a steady capacity increase over
the first 50 cycles, and then a steady decline during the subsequent 550. The P2 NaMCu lost most
of its capacity within the first 50 cydeas water insertion into th@ RaMCu partially expanded

the oxide particlegzausing them to fall off the electrode due to the change in volume.
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Figure 12. (A) Cycling stability of F.E., P.E., and P2 NaMCu over 600 cycles at 10 (B)&x
situ XRD after 600 cycles shows that tReE. NaMCu retains the hydrated phase, wiolae of

the remaining P2 material in the P.E. NaMCu electrode expanded after prolonged cycling.

XRD of the F.E. and P.E. NaMCu after the cyclability testing (Fig. 6B) showthih&tE.
phase is stable unddrese electrochemical conditions. This suggtssthe particle expansion
and interlayer hydration limit further structural changes in the material, leading to better stability.
Figure 6B shows that initially unexpanded aterial into P.E. electrode alsransforms to the
expanded phase after cydii It appears that the initial fraction of expanded particles was enough
to maintain electronic connectivity with the particles expandeiu. Slurry delamination during
cyding preventedx situpostcycling XRD of the pristine NaMCu, but our previous work showed
that after 50 cycles, NaMCu partially transformed to the hydrated pHase.

Postelectrochemical SEMHFig. 13) shows that while most patrticles in the F.E. and P.E.
electrodes retained their original morphology, some exhibit a nanosedicunface coating. fdr
600 cycles, the morphology of the F.E. NaMCu primary particles appears similar as before cycling.
However, the surface of these primary particles now has 4 stanctured, serporous coating.
One possible mechanism of this sedacoating could be s&ucturirg due to the dissolution of

Mn?* during reduction, and subsequenideposition during oxidatioff®> The variability of this
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surface coating from parte to particle in F.E.NaMCu may highlight how the electrode
architecture affects the relevant electrochemical reaction. A-omelected particle may
experience more overall charge transfer, leading to surface restructuring. However, there was little
surface coating in the P.ENaMCu, siggesting that more of the current may have gone into
expanding the remaining P2 patrticles. FigliB® shows one of the few P.E. NaMCu particles

with partial surface coating. Finally, Figut8E and13F show the pristine PRaMCu after 600

cycles While the P2 particles expanded somewhat, their morphology is much smoother than F.E.
or P.E. electrode particles. Overall, the electrochemistry, XRD, and SEM results highlight that
electrodes assembled from fepanded F.E. or P.BNaMCu possess higlate capaliity and

structure stability that make them suitable as EC materials.
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Figure 13. SEM images ofA-B) F.E.,(C-D) P.E., andE-F) P2 NaMCu electrodes after 600
cycles in 0.5 M KSQy. While most F.E. particles show expamsir a surface coatingew P.E.

particles show surface coating, and few P2 particles even show expansion. Scale bar 500 nm.
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3.4.5 Comparison of Expanded NaMCu to Commercial Activated Carbon

To test our hypothesis that the hydrated and expanded NaMCu almvidan increase in
the voluméric capacitance of EC electrodes, we compared the P.E. NaMCu with a commercially
available activated carbon used for EC electrodes. P.E. NaMCu was selected due to its better rate
capability than F.E. NaMCu. To enable comgan of the volumetricapacitytapacitance, the
materials were cast onto foil (vs. mesh) current colleckgaire 14 compares the CVs for both
materials at 1, 10, and 100 mV/s in 0.5 MSK while Figure 15 shows the specific
capacity/capacitance andeacapability. Both P.E. NaMCund activated carbon exhibit nearly
rectangular, ideally capacitive CVs. At sweep rates up to 20 mV/s (corresponding to a
charge/discharge time of 40 seconds), P.E. NaMCu shtwghar specific current than activated
carbon,indicating that the expandedidr particles give better volumetric performance than the
high surface area activated carbon. At 0.1 mV/s, the volumetric capacitances of P.E. NaMCu and
activated carbon are 57Fcn? (12.7 mAh/cd) and 20.9 F/cth(4.64 mAHc?®) respectively.
However, theaesponse of the two materials becomes similar at faster sweep rates; by 100 mV/s
the CVs essentially overlap and their diagonality indicates both are more Ohmically resksive. T
similarity of the material response at tastweep rates may be due toiamissues of maintaining
adequate ionic and electronic conductivity in the electrodes. These results show that an oxide
material with expanded and hydrated micgire particle can increase EC energy density over

traditionally used high surface areaigated carbon at timescales of up to 40 seconds.
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Figure 14. CV comparison of P.E. NaMCand activated carbon (A.C.) on the basis of their
specific current afA) 1 mV/s,(B) 10 mV/s, andC) 100 mV/s. At sweep rates up+020 mV/s,
the P.E. NaMCu oyperforms the activated carbon, although both electrodes appear relatively

resistive at 100nV/s.
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activated carbon (A.C.) electrodes.
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3.5Conclusions

This work desdbes how electrochemically expanding the particles and hydrating the
interlayer of microrsized layered oxides leads to EC electrodes with high volumetric capacitance
and cyclability in aqueous electrolytes. The electrochamiexpansion changes the
electochemical characteristics of the material from battiey in the initial Nd deintercaléion
to capacitive after expansion. Specifically, after interlayer hydration and subsequent particle
expansion, microsized P2 oxidearticles exhibit capacitive batior that is at least in part
pseudocapacitive, as evidenced by reversible interlayemgpahanges duringperandoXRD.
The obvious reduction in redox peaks in CVs after expansion suggests that the material
deformation $ further buffered by the intexyer water. In addition, the surface area of the bulk
expanded particles is only slightlyreater than that of the pristine materials. Therefore, we
hypothesize that the interlayer expansion and hydration effectively iectleasurface area by
extendingthe electrolyte into the bulk of the particles in two ways. First, hydrating the material
interlayer improves cation transfer from the bulk electrolyte to the particles, and second, the large
(~ 100 nm) pores between expaddsections of the material allogasier access of the bulk
electrolyte to the particles. The hydrated interlayers maycaisiion the structural effects of ion
intercalation. All of these increase the rate at which electrolyte cations can approaciorransit
metal oxide storage siteshd@se results show that hydrating the material interlayer allowed the
micronscale particle to maintain their structure during extended cycling, making them
compatible for capacitive energy storage in aqueous electrolyesx@anding the interlayer of
P2NaMCu oxide, we show that particles with a large setate cation diffusion distancerche
competitive with the statef-the-art activated carbon for EC electrodes in aqueous electrolytes.

Overall, this shows that eleothemicallydriven expansion abxide materials can tune both the
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interlayer chemistry and particle size, leading to a sealable synthesis strategy for EC materials

with high volumetric capacitance.
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CHAPTER 4
Redax or Double Layer? Interlayer Confinement Blurs the Horizon Between Faradaic and
Non-Faradaic Charge Storage in Birnessite

4 Preface

This chaptefocuses orthe origin ofcapacitivebehaviorin layered manganese oxides in
agueous electrolyte€hapters 2 ah3 focused on @nging the iterlayer chemistry of P2 oxides
and observing the subsequent changes in behavior. We found that the intercalation of interlayer
water led to moreapacitivebehavior, even in large oxide particles. However, these chapters did
not investigatette origin ofthis improvement in performance. In this chapter, Ins®ostructured
birnessiteas a model materiaio understand the origin ofapacitive behavior in hydrated
manganes®ased oxides. To do this, we designed a study to tige¢s a range ofocal and
averaged electrochemical, structural, vibrational, gravimetric, and mechanical behaviors of an
electrodeposited birnessite film. The following chapter was conducted in collaboration with Nina
Balke and Was¥'u Tsai at the Centeior Nanophase Matials at OalRidge National Lab for

operando atomic force microscopy. This manuscript is in preparation for publication
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4.1 Abstract

The origin ofcapacitivecharge storage in transition metal oxides like birnessite has been
of interest ad debate since éhfirst demostration of capacitance in amorphous birnessite in
1999%° Particular topics of debate asdether thidehavior is faradaifpseudocapacitive)r non
faradaic(EDL formation) and if itis faradaic, whether the responsedise to surface or interlayer
redox In this study, we usedx situX-ray diffraction (XRD) electrochemical quarterystal
microbalance(EQCM), in situ Raman spectroscopy, amgherandoatomic force microscope
(AFM) dilatometryin both K:SQs and LeSOy to observehe behaviorof a birnessite electrode
during electrochemical cycling hese techniques were chosen becaogether they provig a
holistic picture of the electronic, vibrational, structural, greatric,and mechanical response of
birnessiteAdditionally, this report is the first to shawperandcelectrochemical AFM dilatometry
of ion intercalation into a lared oxide material.he changes in interlayer spacing shown by XRD
and Raman correspond to redox and mass change peaks from electrochemistry and EQCM,
indicating that charge storage in birnessite is governed by interlayer rather than surface processes.
The film remains Ramanactive throughout the cycling, showing thlaipacitive behaviooccurs
without a semiconducteto-metallic phase transformatiorOverall, these results show that
interlayer processegwvolving the exchange of cations and water molecwleminate the
capadtive behavior of birnessit@nd thatonfinement within the ~ & hydratednterlayer spacing

of birnessite interlayer blathedistinctionbetweerEDL formationandpseudocapacitance

4.2 Introduction
Electrochemicalnterfacescan be used for electrocheal energy storage (EES) via the
formation of the electric double layer (EDL) and/or reversible surface anesndace charge

transfer reactions, termed pseudocapacitdheseudocapacitance was first cortoafized in the
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1940s to explairthe existence of reversible charge transfer reactionsassxiciated withthe
formation of the electrical double layer (EJA2° The first of consideration of pseuthpacitance
for energy storage matelsaoccurred in 1971, with the discovery of the fast, reversdnhel
capacitiveappearing charge storage behavior of Ro@Trasattiet al.*° Pseudocapacitive EES
devices combine the powe densitiesof electrochemical capacitoraith energy densities
approachng those of insertioitype batterieg®227

However, after 40 years of research thisrstill significant debate over the mechanisms
which give rise to pseudocapacita?'116228At the core of this debate is the question: feam
transition metal oxides store high amounts of charge without exhibiting obvious faradaic redox
peaks? Pseudocapaed#i behavior can be both imsic, as in hydrous Ru® IrO,
WOQO3-nH2020:179:208.22%r extrinsic as in nanostructurddCoO; or V,0s,.422%°

Enter manganes¢he 1 mostannd ant e | e me wrust,whioh cystalizese ar t h 6
into over 30 oxide and layoxide structure$® Many of these structures exhibit capacitive behavior,
andmanganese oxides hasebsequentlypeen some of the most widedyudied transition metal
oxides in aqueous electrolytddnlike manyhydroustransition metal oxide€17°208.229n0; is
light, abundant redox active in neutrgH aqueous electrolytes, and does mahibit a
semiconducteto-metallic transformation upon ion insertidcee and Goodenough documented
the first observation atapacitivebehavior in MnQ in their 1999 paper, which describdglly
reversible charge storage in amorphous MirOaqueous electrolyté8. Many MnO; structures
are only capable of accommodating,¥1°%222and do not show appreciable Faradaic behavior
in thick films ®® To understand the mechamis underlyingcapacitivebehavior,it is important to
study materials with the potential for bulk ion intercalatibmthis work, we use the birnessite

MnOz, ( N0z, AxMNO2-yH20, where ~0.1 <x < 0.7 and 0.3 <y <2) to investigate the
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relationship betweefaradaic reactions and a relatiwieatureless CV. Birnessite has been widely
studied because it is easily synthesized, similar to the layered oxides popular for secondary
batteries, andan accommodate a variety of catiolts flexible ~7 A interlayerspacingwherein
alkali cations ad water moleculeslectrostatically stabilizéhe MnO> layers rendersbirnessitea
material ofinterestfor EES applicationsas well as emerging technologies suchfaadaic
desalinationand heavymetal sorptiorf*>104108 practically, low conductivity is the main
drawback of the Mn@polymorphsHere this presents an opportunity to determine the origins of
capacitivebehavior in enhydrated layeredaterial wittout asemicondutor-to-metallic transition.
Although MnQ has been studied for > 20 years, there is still controversy over whether its
charge storage is primarily due to EDL formation or faradaic reddleV¢lemental analysis
shows significant alkali cation content afextended cycling, reports vary widely avhether the
energy storage is due wurface behavior or interlayencorporation of hydrated ions, ion
intercalation and subsequent exchange, or opposing ion and water'ffixé$° Recently,
Costentinet al have fiownthat according to electrochemical theamctangular CVs cannot be
obtained from spread out or multiptedox peaks'®23%:232|n conjunction with Conway, they
hypothesize that tharge D or 2D diffusion channels for intercalated iomdyich oftencontain
structural wateract as an extended surfao®d dtribute thequasi e ct angul ar fApseudo
CV to EDL formation in the materiahterlayer?**?**Typical surfacearea normalized capacitance
of manganese oxides, including birnessite, it is least one ordeagsiitude larger (> 100 pém’
%) thanthe 4-10 pF cn? of porous carbon®8SHowever,the structural water interferes with
the gas absption often used to measure surface area, so the potential contribution of hydrated

interlayers to the surface are not necessaritpaated for>°
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Alternatively, computational studies by Youagal argue thatn semiconducting oxides
such as Mn@ all incorporated cations contribute to chasfigring electronic statefroughout
the band gap®® This, alongthe variation of reaction potentials according to site endegyl to
arectangulacCV. Theargument for fardaic redox processes is supported by several studies which
showedthe transfef 0.20.6 € perMn within a ~ 1 V window usindpothin andex situ X-ray
absorption spectroscopXAS).3%236238 while this is close to theapacitance 00.18 ¢/atom
capacitance Conwagscribesto planarmetallic surfaces? ex situXAS would not be able to
measure a change in Mn oxidation state if the storage were purely capacitive.

These opposing perspectivieghlight the debate surrounding tbapacitivebehavior of
birnessite also illustrated ifrigure 1. While many studies have focused on one or two aspects of
the response of birnessite to electrochemical cycling, tieenains a lacking connection between
localized and averaging techniques and theory calculatianaddress this, we coupleX situ
XRD, EQCM, in situ Raman spectroscopy, araperandoAFM dilatometry to observe the
structural, mass, and vibrational changes of the electrode during electrochemical dyusey
techniques were chosen because togethey provide a holistic picture of the electronic,
vibrational, structural, grametric, and mechanical response of birnessite to electrochemical
signals. XRD allows us to see any changes in the interlayer spacing upon electrochemistry, giving
insight into he structural/mechanical response. EQCM shows us the gravimetric response of the
electrode, allowing us to determine if changes in the electrochemical signal or material structure
are due to species leaving or entering the electrode. Rareatmogzopy intates which bonds
are most affected by the electrochemical behavior. It has been widely used to study birnessite, so
it also allows us to correlate our results to the literat{(i#2?'Finally, AFM dilatometry shows

the holistic electraehememechanical response of the electrdd&2*° Thesetechniquesnclude
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some which have been used for clearly faradaic reactions (XRD, EQCM, Raman), purely non
faradaic capacitive carbons (EQCM, AFM dilatometry), and pseudoti@pasystemdall). In
addition, this is the first study usingerandcelectrochemicahFM dilatometry on a layered oxide
material which experiences ion insertion into the interlayer.

This paper usea multtmodal experimental and theoretical study &iedmine which
mechanisms give rise to the apparent pseudocapacitive behavior of birnessite (MnO
Ko.iMnO2:0.1H>0). By comparing the average (electrochemical, XRD, EQCM) to the local
(Raman, AFM dilatometry) electrode response sivew that theapacitive behavior obirnessite
MnO; is due to interlayetion insertion processds both LpSQ: and K.SQi. We show that
capacitivebehavioroccursin materials without the semiconductormetallic transitionLastly,
this work indicatesthat confinementwithin a hydrated irgrlayerblurs the distinction between

EDL formationandpseudocapacitance

Figure 1. Schematic of the proposed energiprage mechanism of A) the nanostructured
birnessite, showing B) surface or C) interlayer processes.
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4.3Methods
4.3.1 Electrodeposition of Birnessite

Thin films of birnessiteweresynthesized via a cathodic electrodeposition metffbthe
electrodeposition solign consisted of 50 mM KQlkource)and 2 mM KMnQ (source) aqueous
solutionin aglass beaker celFilms were deposited onto different galdated working electrodes
depending orthe subsequent analytical technigiéms for EQCM were deposited onto del
plated 10 diameter AT cut quartz crystal
Technologies) and a working electrode area of 1.429Eiims for XRD and AFM were deposited
onto a 1 crharea of Aucoated glass slides with a 15 nm Cr aidve layer. Films fom situRaman
spectroscopy were deposited onto ceramic sepeeted electrdes (SPEs, Pine Instruments),

with a gold electrode active area of 3.14 fall working electrodes were cleaned by sonication

in acetone and ethanol priarelectrodepositiolAg/AgCl in KCI served as the reference electrode

(Pine Instruments) and Pt wias the counter electrode (99.997%, Alfa Aesar). Eléeposition
was performed by applyin@ V vs. Ag/AgCl until |0.40.5| Ccm? using a Biologic MP&

potentiostat. Electrodes for XRD were held until £i@? in order to obtain thicker filmsFilms

sens

for in situ Raman were deposited using a WaveNow potentiostat (Pine Instruments) compatible

with the SPESA sample electrodeposition curga an EQCM samplies shown irFigure 2. After
electrodeposition, |k electrodes were rinsed and dried at 60 °C in @rernight. Each
electrodeposition solution wasly used the day it was made fiirmosttwo electrodes due thé

effect ofspontaneous precipitation @MnOz over timeon film morphology.
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Figure 2. A typical electrodeposition curve from the EQCM, showing the chronoamperometic

curve(black) and linear mass change (blue).

4.3.2 Physical Characterization

The morphology of the ageposited film was observediig scanning electron microscopy
(SEM, FEI Verios460L). X-ray diffraction (XRD) wasperformedusing a BraggBrentano
geometry and GiK U r a cbm aPANalgtical EmpyreanEx situXRD was collected every 0.1
V from 071 0.85 V by cycling the birnessiteesitrode to the desired potential Vilaear sweep
voltammetry(LSV) at 10 mV &. Peak fitting was done in Origsoftwareusing thepseudeVoigt2

function according to the procedure in Appendix C

4.3.3 Electrochemistry
Electrochemical characterizatiovas coducted in threelectrode cells with either a 0.5
M K>SOy (Fisher Scientific) or LiISQw (Sigma Aldrich)electrolyte. Theelectrochemical cells

consisted of electrodeposited birnessite working electré@dgsgCl reference electrodeand Pt
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counter electrdesas noted abové&lectrochemical cells fdEQCM, in situRaman, an@dperando
AFM aredescribed irtherespective section&lnless otherwise noted, all potentials in this work

weremeasured vs. g{/AgCl.

4.3.4 In situ Raman Spectroscopy

In situ Raman spectraepy was conducted mg a Witec Alpha 300 Confocal Raman
Microscope witha 532 nmNd: YAG laser an 1800 grooves/cm grating (spectral resolution ~1
cmt), and 63x Zeiss water dipping objective lens. The laser wavelength was calibrated to the main
peak inSi at 520 crit. Specta shown here are the result of 52fond long accumulations.
During the electrochemical cycling, only3ImL of electrolyte was used, just enough to fully over
the working area of the SPE and allow full immersion of the objecpivé lie electrode waycled
a few times at 10 mV-sbetween Q 0.8 V vs. the Ag/AgCl reference built into the SPE before
prior to spectra collection. We collectspectraevery 0.1 VbetweerD and0.8 V. The electrode
was cycled to the desired potentl10 mV & using LS/ and remained under constant applied
potential during spedraccumulation. Origirsoftwarewas used to subtract the background and

fit the spectra using Lorentzian peaks.

4.3.5 OperandoAtomic Force Microscopy (AFM) Dilatometry

AFM and operando AFM dilatometry measurements were conducted withlFP-3D
AFM and ann situelectrochemical ce(both fromAsylum Research, USA)sing BudgetSensors
AFM tips (ElectriMulti75G) with a spring constant of 3 N/Mopography scans in air and in the
electrolyte were conducted using the AC tapping modeimbeu electrochemical cetfontained

the electrodeposited birnessite thin film, leakless Ag/AgClreference electrode (Asylum

105



Research, USAx glassy carbon counter electrodad was flooded witklectrolyte Electrodes

were cut into 0.8 x 0.8 cm squares to fit into the cell. Silver pAisglgm Research, USAvas

used to electronically connect thap of the electrode to a conductive pyésylum Research,

USA) to complete the electrochemicatatiit. Care was taken to ensure that the paint was not
accessible by the electrolyte. After the paint dried, we assembled the electrochemical cell,
checkingthe electronic connectivity at each step with a multimeter.

To pick points for singlkpoint AFM dilat omet ry, we first conduct
scan to observe the largeale morphologyDilatometry was performednear the center of
birnessiteislands to avoid edge effect§he measurements wertenducted by initiating a foree
distance curve, whichriggered the SB00 potentiostat (Bikogic, USA) to run cyclic
voltammetry(107 200 mV s') during the contact part of the fordéstance curve. At ratesf 50
mV/s and greater, we collected 7 CVs per rate. At the slower rates (10, 20 mV/s) we were only
able to collect 22 cycles at a timéThese experiments were limited by the fact that the tip readily
drifted out of contact with the electrode at sweepsdtelow 50 mV/s. Datasets at slow rates are
only shown here if the putff curve indicated thahk tip remained in contact with the electrode
throughout electrochemical cyclifithe EC-Lab software recorded the time, working electrode
potential, current, and the deflection of the AFM tip in volts. To convert the AFM deflection signal
to distance, weobk the slope of the linear portion of the retraction in the fdisence curve. &
found that this value varied widely (frof6 to 105 nm W) as we changed samplasd tips but
we used the clearest curves we could get. The resulting dilatometry ast@analyzed using a
Matlab program(Appendix B) that appled a Savizky-Golay filterto smooththe raw data and

obtainthe derivative of the deformatipsimilar to the procedure described by Wang et4l.
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4.3.6 Electrochemical Quartz Crystal Microbalance (EQCM) Measurements

EQCM measurements were conducted using a QCM200 quartz crystal microbalance
digital controller and QCM25 5 MHz crystal oscillator (Stanford Research Systems, Ine.). T
mass of the deposited film wabtained fromthe resonant frequency of the dried crystal after
electrodeposition using the Sauerbrey equation and therGair, 56.6 Hzcm? £ g. After
assembling the electrochemical ckdl EQCM, it was allowed to thenally equilibrate for a
minimum of 30 minutegrior to data acquisitianCyclic voltammetry was conducted between O
and0.85 V at sweep rates from 2006 mV s? using a Bioloic MPG-2 potentiostatEC-Lab
softwarerecordedthe time, working electrode potential, current, crystal frequency, and crystal
resistance during cycling. The tests were conducted using a 200 klanversion factor for the
output signal on the QCM conttet. 10 cycles were conducted at each sweep Tdte resulting

data was analyzed using a combination of Matlab cO8@sendix B)and linear fitting in Origin.

4.3.7 EQCM Calibration

Although EQCM can be reliably used in liquid solutidfighe viscous loading on one side
of the crysthrequires recalibration of the conversion far for the Sauerbrey equation:

YQ 0 Ya

In air, G=56.6 Hz cr¥ & The mass change in aqueous electrolytes was calibrated according to
protocol described in the SRS QCM200 manual and by GabriellPEt?4fSilver was deposited
and strpped from an aqueous solution of 0.05 M AglN@lfa Aesar) in 0.5 M HNQ (Fisher)
onto a new crystal a t 2, nbrindlized td doyerldp@ing areadetveeend 0 0O

the electrode on thieack of the crystal and the active electrode on the front of the crybgal.
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linear changes in frequency are showfigure 3A, below. We then used the following equation

to calculate the equivalent {© Hz/g for each current density:
0 ¢ YQ
b YO
Where: F = 96485 C/mol e
n = # of electrons transferred (malneol Ag or other depositing species)
opf  =uericy chage measured during deposition in Hz
MW ag = molecular mass of silver

Q = charge passed during deposition in C

Plotting G vs. -log(i) (i = current density) giveSigure 3B. Here each Qs clearly similar.
To obtain the experimentak 6f 24.42ng/Hzwe inverted theaverageof these values. All EQCM

frequency change data wesnverted to madseforebackground subtraction.

A — 100 B 0
— 200 4 - u
1000 1 —_
—300 -
= 400 N 3
T L
- Y 24
5 500- =
x
O 14
04, . ' . ' . 01— . . .
0 25 50 75 100 125 34 3.6 3.8 4.0
Time (s) -log(i) (A/cm?)

Figure 3. Data from the EQCM calibration in 0.5 M HN@nd 50 mM AgNQ. A) The frequency
change during Ag deposition, shawia simple linear proced8) Calculated values ofi@t each

current density, which were then averagedltain the experimentakC
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4.3.8 Applicability of EQCM to Thin Films
In air, the change in frequency of the crystal used for EQCM was 49968929701=
7191 Hz, or 0.14% of the unl oaded theBayebrep| 6s r
equation an be used to calculate the mass of the deffdsith i ch gi ves us 2180. 3 ¢
With a total charge passed during electrodeposition of 0.562 C, and assumingea@i@n to
reduce MA* to Mn**, the molar mass dhe electrodeposited film is 92.8 g/m®iPlain MnO;
would be 86.9 g/mol, leaving ~5.9 g/mol eoaunted for. This leato a maximum of 0.15 mol
K™ with no interlayer wategr 0.33 mol HO with no interlayer K. Since we expect both species
to exist in the asynthesized material, we propose the following compositigaiMRO2-0.1H0.
When immersedh liquid, the unloaded crystal experiences a frequency drop of 640 Hz.
Once lirnessite is deposited, the film drops by 1047 Hz. Relative to the theoretical drop of 715 Hz
for a polished crystal going from vacuum to ligéftdthis is a reasonable change in frequency. We

therefore onfirm that this film is compatible with liquighase EQCM measurements.

4.4Resuls and Discussion

Figure 4 shows the structurand morphologyof the aselectrodepositedirnessite
Birnessite is typicallyepresentedby a simplified versin of thestructureas in Figure 4Athat
showslabs of edgsharing Mn@ octahedraseparated by aomplexinterlayer consisting of a
single layer of wateandcations in two similar but distinct sites in a periodic, wike array*
Mn exists in both Mfi and Mr?* states to balare the interlayer cation charéanddefects such
as Mn vacancies are preséHtFigure4B shows the XRD pattern, whetiee (001) reflectiorat
~ 1 2 cdiresgonds to the interlayer spacii@.08 A, consistent with a single layer of waféf°

The Raman spectrum Figure4C shows the three primary peaks of birnessite, although defects
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and local disorder candd to variations in Raman peak position and relative intefféifjhe 31

peakat ~ 635655 cm' represents the octahedral Mnbond stretchingndthe 3, peakat ~580

cm? represents the basal plane 4@nbond stretchind??** The 33 doubletat ~500 cmt is also

indicative of the birnessite structure?**SEM and AFM characterizatidn Figure4D show that

the electrodeposited filmgonsist offii s | a R5d0s 6e ML O0i n d i aaueragefim, wi t h
t hi ckness of Fid5).4eselslartds varg in density(depending on the location on

the current collector rel at iewe otfo tthhee deelpeocstirtii
When first taken out of the deposition solution and rinsed, all samples had a dark red color with
some slight rainbowing, indicating their relatively thin thickness. After drying, samples deposited

from a fresh solution retagéd some of the red coloring, Whisamples from a previousiysed

solution (even if it was just once) dried into a brown color. The amount of color change after drying
correspondto theislandsized a reddish color indicasea more uniform film with fewslands,

while a brown coloiindicateslarger islandsAt higher magnificationgFigure 4E), all samples
consistedf nanosheelike flakesorientedmostlyperpendicular to theubstrateThis is acommon
morphology forbirnessite obtained viamoomtemperatre synthesis or restaok exfoliated
nanosheet¥>31:110.240240F\ topography scans 05 M K.SQy (Figure4F) showthat theisland

morphologyis maintained upon immersion into an electralyte
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Figure 4. Structure and morphology @lectrodepositedbirnessitethin films. A) Model of the
birnessitecrystal structue, showing interlayer K(purple) and water (grey) specieB) XRD
pattern showing the interlayer spacing peak$erence peakare from PDF 000421317 C)
Ramarspectruns h owi ng t h e)abdaostadp | 3 h) &mi@sbdnd stretching modes
D) SEM image of largdisland® that format the bottom of an electrode furthest away from
electrical contactE) Higher magnificationSEM image of birnessitenanosheetshowing the
tissuelike morphology F) AFM liquid AC tapping mode image in 0.5 M8y electrolyte
showing thefisland morphobgy ispreserved upon immersion into a liquithe white squares

show the locations of the two pointgeasuredn Section4.3.2
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Figure 5. Film thickness calculated from&) SEM crosssections and D) corroborated with AFM

crosssections. The SEM givesn aver age film thickness
trace across one of the islands shows an overall film thicknes2ef h  (elm 4i n

shown), with raised edges and flatter island centers.

4.4.1 Global Techniques: Electrochemistry Ex situ XRD, and EQCM

of

t

he

1.

Electrochemical characterization via cyclic voltammetry of the electrodeposited birnessite

films (Fig. 6) shows the typicajuasirectangular behavior birnessite in neutral pH electralytes

both KoSOQy and LeSQs the CVs show a large captiee current contributionbroadreversible

peakdetween 0.3 and.7 V, and nearly ideal switching in current polarity at the vertex potentials.

The capacitance of the film is 158 £ gt 5 mV s!, and71 % ofthe charge storage is maintained

at200 mVs™. The capacity (37 mAh Y corresponds to the storage of Oelper Mn.
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Figure 6. Electrochemical performance of birnessaO. in 0.5 M KoSOy (black) and LeSO
(green, dashgdA) CV at 10 mVs? showing a quasiectangular shapeB) Capacitancgand
capacity) as a function stanrate, showing1% capacity retention from 5 to 200 mVand that

at this film thickness, the behavior of birnessite is the same in both electrolytes.

Having estabBhed the structure, morphology, and electrochemibahavior of the
electrodeposited birnessiteve now address the mechanisms which give rise to its capacitive
behavior.We will first discuss the techniques which average signal over the entire elgexode
situ XRD, EQCM), followed bylocal techniquegin situRamanpoperandcAFM). We conducted
exsitu XRD at 100 mV intervalsatobserve the overall structural changes upon electrochemical
cycling. Figure 7 showsthe full patterns anthe shift of the (001) peak as a function of potential
with overall chages of 0.1A in K2SQy and 0.17A in Li,SQu. This data shows that the inteyéa
expands upon oxidation, and contracts upon reduclieveral studiesn birnessitdhave shown
redox betweerMn*/Mn®* within the 0 i 1 V window usingin andex situX-ray absgption
spectroscopy>8238246gndex situX-ray photoelectrorspectroscop$f?*8 This, and the fact that

the changes in interlayer spacing coincide with the broad peaks observed in cyclic voltammetry
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indicates that charge storaggthin this region primarily invales the interlayerThe extent of
interlayer spacinghangeobserved heres similar to previouseports that the interlayer spacing
expands by 0.1 0.2 A during oxidatior}>?42512021& RD peaksof lattice planesvith a- andb-

axis componats are not visible in our data due to location of the Au substrate peak and the
nanocrystalline nature of the sampPeeviousoperandadiffraction studies show that the increase

in interlayer spacingpon oxidations accompanietly a decrease in tteeandb lattice parameters,
leading to aroverall ~ 0.5%decrease in unit cell volunt&?®The increase in interlayer spacing
upon oxidationis generally considered tccur fromincreased electrostatic repulsion between
MnO; layersdue todecrease@lectrostatic shieldingpaon cation deintercalatiqff28244or the
incorporation of water to offset the repulsign.

We conducted EQCMotmeasure @ss changand determine the species involved in the
charge storage mechanisfigure 8 shows a relatively linear mass logéth oxidation and
reversible increase with reductiomer the entire potential rangmnsistent with prior reporfer
birnessitein aqueouselectrolytes’® 3! The continuousmass loss upon oxidation indicates that
cdions are the dominant speciagolved in the charge storages anion involvement would result
in mass gain upon oxidatioAdditionally, the slight hysteresis which appears around the 0.3
V window shows there may be kinetic limitatioffem mass ttansfer into the interlayeifhe
dominant speciemvolved in charge storages det er mi ned by a materi al
(PZC), or the potentialvhere the negative and positive species have equal concentrations at the
material surface. In transitiometal compounds typically used for secondary EH®; is
determined by pH. If the electrolyte pH <gtd, the surface will be positively charged, and anions
will dominate charge storagé&:*?°If the electrolyte pH> phzc, the surface will be mmtively

charged, and cations will dominafne pHbzc of birnessite is below pH 4, so in the neutral pH
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K2SQy and LeSQ, cations are expected to dominate the charge storage mechi&hre The
PZC of carbons is not governed as strongly by pH, allowing capacitorspmoldrezedto either

sideof their PZCand experienceonfaradaic contributions from both anions and cations.
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Figure 7. Ex siu XRD of birnessiteA) The full patterns taken on the electrode cycled i8®
show no shift of the Au substrate peak, while B) tloemalized (001) peakhows interlayer
expansion. The same is observed g5k, where C) shows the full patterasad D)shows the

normalized(001) peak.
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Figure 8. Mass changes vs. potential of birnessite MITOA) KoSQr and B) LSOy The mass
change in KSQq is only ~twice that of the change inoBiQy, indicating that bare ions as not the
only involvedspecied if they were, the mass charsggo u | d bie K29Q; (Gtomecgnass of
K=39g/mol)and 1.LW>SG.ghisjimaddition to the MCR values, indicate that multiple
species are involved in the charge storage. However, the relatively conawrghange in both
electrolytes does inchte that even if there are multiple mechanisms involved, they do not differ

much from each other.

Our masscharge ratio (MCR) calculatior{3able 1), which show the effective molar mass

of the species passed per @& give positive values, confirminthe catiordominated

mechanismFigure 9 shows theaverage of 10 cyclest 10 mVs? that the MCR lines were fit to
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Table I. Masscharge ratios of birnessite in8Qs and LbSOs at 10 mV/s

K2SOy Lio. SOy
Potential MCR . Potential MCR .
Range (V) (g/mol €) e/mol MnO; Range (V) (g/mol €) e/mol MnCy
07 0.65V 30.6 +0.1 0.09 07 0.55 14.4 + 0.05 0.08
0.6371 0.85 18.9+0.3 0.05 0.5571 0.85 8.77 £0.03 0.05
0.8571 0.52 22.4 £0.27 0.03
0.857 0 26.4 +0.02 0.14 0.517 0.21 12.3 +0.07 0.05
0.217 0 6.66 + 0.18 0.05
A 1.0 1 B 1.0
10 mV/s 10 mV/s
_ L0 N L0
5 084 » 5 084
< 2 < 1
= 0.6 [¢ ~ =06 T
2 23 2 E:
2 0.4 . 2 0.4 |
: S s \ ’ 3
£ 0.21 \ & g 0.2 \ "
L L
0.04 -7 0.04
. . r -8 . . . -4
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
AQ (C) AQ (C)

Figure 9. Plots of Potential and Mass vs. ChargeApK>SQs and B) LbSQu. There are 3 distinct

sections irkK2SQy, and 5 (two anodic, and 3 cathodiclinSQu. These indicate that there may be

multiple processes involved the charge storage mechanism of birnessite MnO

If only the bare cationgere involved, we would expean MCR of 39.1 g/mol efor K*,

which is not obtained over any potential rangstead, lhere ae two clear regions in the anodic

cycle,with an MCRof ~30 g/mol ebetween 0 and 0.65,\And an MCR of 19 g/mol between
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0.63 and 0.85 VBased on these valuesepropose the followingnechanismgor each potential
regionduring the anodic sweep:
0to 0.65V:
Uglé&l OPOL ™ W@ mWIw TWIOLO g el I TOU
0.631t0 0.85 V:
DgUE OP OV MW ™WOUL © Vg D&l VO Oy AW PO
There isonly one MCRIn the cathodic cyclg26 g/mol €), which suggests the kinetics of ion
insertion may be slower than those of ion extractom leads to the following mechanism:
Dg0& VU0 JBTWL TTQ mMWw TT0 O Uzl &0 IWPOU
The first anodic stef0 to 0.65 V)is similar to thaproposed byArias et al., where Naand HO
always moved in opposing directiolé. We note that whildheseare possiblereactiors, it is
conceivable fomany other reactions and ratios of species would alsbefilata. For gample,
parallelfluxes ofHzO" and K or opposing fluxes of Kand OH are also possible.

The EQCM beavior is more complex in 0.5 M 13Qs, with two MCR regions in the anodic
cycle, and three in the cathodic cycle. The values again indicate that multiple specieslaed in
in most of the charge storage mechanisms. While desolvatacthhsport has beereported in
MnO; systemg? here only the final MCR value from the cathodic sweep #$Qi, 6.66 + 0.18
g/mol €, is similar to the expected value for a bare aditionally, all the MCR values are lower
than expected for typical hydrated*f#1* suggesting that twacharged species may be
participating in the reaction8pposite to beavior observed in ¥5Qq, the first part of the anodic
sweep from 07 0.55 V)representshe average of thérst two sections of the cathodic sweep

(from 0.85i 0.21 V). This indicatethat Li* removal is more difficult than inserting it, likely due
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to the strong interactions betweki and birnessite. The opposite trend occurs i8®, which
is to be expected due to the lower point charge densky.of

The MCR calculations do not @ride a definitive answer to whiatationic species are
involvedin the charge storag®lost studies of birnessite in neutph aqueous electrolytes agree
that the alkali cation in the electrolyte is the primary chargeying specie$® %14 Commonly,
water molecules or protons are used to explain discrepancies from eXg&R=dThe constant
mass changever the entire potential range is inteéngg because guggestshat the samepecies
contribute to both surface and interlagtarageln particular, we do not see sudden mass changes
without a corresponding change in charge that would indicatexonangg’!?? or water

movement without coordinated cation movenmi@dt 77121.247

4.4.2 Local Techniques:In Situ Raman Spectroscopy andDperandoAFM

To observe the effect of electrochemiaaicling on the vibrational structure of the
birnessite electrodand obtain in situ data to correlate itdger spacing with thex situXRD, we
conductedn situ Raman spectroscopfrigure 10 shows the normalized cumulative fit curve of
spectrataken everyl0O0 mV.The primary feature here is theversible~ 14 cmt shift of thes;

peakupon oxidation to 0.8 and reduction to 0 VSimilar trends occur in kSQs.
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Figure 10. Cumulative fit curves ofhe in situ Raman spectra of birnessite during aqueous
electrochemistry in A) KSQs and B) LeSQy. The spectra show an increase in Raman shift of the

31 peak, andh relatively stabla, peak.

Botht h eands: peaks are sensitive to the interlayer environmentthoey typically
exhibit opposite behaviors upon electrochemical oxidation and redudthe3s: peak center
increases in wavenumber and intensity witidation, while the wavenumber of tagbhand often
decreases with oxidatid1?124424’These shifts are believed to represent veeakterlayer
interactions, aimcrease in the amount of Mnand an uswrinkling/stiffening of the MnQlayers
as the Mn oxidation and interlayer cation deintercalation reduces local distortions in the oxide
layers’”121:2441n addition, he change in relative intensity ratias 3; intensifies ands: loses
intensity is attributed to the increasing lattice spacing amdadl ordering of the structure upon
oxidation®""’ Thein situ Raman spectroscopy changngly point tahe presence daradaic

reactiors, since we daot expecEDL formationto affect the bonidg environmenof MnOs.
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AFM dilatometry experments were conducted in 0.5 M$Qs. These measurements allow
us to detect the electrochemicaihduced deformation changes of the electrode in real time and
in a particular location on the electrode surfathe AFM topography image iRigure 1Fshows
the morphology and chosen points for dilatometry y$®. These points were chosen because
they are in the center of the islands, where the flakes are more likeysémiperpendicular to
the electrolyte surface as shown in Figure 1E. It is important to note tmaé#seired deformation
shows the response of the birnessite unit cell, iandot clearly defined with respect to the
birnessite crystastructure due tahe ramlom orientation and thickness of the electrodeposited
films. Figure 11 showsaveraged AFM dilatometrgt 10 and 50 mV-5in 0.5 M K.SQ; and at 50
mV sltin Li.SQu. Both electrodes contracted duriogjdationand expanded duringduction by
10 £5 nm inLi2SQsand 17.3 £ 2.2 nm in $80s. Unfortunately,these rates were slow for the
AFM technique, andhe tipreadily driftedout of contactith the electrode surface. Because of
this, we were unable twonduct AFM dilatometry at 10 mV/s in43Qu. Increasig the set point
voltage theforce withwhich the tip pressed on the sample) altered the signature of the material
so we had to work with noisy data at slow rafdse deformations curves in,8Q; at 10 and 50
mV/s have the same beginning and poiht, showing that the materideformation remaied the
same Also shown is the lack of deformation of the gold substrate, as expected forponmns
electrode not undergoing charge storatgwvever, the deformation became more polarized, as the
anodicdefomation (solid line) at 50 mV/s is shifted about 0.2 V to the right. Due to the limitations
in K* insertion discussed above, the cathodic deformation (daslegdsliless polarized, showing
that the material has more time to adjust as theld{vly insertsnto the interlayer. The hysteresis
exhibited in both electrolytes is higher than that observed in-B¥H20,2°¢ which may indicate

slower responses due to the exchange of watkcations rather timasimple H incorporation.
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The deformation of birnessite inA9Q; at 50 mV & in Figure 11B showssignificant
hysteresisand lower deformationthan themateral in K.SQu. This may be a result of larger
interlayer expansiomountemg the overall volume chang&he gold background at 50 mV/s
(AAuo) was taken on a fresh el ednFgwal®,ttend s ho
Au signal was meased in a visibly shiny area of an electrode where the birnessite had
delaminated. Therefore, we hypothesize that the greater response of the Au signal ihl1Bgure
may be due to residual birnessiimtably, the Au substrate (dashed line) ip9Qx indicakes that
when surface doublelayer behavior dominates, expansion upon oxidation is expected. The
deformation behavianatches that of capacitive carbons whelarized to the left of the PZC (the
cationdominant region)supporting our hypothesis af catim-dominated mechanisg{e:248252
For a film 1.5 N 0.2 em t h©ipSOkcorrespdmds toah-d.8%9 e o f
change in the film ovela similar to the 1.4% change in theagis measured by the XRD.
However, theex situXRD in Figure7 shows that the interlayer {axis) spacing expands upon ion
extraction. Because this is the only dimension of the electrode material capable of chdaeging

to dectrostatic or steric forces, the overall electrode contraatiapbe due to a change in bond

lengths within the Mn@layersfrom a faradic reaction, or a change in bond angle.
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Figure 11. Deformation of birnessite in A) #60y and B) LpSQu. The deformation curves of
birnessite at 10 and 50 mV/s in®0, almost entirely overlap, indicating the same charge storage

mechanisms at both ratééhe noisy deformation signah iLi.SQu is due to poor contact of the

AFM tip with the eletrode during cycling.

The strength of this study is its combination of the local and averaging techniques which
detect the structural, mechanical, and gravimetric mechanisms coupled with electrochemistry of
birnessite. all the techniqudsigure 12 showsthe summary data from datechnique described
above,. Overall, it shows that interlayer ion insertion is the driving force behind the
pseudocapacitive behavior of birnessikgure 12A-B show changes in interlayer spacing as a
function of potential irK2SQs andLi SOy, respectiely. In KoSQy, the initial interlayer spacing of
7.1 A at 0 V vs. Ag/AgCl increases by 1.4% upon oxidation to 7.2 A at 0.85 V, and reversibly
decreases to 7.08 A upon reduction to .OMést of the interlayer spacinchangeis potential
dependent, occurringetween ~0.3 0.6V during oxidation, and ~0.56 0.2 V during reduction.

In Li-SQy, the interlayer spacing increases®%% from 7.03 A at 0 Vto 7.2 A at 0.85 V, and

back to 7.04 Aat 0 V. Here the interlayer spacing appears to change much moreylinitarl
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potential, unlike in KSQu. The limited potential range where birnessite isS&; exhibits
interlayer change suggests that charge stored at the extreme potentialS@ el&dtrolyte does
not involve the interlayerOn the other handhe interlger spacing changes more lineaity
Li>SQy, indicating the interlayer may be active throughout this potential window

While XRD shows the average change in interlayer spacing, it does not confirmeadsat
to that change. Another way of examining thisasnparing the mass and current changesio
thisswe pl otted the gravimetric CWppotenfiabws 0w @, al so
the negative of the time derivative of the mdscause the current is the time derivative of the
charge passed, if the gCV and CV curves |line u
thepealsin the CV are directly coelated to potetial-dependent mass changé$>Figure 12C
shows that for a film ~1.5 um thick in an 0.5 M3Qy electrolyte, the gCV has a broad peak from
0.47 0.7 V (anodic cycleland 0.61 0.3 V (cathodic cycl® indicating that the peak is due to the
mass change. Comparetth the XRD, this shows that the mass change likely leads to the change
in interlayer spacinglhereforewe determine that the CV peak in the 0.5 MERx electrolyte is
due to (de)isertionof interlayerspeciesFigure 12D showthesame is true in LBO..

The 31 peakshift in Figure 12E-F mirrors the interlayechangespacing measured with
XRD. As discussed above, this corresponds to interlayer expansion and conthad{i3Q, the
mostchange occurBom 0.3-0.8 V d the anodic cycle, and the change doegewarse until after
0.6 V during the cathodic cycle. In29Cy,  t:lpeak shifts wh potential, but the data too
noisy to determine/hether this change occwthin a confined potential rang€hes; peakbarely
shifts in either electrolyte, unlikether reports of aB-15 cm? shift,3%77:121.247

Finally, we observe theverall mechanical response of the electrode by taking the negative

time derivative 6the deformation data. As described by Wanal.,>°8this generates a mechanical
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CV (mCV) thatshowsthe relationshifpetween charge passed and material defornéatadigned
features in the CVs and mCVs indicate that the charg@ge events lead to corresponding
mechanéal changes in the electrode. The mCVs of birnessite at 50V K, SQy and LpSOy
are shown irFigure 12G-H. Two sets of peakarevisible in K.SQq, indicating that multipléon
insertionsites may be present. The peak ~0.6dvresponds tthe interlayer processobserved
with XRD, EQCM, Raman, and electrochemistryedeaknear the cdodic potential, which was
not seen in other techniques, highlights the abilitflif dilatometryto detectocal changes that
are averaged out in global techniqueg IKQCM and electrochemistripn the LbSOs electrolyte
at 50 mV/s, the bigest change the mCV occurs near the cathodic potential, indicating that the
high current response in that region is due to a higher ion flux. The detection of deformation
changedefore electrochemical detection of Faradaic charge transfesshairgbbal electrde
response is somewhat diffusitimited. The AFM dilatometry can detect changes more quickly
than the electrochemistry because the low conductivity of birnessite tmite transfer. The
decrease in both the gCV and the mCV after the rgmm@ak show hat the increased current
observed is due to the parasitic oxygen evolution reaction, rather than a material response.
While the interlayer is clearly involved, none bése techniques definitively assign either
faradaic or noffaradaic charaer to the on insertion processes. We are collaborating with theory
groups to investigate the changes in electronic structure upon electrochemistry and determine the
extent of inteaction between interlayer cations and oxygens. Howet/éias been showim
activatedcarbons thaibn insertion into pores < 1 nhaads to significant increases in capacitance
andthe poposed impore environmenappears quite similar ton insertion ypically associated
with faradaic processé&! Based on this observation, we proposafinementwithin a hydrated

interlayerblurs the distinctn between faraaic and noffaradaic ion insertion processes.
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Figure 12. Multi-modal characterizatioof birnessite Mn@in K>SQq (left) and LeSQu (right),
showing the results of each technique as a functipotehtial A,B) Ex situXRD shows reversike
changes in iterlayer spacing. C) gCV in 0.5 MoBOy at 10 mV/sshows that the current is directly
related to mass changes, while in D)9, the EQCM is more sensitive than the electrochemical
signal. E,F)Shift of the Ramam; peakcorroborats the interlayer spang change shownrnfrom
XRD. G, H)CVs andmCVs at 50 mV/s fronoperandoAFM dilatometry show that multiple

processes occur durimyectrochemical cycling that combined lead to the CVs.
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4.4.3 Rate-Dependence of AFM and EQ® Data

Having shown that birnessigtores charge via interlayer processes now consider the

effectof sweep rate-igure 13 shows he ratedependent deformatidi, B) and mass chand€,

D) of birnessite The deformationof birnessite exhibits slightlecreases and corresponding

increases ihysteresis withate in KSQu. A similar trend is observed in13Qs, where ve attribute

the apparent hysteresis 50 mV/sto the tendency of the AFM tip to drift out obntact with the

electrode This was not groblem at200 mV/s,sowe attribute thebserved hysteresis to actual

hysteresis in sample deformatidrhe mass change is similar in both electrolytes.
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Figure 13 Rate behavior of birnessite. Deformation fromi5000 mV/s inA) K.SQs and B)

Li>SQy, Difficulty maintaining catact during AFM datometry led to increased hysteresis in the

data at 50 mV/s in kBQu. Themass change fron02 200 mV/sin C) K2SQs and D) LpSQu. The

films behave similarly in both electrolytesith little visible hysteresisintil 200 mV/s
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Figure 14 shows the chamgin MCR with sweep rate. In thee8Qs the MCR increases
with sweep ratewhich may indicate that fewer water molecules are moving in opposition to the
insertingK™. In Li2SQy, the decrease of the first voltage segisin both the cathodic and anodic
swe@ (0-0.55 V and 0.8%).52, respectivelydlso suggests that less water is involved in the charge

storage reactions. The increasing MCR at later points in the anodic andcatheep rate show

that these waters mayove more slowly.
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Figure 14. MCRs as dunction of sweep rate A) K2SQ4, and C) LiSQu. In K2SO4, MCRS slowly

increase with sweep rate. If the species involved as the electrolyte cation and free waters, as we
expect, in kSQy this may indicate that ére is less opposing2B flux with increaing sweep

rates. In LiSQOy the first segment during each potential sweep quickly decreases with sweep rate,
while the later segments slowly increase. This suggests that fexmenrs are also involved with

increasig rate inLi.SO..0 a6 denot edsc 6a ndoednioct,e sancdat hodi c.

Figure 15 shows theratedependenCVs, mCVs, andgCVs of birnessite Mn@in both
Li> SOy and KkSQu. There are two sets of peaks in the&SKuw mCV (Fig. 15C) while the CV(Fig.

15B)and mCV(Fig. 15D)in Li.SQs are have the same sleaphis supports our earlier claim that
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the AFM can detect processes not visible in global measurement techniques, and that there may
be multiple processes occurringtire K:SQO; electrolyte.In Figure BE the overd gCV and C\s

in KoSQy (Fig. 15E)shapegemain the sameshowing increasing polarization with sweep rate
However, in LSOy (Fig. 15F) thegCV and CV peaksccur around the same potential at 20 mV/s,

after which the gCV peak becomes progressively padrieventuallyshifting past the redox
peaks.This may indicate the strong interaction between théhis and the birnessite electréde

as sweep rate is irgased, a higher driving force is required to remove them from the electrode
and reinsert them. Te faster diffusion of K compared to Liand its lowerelectrostatic
interactions with the electrode as the gCV behavior remains nearly the same irdd8@@V/s

with only slight polarization.
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Figure 15. Electrochemomechanicahd gravimetric behavicf birnessite as a function of rate.
The CVs from the operando AFM cell in ABQs and B) LeSQs show some polarization but
maintaintheir shapdrom 50 to 200 mV 3. The mCVs in C) KSQ; show two clear sets of peaks,
while in D) Li>SQs the mechanicabehaviomirrors the CV Finally, CVs andyCVs in E) kSQy

match while in F) LbSQs the gCV peak is polarized beyond the CV peak at high rates.
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The polarizationat higher rateds to be epected, as the relatively lowlectronic
conductivity of birnesse and the ~2D ion diffusion through thenger dimensions of the
nanosheetdelays interlayeion insertior?®® Here we musélsopoint out aniinportant difference
in the samples usethe films used for AFM dilatometry had a higher areal mass rigatiian
those used for EQCM. This additional thicknessy contribute to the triangulaCV in the LbSQ
electrolyt® it is likely thatincreased tortusity in the film reqired more Li" to de®lvate to go
into the interlayerThat is, thedensity of interlayer openings at the surface is lpgs@the diffusion
of Li* through birnessite is more apparent with the higher mass loaflinig.CV shape is
remiriscent of capacitive carbons which areesselective for certain ions and requireion to
partially desolvate before inserting into the p&f&>6In the EQCM sample, the higher surface :
volume ratioof the thinner filmgives rise to a CV without ieselective behavior, maintaining
clear intetayer peaks and capacitive behavior. Baenples used for Kexhibit this to a lesser
extent, although it does appear that the peaks leading to interlayer behavior are shifted to higher
potentials. This may be because ékehange of K with water occurstshigher rateshan Li", or
that the &rge hydrated radius of Lislows its diffusion

The differences in these two electrolytes highlights the importance of considering the
interactions between the electrode, electrolyte, and electrolyte salt, when sidigcus
electrochemical behavior. Here, thigher point charge density of the'lslowedit down, as the
high interaction between the cation and its solvation shell meant that desolvation could not occur
at higher rates. In ¥sQs, where the K interacts muchmore loosely with its solvation shelhe
changes with rate were primarily less watgchanged. Overall, the interlayer water does appear
to improve the structural integrity and rate capability of birnessite MHOwever, if an opposing

water flux is citical to the good pseudocapacitive merhance of birnessite Mnn K>SQq, the
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redued water exchange with"Knay lead to reduced room for & the interlayer and therefore
reduced capacitance. These data do show that the eltarggein birnessite s still due to

interlayermechanisrs.

4.5Conclusions

By conducting thismulti-modal experimental study, we determine that ¢hpacitive
behavior of birnessite originates fromterlayer processesvhere nanoconfinemenwithin a
hydrated interlayeblurs thedistinction between EDL formation apdeudocapacitancé&singex
situ XRD, in situRaman spectroscopy, EQCM, asgerandoAFM dilatometry, we observe both
the local and global electrode response to electrochemical cycling. This combination of techniques
shows that the material interlayer isaily involved, and changes the MnO bond lengths due
to Faradaic charge transfer reactians involved irthe structural and mechanical changes of the
electrode. While the interlayer expands during oxidatianAtRM dilatometry shows the electrode
cortracts, as expectagpon catbn deinsertionThe mass changes of the electredafirm that
cations are the dominant chargfering species, and suggest that the exchange of cations and water
from the interlayer eride the capacitive behavior of birnessi@ererall, this work shows #i the
complex mechanisms leading to capacitive behavior in birnessite; Mreprimarly due to
interlayer behavior, where the horizon between faradaic anfbnataic processes beconmegzy

due to the confinement within intayer.
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CHAPTER 5
Summary and Outlook

My research focused on answerifigndamentalquestionsregarding the interlayer
chemigry and aqueou®lectrochemistry of lagred manganesech oxides with the goal of
providing the scientific basis for further development of EES materials and devites
dissertation represents two approachesirtderstanding how the interlayer of mangserich
oxides determines their structural and electrochemical behavior. The first approach, used for
Chapters 2 and 3, investigated #iféect of the interlayer environment on thehavior of P2
NaMO. by varying the transition metaktontent In nonagqueous Na ion etgrolytes, this
determines whether the material charges via a-soligtion mechanism dry underging many
phase transformationandcantune the capacity from 9@16 mAh/g 153169165 As mentioned in
section 1.3.2P2 oxides offer a potential new family of materials to tnibe need for higher
capacity agueous Na ion battery cathodiesChapter 2] investigatedfour manganeseich P2
oxides with varyingransition metatontentto discover the effedif interlayer chemistry on their
structural and electrochemical response to aqueous electrochemisrywas the first study
which connectedhe electrochemical performance of P2 oxides in aqueous elecérmytteeir
structural responsélthough all materials had the same structurégund thattransition metal
content determined the extent to which”Meintercalation led to spontaneous interlayer water
uptake, expanding the interlayer spacing by 25%padrticular,the NaNMFe spontaneously
formed ahydrated phasepon exposure tthe electrolytewhereasNaMCu had to be charged
above ~1 V vs. Ag/AgCI fothis phase transformation to occiihis can be attributed to the
increased redox potential of the N&M material due to theresence o€u?*.16916521%\e ysed

STEM, XRD, and electrochemistry to investigate the behavior of these materials. In addition, we
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observedhat after water intercalatigrthe electrodes exhibitedraore capacitive CV, although
they eventually failed due to loss of electronic caningy within the electrode. Through this
work, we demonstrated that the water intercalation into P2 oxides can be tuned by the interlayer
chemistry, and for the first tiemconnected the transition metal contentlectrochemical and
structuralbehaviorof P2 oxides in aqueous electrolytes. This is a valuable understanding when
designing materials for use in agueous electrolytes

In Chapter 3| developed a synthesis tedtpne to take advantage of tb@pacitivebehavior
observed following electrochemicekpansion and interlayer hydration of P2 oxides in agqueous
electrolytes. First, tonfirmedthat the hydrated phase remained electrochemically active after
water insertionusing in situ synchrotron XRD This showed that these micrsized
electrochemicajl active hydrated particles had potential for high rate and high volumetric capacity
EES if their hydrated interlayer indeed supported faster ion diffugiorcircumventhe electrode
failure observed in the previous chapteteVeloped aelectrochemial expansion process capable
of hydrating ~0.5 g oP2 oxide particlesThis facile procesproduces expanded particles, which
| subsequently assembled into slurry eleagodComparison of pristine P2 vs. expanded materials
showed that prexpanding the articles greatly improved electrode integrity. Preliminary
comparisons witlttommercialactivated carbon show that these expanded oXides a higher
volumetric capacitancat charge times greater than 40 secomts confirms that the expansion
must enale significantly faster interlayer diffusion, as the surface area aéxpandedarticles
is two orders of magnitude smaller than that of the activated caftbenefore,l showed that
electrochemical expansion and interlayer hydration of large mexale particles is a viable
alternative to nanostructuring for electrochemical capacitor materials. The process of

electrochemical expansion is easily scaleable,candbe ppliedto a diverse range of materials.
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The next steps for this work are to firspgrove the repeatability of the synthesisdmsuring
consistentlectronic contact with all particles during expansion. Sectnéyrther study these
materials andieternine the exact charge storage mechanisms. Tiulidyestigae the impact of
electrode architecture: how does the electrochemical performance scale with electrode thickness?
Fourth, to apply this process to other materials to verify the versatility oéleatrochemical
expansion process. Taking these steps wilatlygromote the development of large (micron
scale) hydrated particles for high rate EES.

As mentioned above, in this dissertation | approach understanding the effect of interlayer
environmem on the structural and electrochemical behavior of mangaidsexides two ways.
Chapters 2 and 3 represent the fgproachobserving the effect of varying material composition
and structure on the electrochemical performambe.second ifo takea material with a known
behavior and investigate the role bétinterlayerl used this approach in Chapter 4 to determine
how the hydrated interlayer of manganesich oxides leads to their capacitive performance
through a multimodal study on electrodsped films of nanostructured birnessite. The primary
guestios surrounding birnessite include: is its capacitive behavior due to surface or interlayer
processes; and if interlayer processes, are they due to EDL formation or faradaic b&favior?
study ths, | conducted one of the first holistic studies on birnessitelying the structural,
gravimetric, and mechanical responses to electrochemisigydin situRaman spectroscopy and
ex situXRD to establish the interlayer behavior during electrocheymistcoupled this with
EQCM to gain insight into the involvexpecies, andperandcAFM dilatometry to show the local
mechanical response during electrochemi®gycomparing the average (electrochemical, XRD,
EQCM) to the local (Raman, AFM dilatometrglectrode response, | show that the capacitive

behavior of binessite is due to the exchange of cations and water molecules from the interlayer,
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where the confined environment blurs the distinction between EDL and faradic processes. The
capacitive behaviais likely due to the mitigated structural changes alloweddiipon and water
exchangeand the confined interlayer environmeAtditionally, this work shows that capacitive
behavior due to nesurface processes is possible in materials without the sedhictorto-
metallic transition. This is the first wotk useoperandoAFM dilatometry to show the structural
effect of ion intercalation into the interlayer of a layered transition metal oxide. By comparing the
local and averaged electrode responseguieaus electrochemistry, | discovered that as in porous
carbors, the interlayer confinement blurs the distinction between faradaic and EDL processes,
which leads to the pseudocapacit@lectorchemical responddoving forward, additional studies

| initiated on the effect of surface area : volume ratio on the clstwggge processes of birnessite
(Appendix D) present a promising starting point to determine whether the rectangular CV is due
to multiple processes or simply the interlayer flexibility. Addiadly, studies on isotope effects

and varying electrolyte coratrations are of interest to further determine the effect of interlayer
and electrolyte water molecules on the charge storage mechanisms of birnessite.

Overall, my dissertation represents impat discoveries on the effect of interlayer
hydration on th@queous electrochemical performance of manganased oxided.showed that
interlayer hydration improves the charge storage kinetics in mgieead particles, presenting a
new materials syhesis paradigm for electrochemical capacitor materials. |ceaected the
capacitive behavior of nanostructured birnessite to interlayer ion insertion processes, and made an
important discovery that the confined interlayer environment blurs the distinttween EDL
and faradaic processes. Moving forward, thesgerstandings should be applied to investigate the

effect of interlayer hydration and confinement on other materials systems to further develop a
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fundamental understanding of the interactionstwieen electrode materials and aqueous

electrolytes, and enabthe design of high performance aqueous EES devices.
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